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ABSTRACT

Two significant biomass waste streams that are frequently disposed or underutilized are
corn stovers and eucalyptus sawdust. Little research has been done on the impact of linear
low-density polyethylene (LLDPE) binder on the qualities of blended pellets. Therefore,
the main objective of this research was to undertake performance optimization of blended
biomass pellets from corn stover and eucalyptus sawdust using linear low-density
polyethylene as a binder. The specific objectives were: to perform proximate and ultimate
analysis of corn stover and eucalyptus sawdust; to design and fabricate a single pellet
press heated mould (SPP) and a pellet durability tester; to fabricate and torrefy blended
pellets from corn stover and eucalyptus sawdust using LLDPE as a binder; to carry out
characterization of the physical, mechanical and thermochemical properties of blended
torrefied pellets and to optimize the pelleting process variables in terms of corn stover to
eucalyptus sawdust ratio, the ratio of LLDPE binder and the torrefaction temperature. The
Standard ASTM methods such as ASTM E871, E872, D1102 and D5373-02 were used to
perform characterization of corn stover and eucalyptus sawdust. SPP heated mould was
fabricated using stainless steel and incorporating heating mechanism and temperature
controls. Pellet durability tester chamber was fabricated according to ISO 17831-1
standard. The fabricated SPP was used to fabricate the blended pellets and a modified tube
furnace was used to torrefy the blended pellets. Taguchi multi-response optimization using
grey relational analysis (GRA), through response graphs, ANOVA, contour and response
surface plots were used to determine the impact of corn stover: eucalyptus sawdust ratio,
LLDPE fraction, and torrefaction temperature variables, as well as their interaction effects,
on the pellet properties. Proximate analysis of both feedstocks showed acceptable volatile
matter, ash content and fixed carbon while moisture content was slightly lower for pellet
production. While the ultimate analysis of both feedstocks indicated high carbon and
hydrogen contents suitable for fuel applications. Additionally, the SPP fabricated was able
to densify loosely packed ground feedstock to solid pellets, while the durability tester was
able to perform tumbling at constant speed of 50 revolutions per minute. Also, the
torrefaction of the blended pellets resulted in brownish to black pellets with maintained
structural integrity. The optimal variables for blended pellet fabrication were; a 5:5 ratio
of corn stover to eucalyptus sawdust, a 2% LLDPE ratio and a torrefaction temperature of
210°C. Consequently, the validation of blended pellet qualities resulted in particle density
of 1074.75Kg/m>, bulk density of 633.2Kg/m?, durability index of 99.07%, Hardness of
1046.972N, Mass yield of 64.45%, higher heating value of 29.894MJ/Kg and Carbon
dioxide emissions of 3.55% by volume. In addition, combustion emissions from the
optimized blended pellet were: 44.3g/min for CO2, 0.40g/min for CO and 7.55mg/min for
particulate matter (PM2.5) by gravimetric method. LLDPE significantly influenced most
of the properties evaluated. In conclusion, the suitability of corn stover and eucalyptus
sawdust for pellet fuel production was guaranteed as demonstrated by their
characterization results. From preliminary tests, the designs and fabrications made
functioned as required and therefore can be used for production and evaluation of pellets.
Furthermore, the validated optimal properties of the blended pellet were within the
acceptable European guidelines EN 14961-6 international standard and other published
literature for pellets with superior qualities for domestic as well as industrial applications
as solid fuels. Furthermore, LLDPE proved to be a significant additive in the pellet blends
as a binder. It is highly recommended that the optimized pellet produced be used in
improved pellet cookstoves and industrial boilers since they have high energy output and
enhanced mechanical properties and physical properties for ease of transportation to their
destination of application.
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CHAPTER ONE: INTRODUCTION
1.1 Introduction
This chapter puts this research in the context of the broader study area of biomass
pelletization and its significance. Biomass pellet enhancement technologies such as
blending, use of binders and torrefaction are where this research was anchored. The
problem statement, objectives, justification, scope, and limitations of this study are also

presented in this section.

1.2 Background study

Mixtures of various biomass resources compressed into pellets for use as renewable
energy sources are referred to as biomass pellet blends. A variety of organic resources,
including wood, grasses, agricultural wastes, and even sawdust or paper pulp, can be
incorporated into these blends (Frodeson & Tumuluru, 2023). The chemical and
physical features of various biomass feedstocks can be complimented and coordinated
by blending different feedstock types in order to optimize the pelletizing processes and
qualities through blending (Pradhan et al., 2018). Blending is perceived to have
potential in enhancing biomass pellet when sustainable, affordable and ecofriendly raw
materials are utilized. Subsequently, blending emerges as a viable alternative for
optimizing performance of production of biomass pellet fuels (Cui et al., 2021).
Additionally, blending various materials and optimizing pelletizing variables appear to
be viable approaches to producing quality pellets. The strength of biomass pellets and
the durability of the bonds of biomass particles are the most desired parameters in
pellets (Agu, 2018). Pelleting temperature is critical in promoting strong bonding by
enhancing chemical restructuring of biomass particles (Anukam et al., 2021; Henriksen

et al., 2008; Ma et al., 2021; Riva et al., 2019).



Utilization of biomass as renewable energy has, however, been faced with challenges
such as: wide dispersion, irregular shape, low heating value, high moisture content (Ali
etal., 2021; Li et al., 2016), low bulk density and others, consequently, leading to high
handling, transportation and storage expenses (Ali et al., 2021; He et al., 2018). Drying,
pelletizing and briquetting, torrefaction and use of binders are pretreatment and

enhancement techniques of production of quality solid biomass fuels (He et al., 2018).

Biomass does not increase the net atmospheric carbon dioxide as it is illustrated in the
carbon cycle (see Figure 1.1) and it offers a variety of uses (Koondhar et al., 2021)
through its derived products which include methanol, ethanol, biodiesel, Fischer-
Tropsch hydrogen, methane, fuelwood, charcoal, pellets and other biofuels (Alizadeh
et al.,, 2020; Ambaye et al., 2021). Cui et al. (2021) also observed that using
biodegradable and agricultural wastes as fuel alternatives reduces emissions from
landfills and combustion. In this scenario, biomass has a lot of potential as a long-term,
renewable source of bioenergy, as demonstrated by the world bioenergy statistics 2022
(see Figure 1.2). Figure 1.2 illustrates that fossil fuel energy currently dominates world
energy supply (Haq et al., 2021; Liu et al., 2022), standing at about 80% of the total
primary energy supply while renewable energy accounts for 15% (Global Bioenergy
Statistics 2022 World Bioenergy Association, 2022). From the statistics, biomass
energy contributes to 63.2% of renewable energy and solid biomass fuels in which this

research project is anchored accounts to 86% of the biomass energy (see Figure 1.2).

The possibility of blended biomass pellets as a sustainable fuel source has been
investigated in a number of studies. Gil et al. (2010) found that blends of sawdust from
chestnut and pine trees were the most durable, while Zeng et al. (2016) and Zeng et al.
(2018) both emphasized how blending may be used to lower emissions and improve

pelletization. Wattana et al. (2017) further illustrated the potential of blended pellets by



demonstrating how the combustion characteristics were enhanced by combining oil
palm and para-rubber tree residue. Blending coal with Miscanthus biochar can increase
fuel conversion rates, improve combustion characteristics, and decrease ignition and
burnout temperatures (Li et al., 2018). All of these findings point to the potential of

blended biomass pellets being a more effective and sustainable fuel source.
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Figure 1.1. Carbon cycle (Cui et al., 2021)
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Figure 1.2: a) Total primary energy supply and b) domestic biomass supply 2020
(Global Bioenergy Statistics World Bioenergy Association, 2022).

1.2.1 Pelleting and Briquetting Techniques for Production of Solid Biofuels
Niedziotka et al. (2015) observed that agricultural biomass, especially cereal and other

crop straw, requires a lot of transportation and storage space and possesses a low



calorific value per volume. Similarly, forestry residues are plentifully available at low
cost (Arevalo-Gallegos et al., 2017). According to Myburg et al. (2014), eucalyptus
species which yields eucalyptus sawdust through wood processing is the most widely
planted wood because of its exceptional adaptation to many climates, quick growth,
and great wood qualities. Demirbas et al. (2017) and Nunes et al. (2020) municipal
solid wastes including waste plastics like LLDPE are classified as biomass and can be
used as binders in solid biofuel production. This is because LLDPE has a low melting
point (115-125 °C), which is essential to its ability to work as a binder because it melts
and softens when heated and compressed during the pelletization process, effectively
encasing and binding biomass particles. Due to the fact that the chemical makeup of
straw varies depending on the plant species, region, and growing method, it should be
handled carefully to maximize its energy efficiency. As a result, in an effort to increase
the concentration of mass and energy per unit of volume and simplify the
transportation and use of this type of biofuel, efforts are being made to condense these

plant resources through briquetting or pelleting.

Solid fuels are frequently made from wood waste, agricultural and forestry wastes,
energy crops, as well as other biomass feedstocks. He et al. (2018) and Sitek et al.
(2021) discovered that compared to raw biomass fuels, biomass solid fuels emit very
little particles and have a higher energy density. Furthermore, regular shape and
dimensions allow for convenient handling, compact storage, and reliable feeding in

large-scale applications.

There are many different types of biomass solid fuels, but the most popular solid
biofuels types are pellets and briquettes (Pradhan et al., 2018b). Depending on the
application, rod (block) fuels should have a diameter of more than 25 mm while pellet

fuels should have a diameter of less than or equal to 25 mm (Cui et al., 2021). When



briquettes and pellets are compared, there are differences in production methods and
market demands (Pradhan et al., 2018b). The size of the dies used in the two
manufacturing processes is the key distinction between the two methods. Briquettes
and pellets are produced densely from biomass resources at a predetermined pressure
and temperature (Pradhan et al., 2018b). Briquettes are typically cylindrical and range
in size from 75 to 300 mm in diameter and length, respectively. They can be utilized
in medium to large industrial thermal facilities and are larger than pellets (Dinesha et
al., 2019). The majority of pellets have a diameter of 6 to 8 mm and a maximum length
of 40 mm. They're common in small appliances like domestic cookers and gasifiers
(Pradhan et al., 2018b). Pellet serves as the key research object in this work due to its
extensive applications. Biomass enhancement technologies of pelletizing and

torrefaction was where this research work was anchored.

A by-product of the production of corn grain called corn stover, which is made up of
the stalk, leaves, sheaths, husks, shanks, cobs, tassels, lower ears, and silks, is one of
the raw materials this research investigated on pelletization. Islam et al. (2021)
indicates that corn stover (CS) has a significant potential to add to the portfolio of
alternative energy sources. However, a significant amount of agricultural waste such
as corn stover is burnt or left unprocessed in the field thus requiring proper feedstock

handling and preprocessing so that it becomes an abundant source of bioenergy.

According to Stasiak et al. (2017), the quality of solid biomass fuels could be improved
by combining various types of biomass. This study investigated and optimized the fuel
pellet quality produced by blending corn stover and eucalyptus sawdust in different
mixing ratios. Linear low-density polyethylene (LLDPE) was used as a binder in
varying ratios. Further enhancement of fuel pellet properties was done by torrefaction

of the blended pellet. To enhance solid biomass fuel, the feedstock was thermally



treated at a low temperature of 200°C to 300°C in the absence or with little oxygen.
This process is known as torrefaction (Adeleke et al., 2021). Physico-mechanical and
combustion properties of corn stover-eucalyptus sawdust blended pellets was
evaluated using various characterization techniques to explore process variables and
additives' effects. Some of the process conditions of interest were blending ratio,
binder ratio and torrefaction temperature. Taguchi design of experiments was
employed to optimize the process. Minitab 18 software was used to design the

experiments and analyze the outcomes of the performed experiments.

1.3 Problem Statement

There have not been many studies done to investigate different forms of agricultural
biomass for pellet production, with wood wastes acting as an additive raw material in
these studies. In the production of pellets, however, less research has been done on the
combustion characteristics of biomass/biomass blends. Furthermore, it is impossible to
generalize from published data due to the broad variety of raw materials used in the
manufacturing of pellets and briquettes, as well as the different biomass densification

procedures, and each case requires comprehensive research (Gil et al., 2010).

Corn stover being an agro-residue has low energy density compared to eucalyptus
sawdust which is a woody residue because of the difference in lignin composition.
LLDPE is a type of municipal solid waste (MSW) having binding properties and a
high calorific value of 45MJ/kg (Samal et al., 2021) compared to corn stover’s 15.9-
16.8 MJ/kg (Jungmeier, 2017) and eucalyptus sawdust’s 19.44MJ/kg (Fernandes et
al., 2021). In order to improve corn stovers’ calorific value, it has to be blended with
other biomass having a higher calorific value like eucalyptus sawdust as a way of
designing this fuel (Rebbling et al., 2020). There is scanty information in the published

literature about blending corn stover and eucalyptus sawdust and using LLDPE as a



binder despite numerous research on pelleting of agro-residues. In Picchio (2020a)

review, it is essential to consider how different biomass feedstocks, mixed biomass

with non-biodegradable wastes like polyethylene, post-treatment techniques, and the

interactions between process factors affect the quality of the fuel pellets. In summary,

there is scarcity of knowledge on the impact of LLDPE binder on the qualities of

blended pellets.

1.4 Objectives

1.4.1 Main objective

To undertake performance optimization of blended biomass pellets from corn stover

and eucalyptus sawdust using linear low-density polyethylene as a binder.

1.4.2 Specific objectives

1.

To perform physical and chemical characterization of corn stover and
eucalyptus sawdust as raw materials for fabrication of blended pellet.

To design and fabricate a single pellet press heated mould and pellet durability
tester.

To fabricate and torrefy blended pellets from corn stover and eucalyptus
sawdust using LLDPE as a binder.

To characterize the physical, mechanical and thermochemical properties of
blended torrefied pellets.

To optimize the pelleting process variables in terms of corn stover to eucalyptus

sawdust ratio, the ratio of LLDPE binder and the torrefaction temperature.

1.5 Research Justification

Corn stover is an agro-residue that is abundantly available in maize-producing areas

in Kenya (Zabed et al., 2023). Despite the fact that it is sometimes used as livestock



feed, a larger percentage of it is left in the field and burnt during land preparation.
Furthermore, corn stover as livestock feed has very low nutritive value. Low-income
households use also corn stover as fuel but has very high emissions and low energy
value since it burns at a very high rate. In Kenya, the estimated amount of corn stover
has not been explicitly defined. However, in United States of America, 108million
tons of con stover are produced annually and are available for bioenergy production
(Ebadian et al., 2017). This estimates generally demonstrate the significance of corn
stover for bioenergy production. Eucalyptus sawdust are sawmill wastes which again
are underutilized. They are sometimes used as fuel using sawdust stoves in low-
income households. Again, the emissions from utilizing sawdust as fuel are high.
Although a precise numerical estimate for eucalyptus sawdust in Kenya is not easily
accessible, it is evident that the quantity is significant and consistently produced
because of the country's vast eucalyptus plantations and the structure of the sawmilling
sector. The substantial amount of sawdust produced is further highlighted by the
several recent felling operations for export (Cheboiwo et al., 2018; Ototo & Vlosky,
2018). Finally, LLDPE is a non-biodegradable MSW which when left unutilized in a
proper manner is injurious to the environment (Dey et al., 2020). Kosore et al. (2022),
Mugo Ephantus et al. (2015) and Odhiambo et al. (2014) have demonstrated the
significance of plastic wastes in municipal solid wastes in Kenya. Mugo Ephantus et

al. (2015) indicated that LLDPE accounted to 10% of these plastic wastes.

In this regard, the utilization of these three materials to produce quality pellet fuel
leads to energy sustainability and improvement of the environment. It will also lead to
satisfaction of pellets high demand since the use of improved cookstoves is utilized in

all the levels of the energy ladder. Large scale power facilities also utilize pellets in



their operations (Pradhan et al., 2018b). In essence the pellets to be produced will

benefit domestic and industrial consumers.

1.6 Scope and Limitations

This project focused on the study of’ corn stover to eucalyptus ratio, LLDPE ratio and
torrefaction temperature optimal levels to produce a quality pellet using Single pellet
press. A L25 Taguchi design of experiments was employed using Minitab 18 software.
The quality of the pellet produced was evaluated against European guidelines EN
14961-6 pellets for non-woody biomass pellets or pellet mixtures from different
biomasses. Pellet qualities to be investigated and compared to standards are physical-

mechanical properties, combustion and emissions properties.

This research will restrict itself to use of corn stover, eucalyptus sawdust and LLDPE

as research materials.

This research project did not entail determination of hydrophobicity and Torgas
analysis since it does not add any value to the research objectives. Study of the effect
of machine parameters like pressure and die dimensions and temperature was also not

to be considered.

1.7 Significance of the Study

With its implications on the environmental, economic, and energy sectors, this study
on the production of blended pellets from corn stover and eucalyptus sawdust, using
linear low-density polyethylene (LLDPE) as a binder, is anticipated to improve energy
security, promote rural economic development, and help manage waste in a sustainable

mannecr.

There are several environmental issues associated with the growing production of

forestry waste (eucalyptus sawdust) and agricultural residues (corn stover), such as land
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contamination, greenhouse gas emissions from open combustion, and the inefficient
utilization of valuable biomass resources. This research offers a viable method for
converting these abundant wastes into a more valuable, densified biofuel. By removing
these materials from conventional disposal techniques, the research immediately

supports carbon neutrality, emission control, and waste reduction.

The present reliance on traditional fossil fuels to generate energy is vulnerable to
declining reserves and price instability. The creation of affordable, alternative biofuels,
such as blended pellets, provides a feasible economic remedy. In order to save energy
costs, turn waste into value, and create jobs and revenue, this study attempts to show

that making these pellets is economically viable.

Reliable and sustainable energy sources are becoming more and more in demand.
Compared to raw biomass, blended biomass pellets provide a homogeneous, high-
density fuel with better combustion properties. It is expected that using LLDPE as a
binder will improve the pellets' physical characteristics, including its hardness, calorific
value, density, and durability, increasing their competitiveness. The results of this study
will be essential for enhancing fuel quality, broadening the energy mix, encouraging

the circular economy, and guiding investment and policy.

1.8 Outline of the thesis

In the first chapter, the research is contextualized within the larger field of biomass
pelletization and its importance. The foundation of this research was biomass pellet
improvement technologies, including torrefaction, mixing, and the use of binders." This
section additionally presents the problem statement, objectives, justification, scope, and

limitations of the research.
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In the second chapter, the research conducted by other writers on biomass as a raw
material for pellet production, pellet production methods, and pellet characteristics was
the main focus. Additionally, the Taguchi method of analysis and experiment design

was described.

Chapter three presents an in-depth description of the methods that will be employed to

accomplish the objectives of this research.

Chapter four presents the results of the experiments carried out, their analysis and
discussions.
Chapter five presents the conclusions and recommendations drawn from the analyzed

results.
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CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
This chapter focused on the research work that other authors have done on biomass as
raw material for the production of pellets, pellet production techniques and pellet
attributes. The design of experiments and analysis using Taguchi method was also

outlined.

2.2 Biomass

Biomass includes all organic material in the biosphere, be it of plant or animal nature,
and also those derived from natural or artificial conversion (Koondhar et al., 2021,
Perea-Moreno et al., 2019). Rozzi et al. (2020) and Antar et al. (2021) also described
biomass as non-fossil organic material with inbuilt carbon dioxide (CO>) that has the
ability to help mitigate greenhouse gas emissions. It is a renewable energy resource
because the Carbon dioxide released during its combustion and utilization processes
does not result in an increase in atmospheric carbon dioxide because it is of biogenic
source. This insinuates that in order to grow and carry out their metabolic activities,
plants utilize CO; that is released into the atmosphere as a result of the breakdown of
other plants. The major biomasses include sewage, algae, agriculture and forestry
wastes (such as shavings, sawdust, and other waste products from the wood-processing
industries), animal residues (from livestock farms), and aquatic plants (illustrated in
Figure 2.1). Municipal solid waste (MSW) and wastes streams from human-caused
processes are also included in the biomass categorization, particularly if they cannot be
utilized in further processes (Tursi, 2019). Corn stover is classified under the
agricultural residues category, while eucalyptus sawdust falls under forestry and

industrial residues. In fact, corn stover has been categorized by Johnson (2019) as
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advanced feedstock for biofuel production and readily available as reported by Khanna

& Paulson (2016).

Animal
Residues
Mumglpal Industrial
Sold Residues
Waste
Biomass
Sources
[ Forestry t Agricultural
Residues Residues
Sewage g
™ *° B

Figure 2.1. The most important biomass resources (Tursi, 2019)

According to Global Bioenergy Statistics (2018), vast quantities of biomass are present
on our globe in various ecosystems, including forests and oceans. It estimates that the
world's total biomass reserves for land and water are roughly 1.8 trillion tons and 4
billion tons, correspondingly. The theoretical energy output capacity of all biomasses
worldwide is 33,000 EJ, which is more than 80 times the yearly energy consumption of
the entire planet. The properties of biomasses that determine its suitability for energy

production are determined through characterization.

2.2.1 Characterization of biomass

Suitability of biomass for conversion to different biofuels is determined by assessing
its properties through characterization (Cheng et al., 2016). Some useful biomass
characterization methodologies include scanning electron microscopy (SEM), atomic
force microscopy (AFM), Fourier transform infrared spectroscopy (FT-IR), X-ray

diffraction (XRD) and transmission electron microscopy (TEM), depending on the
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desired biofuel application. SEM when used in conjuction with Energy Dispersive X-
ray Spectroscopy (EDS/EDX) offers extremely valuable micro- and nanoscale insights
into the elemental composition and physical structure of biomass fuels, which are
critical for thorough biomass characterisation and maximizing its use in energy
production.FT-IR, XRD and TEM when combined, they provide vital information
about the basic characteristics of biomass, assisting engineers and researchers in
comprehending how it behaves as a fuel and improving conversion techniques. In order
to get proper understanding of biomass and the process of its conversion to biofuel, it
is recommended that characterization is done before and after the treatment process

(Biotechnological Applications of Biomass, 2020).

Lignocellulosic biomass (LCB) is a common name used to refer to biomass (Cheng et
al., 2016), is made up of various proportions of major chemical compounds including
cellulose, hemicellulose and lignin, constitute a large part of the chemical components
in biomass residues as illustrated in Figure 2.2. Additionally, the minor compounds
include: extractives, water, proteins and inorganic elements such as potassium, calcium,
aluminum, sodium and silicon, among others. These chemical structures are different
from each other resulting in different chemical properties (Tursi, 2019) and, thus,

establish the properties of the whole biomass.

Proximate analysis of biomass and its ultimate analysis are the main expressions of
biomass characterization when biomass is used for biofuel production applicable in
thermochemical processes (Anukam & Berghel, 2021). Thus, higher heating value

(HHV) should be considered in characterization.
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hemicellulose

cellulose

Figure 2.2: Lignocellulosic biomass structure (Tursi, 2019)

2.2.1.1 Proximate analysis

A summary of the biomass's moisture, ash, volatile matter, and fixed carbon (FC) levels
describe the proximate analysis of biomass (Adeleke et al., 2021). These properties
have a significant effect on combustion of biomass feedstocks (Sivabalan et al., 2021),
as well as production of solid biofuels through densification (Adeleke et al., 2021). As
pertains combustion, moisture content determines the amount of heat energy required
for ignition of fuel, whereas, slagging and fouling phenomena in boilers are a result of
ash melting temperature and elements of ash. The ability of biomass feedstock to bond
together to produce solid biofuels is greatly affected by its moisture content. It acts as
a binder during densification when used in its optimum level. Lower and higher
moisture levels lead to challenges in adhesion of biomass particles hence difficulty in
densification (Garcia-Maraver, 2015a). According to Liu et al. (2022) the amount of
moisture in biomass feedstocks can be adjusted to optimum level by the addition of
water as determined by equation 2.1. Volatile matter and fixed carbon determine the

higher heating values for both combustion and densification processes.

K,—K .
Maaa = Min 12_K21 ............................................................ Equation 2. 1
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Where, m,4q is the mass of ultrapure water added, m;,; is the initial mass of raw
material, K; is the initial moisture content (%) in biomass and K is the targeted desired

optimum moisture content (%) of the biomass.

Proximate analysis essentially provides the biomass's overall composition (Ajimotokan
etal., 2019; Velusamy et al., 2022). Liu et al. (2020), Mostafa et al. (2019a), Valdés et
al. (2018) and Bhavsar et al. (2018) summarized other significance of proximate

analysis in pellet production as follows;

» The moisture and ash content of various biomass feedstocks can vary greatly,
which can have a big impact on pelletization. While high ash concentration
might reduce pellet combustion efficiency, high moisture content can result in
low-quality pellets and higher drying energy consumption. These features can
be found by proximate analysis, and the pelletization process parameters can
then be optimized accordingly.

» The calorific value and combustion properties of biomass pellets can be
understood through the application of proximate analysis. Manufacturers can
guarantee constant quality control and satisfy particular specifications or needs
for various uses, such as power generation, industrial operations, or home
heating, by understanding the approximate composition of pellets.

» In order to enhance pellet quality and energy efficiency, choosing biomass
blends or additives is made easier with an understanding of the proximate
composition. For example, mixing biomass with high and low moisture contents
can assist in achieving optimum moisture levels for pelletization while avoiding
the need for unnecessary drying energy.

» The evaluation of biomass pellets' effects on the environment also involves

proximate analysis. When using pellets, lower ash content and higher calorific
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value suggest cleaner combustion and less emissions, which promote

environmental sustainability.

2.2.1.2 Ultimate analysis

The goal of ultimate biomass analysis is to evaluate the percentage of elemental
ingredients, such as carbon (C), hydrogen (H), nitrogen (N), sulfur (S), oxygen (O), and
other elements, that are present in biomass. Understanding these components makes it
easier to calculate the volume and make-up of combustion gases and also the amount
(theoretical) of air needed for complete combustion. The heating value of biomasses is
usually determined by various methods depending on this analysis (Dash et al., 2015).
The atomic ratio classification—which comprises hydrogen, oxygen, and carbon—
helps determine the fuel's heating value. For instance, there is a strong correlation
between the oxygen-to-carbon (O/C) ratio and the biomass higher heating value (Dash
et al., 2015). Gummert et al. (2019) also concluded that biomass having elevated
nitrogen (N) and sulfur (S) composition results in generation of harmful gases like
nitrogen oxides (NOx) and sulphur oxides (SOx) during combustion, which are the

major causes of acid rain and particulate matter emissions (PM).

2.2.1.3 Higher Heating Value (HHV).
Sivabalan et al. (2021) defined higher heating value as the total amount of energy
produced by a unit of mass of fuel when completely combusted. The generated heating

value is influenced by the chemical fuel elements.

Biomasses are unique in that they possess different chemical compositions and other
characteristics. These lead to grouping of biomasses according to similarities in their
characteristics. In the study on compositional analysis of biomass for production of

renewable biofuels and chemicals, Williams et al. (2017) analyzed the chemical
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composition of woody and herbaceous biomass, municipal solid wastes and agricultural
wastes and found that specific properties were within specific ranges for their respective
biomass types as illustrated in Table 2.1. Biomass characteristics considered in this
classification are proximate and ultimate analysis as well as structural carbohydrates.

These types of biomasses inform the best method of utilization of biomass as biofuels.

2.2.1.4 Prediction of biomass properties using proximate and ultimate analysis

Proximate and ultimate analysis, as well as higher heating values of biomasses, are
important thermochemical properties which are usually determined experimentally
using various equipment. The challenges with experimental determination of these
properties, as reported by Xing et al. (2019), is that it is time-consuming, expensive,
scarcity of equipment and prone to experimental errors. Another essential biomass
property is the structural carbohydrates such as cellulose, hemicellulose and lignin.
Nimmanterdwong et al. (2021) noted that tedious laboratory analytical procedures
employing expensive equipment such as High-performance liquid chromatography
(HPLC) and the use of strong acids which raise concerns in terms of safety and accuracy
are used in analysis of these structural carbohydrates. One outstanding solution that has
been developed to eliminate the above highlighted challenges is the development of
prediction models from correlations among various biomass properties
(Nimmanterdwong et al., 2021). Datasets of proximate and ultimate analysis from
various biomasses are used to predict other properties like HHV, cellulose,
hemicellulose, lignin and either proximate analysis to estimate ultimate analysis or vice
versa. The Artificial Intelligence (AI) method of Machine Learning (ML)-based
prediction models is often used to predict complex nonlinear regression tasks (Moayedi
et al., 2019). Artificial neural network (ANN), logistic regression (LR), random forest

(RF), support vector machine (SVM), genetic algorithm (GA), particle swarm
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optimization (PSO) and multi-linear regression (MLR) are examples of the commonly
used ML algorithms (Ceylan & Sungur, 2020; Park et al., 2023).

Table 2.1: Biomass compositions for woody, herbaceous, and waste materials; average

(standard deviation) number of samples (Williams et al., 2017)

Feedstock composition ‘ Woody | Herbaceous | Wastes
Proximate analysis

Volatiles (%) 84.0 (2.1)3 79.1 (5.8)* 76.7 (5.5)*
Ash (%) 1.3 (0.9 5.5 (3.2)*% 6.6 (6.7)*!
Fixed carbon (%) 14.7 (1.6)! 15.4 (4.0)** 14.8 (5.0)*!
Ultimate analysis

Hydrogen (%) 6.0 (0.1)!*? 5.8 (0.3)*7 5.9 (0.4)*!
Carbon (%) 50.7 (4.71)'? 47.4 (1.9)%7 46.0 (4.0)*!
Nitrogen (%) 0.32 (0.0H)"? 0.75 (0.49)*7° 1.3 (1.6)*
Oxygen (%) 41.9 (1.4)13* 41.0 2.H)!7 38.3 (4.2)’
Sulfur (%) 0.03 (0.0H)!** 0.10 (0.32)!'"7 0.15 (0.16)’
Structural carbohydrates

Cellulose (%) 51.2 (8.7)*4 32.1 (4.5)** 28.4 (13.2)”
Hemicellulose (%) 21.0 (8.7)*" 18.6 (3.4)*% 16.4 (5.5)*
Lignin (%) 26.1 (5.3)*! 16.3 (3.3)*% 12.52.71)"

Some of the studies that have applied prediction models to estimate biomass properties
include Park et al. (2023) estimated higher heating value using proximate or ultimate
analysis. Krishnan et al. (2019) also used proximate analysis to estimated higher heating
value of biomass. Park et al. (2023) developed a model to estimate the amounts of
cellulose, hemicellulose and lignin from proximate and ultimate analysis. Ceylan &
Sungur (2020) estimated ultimate analysis from proximate analysis. In all these studies,
the conclusion is that the errors of estimation were minimal and, therefore, the models

can be used for future use.

These models for predicting biomass properties have different performance
capabilities. In the research done by Ghugare et al. (2017), it was found that nonlinear
models developed from Artificial Neural Network (ANN), Genetic Programming (GP-
extension of GA) and Support Vector Creation (SVC) to predict the quantities of

Carbon, Hydrogen and Oxygen in biomass from their proximate analyses outshined
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their linear counterparts. In general, Random Forrest (RF) model accurately predicted
biomass properties compared to others (Dubey & Guruviah, 2022; Wang et al., 2022;

Xing, Luo, Wang, & Fan, 2019).

The above-highlighted characteristics of biomasses lead to grouping of biomass into

different types as discussed below.

2.3 Biomass classification

Biomass can be classified using various criteria. The most widely accepted criteria are
categorization based on origin (Demirbas et al., 2017; Nunes et al., 2020) resulting in
biomass types, such as wood and woody biomasses, herbaceous biomasses, aquatic
biomasses, animal and human waste biomasses and mixtures of biomasses. In addition,
Islas et al. (2018) included municipal solid waste as another type of biomass which
encompasses wastes of cardboard, paper, plastic, textile, glass, wood and food.
According to Tursi (2019), trees, shrubs and their residues are forms of wood and
woody biomass. Herbaceous biomass has non-woody stems and are generally classified
to agricultural residues and energy crops. Algal biomass forms aquatic biomass, while
manure from animals and human excreta are examples of animal and human wastes.
Finally, feedstocks containing the different types of biomasses are categorized as

biomass mixtures. Figure 2.3 illustrates biomass types and their selected examples.
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( Municipal solid wastes Wood and woody biomass )

Examples

. Leather wastes
Sewage sludge
Plastic wastes
Paper wastes
Cardboard wastes

Examples

. Aspen wood sawdust
Beech wood

. Eucalyptus sawdust

. Palm stems

. Pine sawdust

Herbaceous biomass )

( Animal and human waste

Examples

. Grasses
Hemp
Corn stovers
Miscanthus
Rice straw
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. Cattle manure

. Chicken manure
. Meat-bone meal
. Sheep manure

( Aquatic biomass Biomass mixtures )

Examples Examples

3 Algae . Paper-plastic fluff
.
.

s eerhvednd Wood-sgricuture residue
Pine-eucalyptus chips
Figure 2.3: Biomass types

2.4 Biomass as feedstock for biofuel production

Solid, liquid or gaseous fuels derived directly or indirectly from biomasses is referred
to as ‘biofuel’ (Sanchez et al., 2018) and according to Ruan et al. (2019) it is applicable
in production of heat, energy, power and light. In essence, chemical, physical,
thermochemical and biochemical technologies are used to manufacture biofuels (Ruan
etal., 2019). Ruan et al. (2019) realized in the study on biofuels that one type of biomass
feedstock can be used in production of different varieties of biofuels using different
techniques, hence, the diversity and the robustness of production of biofuels from
biomass. He et al. (2018) and Sitek et al. (2021) discovered that compared to raw
biomass fuels, biomass solid fuels emit very little particles and have a higher energy

density. Furthermore, regular shape and dimensions allow for convenient handling,

compact storage, and reliable feeding in large-scale applications.

Solid biomass accounts for 86% (Figure 1.2b) of the supply of domestic biomass fuels
(Global Bioenergy Statistics World Bioenergy Association, 2022) which are mainly
derived from wood and woody biomass, herbaceous biomass and municipal solid

wastes. There are numerous types of wood and woody biomass that is used for solid
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biofuels. Pellets, wood shavings, woodfuel, sawdust (Kiang, 2018; Sharma et al., 2019)
and commercial forestry (hog fuel) as well as other wood residues (Tumuluru &
Fillerup, 2020) are typical examples of solid biofuels derived from the category of wood
and woody biomasses. Agricultural wastes, such as corn stover, miscanthus, and switch
grass among others are herbaceous biomasses that have distinct chemical properties
from those of woody biomass (Popa, 2018). Thus, herbaceous biomass contains more
ash but less lignin and carbon, whilst woody biomass contains more lignin and carbon
but less ash. According to Kiang (2018), pellets from wood are known to possess
superior qualities such as ultimate and proximate analysis, as well as higher heating

value than herbaceous biomass.

2.4.1 Corn stover and Eucalyptus sawdust

Corn stover biomass materials fall under herbaceous category as stated in the Table 2.1.
The stalk, leaves, sheaths, husks, shanks, cobs, tassels, lower ears, and silks are all parts
of corn stover, a by-product of the production of maize grain. According to
RicharddLSmith & Xiao-FeiiTian Editors (2019) the dry matter of the entire corn plant,
the components of the corn stover yield are roughly distributed as follows: 22% are the
stalk, 10.6% are the leaves, 5.3% are the sheaths, 4.3% are the husks, 1.5% are the
shanks, 7.5% are the cobs, and 0.5% are the lower ears and 0.2% are the silks. Mowing,
raking, and baling are methods used in collection of corn stovers with efficiencies of
about 70%. Djatkov et al. (2018) noted that in the production of fuel pellets, herbaceous
biomass can be used instead of wood, therefore, corn stover has great potential in the

production of biomass fuel pellets.

Eucalyptus sawdust falls under the category of wood and woody biomasses and are

residues of processing wood to timber in sawmill and furniture workshops.
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According to J. A. et al. (2019) both eucalyptus sawdust and corn stover show promise
as biomass feedstocks for the manufacturing of pellet fuel, providing fossil fuel
substitutes with sustainable energy. They do, however, have unique qualities and

processing and pellet quality issues.

In general, eucalyptus sawdust which is a woody biomass has a lower ash percentage
and a higher heating value, which makes it a more straightforward alternative to
conventional wood pellets (Cui et al., 2021). Corn stover whic is a herbaciuos biomass
has the advantage of being widely available as an agricultural waste and having the
possibility for energy-efficient high-moisture pelleting, despite having a somewhat

lower energy density and more ash.

According to (Cui et al., 2021) and it is interesting to note that combining eucalyptus
sawdust and corn stover can work in concert. According to studies, by combining the
advantages of both materials, blending can enhance the qualities of corn stover pellets,
such as raising their higher heating value and lowering their ash content. Co-
pelletization can maximize the use of various biomass supplies and improve pellet

quality overall.

2.4.2 Compositions of corn stover and eucalyptus sawdust
The amount of structural carbohydrates in corn stover and eucalyptus sawdust is

1llustrated in Table 2.2 below.

Table 2.2. Corn stover and Eucalyptus sawdust composition (RicharddLSmith & Xiao-
FeiiTian Editors, 2019)
Lignocellulosic residue | Cellulose (%) Hemicellulose (%) | Lignin (%)

Corn stover 36.9 21.3 12.5

Eucalyptus sawdust 43.3 31.8 24.7
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2.4.3 Energy from biomass

Out of all the renewable energy sources, biomass contributes the most, with over 55%
of its energy traditionally utilized for cooking and heating in underdeveloped nations
(Chan et al., 2019). According to Mladenovi¢ et al. (2018) the largest source of clean
energy worldwide is biomass. Wang et al.(2020) revealed that the best strategies to
convert biomass to useful energy include direct combustion to produce heat and
eventually electricity and conversion of biomass to solid, liquid and gaseous forms to

supply heat, power and transport fuel.

Knapczyk et al. (2019) defined solid biofuels as processed and unprocessed biomass.
The two forms of fuels are natural fuels (as obtained) and synthetic fuels (after
mechanical and chemical treatment). For the production of solid biofuels, raw materials
such as wood, stem plants, peat, sewage sludge, and cereal grains are employed. These

raw materials may be used as a component of the manufacturing process or as fuel.

Direct use of biomass to heat and cook causes air pollution and has a negative influence
on living creatures and the environment. To solve this issue, agricultural waste or
residues can be converted into solid biomass fuels using biomass conversion methods
like briquetting and pelleting. The primary biomass wastes used to create briquettes or
pellets include agricultural waste, food waste, and fuel crops in addition to wood and

its byproducts through densification processes (Vaish et al., 2022).

2.5 Densification of biomass residues

Adeleke et al. (2021) described densification as the process of compacting biomass into
uniformly sized solid particles, such as pellets and briquettes using mechanical force.
Agricultural solid biomass wastes and other biomass residues are widely spread and are

only available during certain seasons of the year, posing storage and handling
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challenges. Managing, transporting, storing, and combusting low-density biomass
leftovers is complex. Briquettes/pellets are the perfect solid biomass fuel for utilizing
raw agricultural residue. According to Adeleke et al. (2021) the benefits of

densification are:

» Increased biomass volumetric net calorific content.
» The resulting product is simple to handle, transport, and store.
» Fuel production is of high standard and consistent size.
» Feedstocks adhere to conversion methodologies that have been pre-planned and
provide system specifications.
One of the most popular densification techniques is pelletization. Pelletization

processes are as discussed in sections 2.6 and 2.7.

2.6 The pelletization process
Pre-treatment of the raw materials, pelletization, and post-treatment are the three major
phases in the pelletization process. As a result, following the feedstock preparation step,

the pelletization procedure is carried out as shown in Figure 2.4 (Younis et al., 2018).

FEEDSTOCK STORAGE |
REMOVAL OF UNDEglRABLE IMPURITIES |
SIZE REBUCTION )

MATERIAL TRXNSPORTATION |
BIOMASgDRYING |
l

J

l

l

MIXING AND ('IONDITIONING
PELLET?ZATION
COOLING AN?) SCREENING
STOgAGE
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Figure 2.4. Stages of the pelletization process (Younis et al., 2018).
Extra attention should be given to feedstock storage during the raw material

pretreatment process because it is essential to maintain the purity of the biomass raw
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material by storing it in a dry environment with the proper feedstock storage.
Furthermore, it is critical to remove any undesired contaminants. The raw material
should be screened first, then ground. It must next go through a magnetic separation
procedure to remove any metal particles or stones from the biomass bulk. To avoid
major damage to the mechanical equipment, it is critical to remove such contaminants.
After impurities are removed, the feedstock is crushed to a uniform size of 6 mm
diameter to avoid clogging the pellet mill's perforations. Additionally, pellets with a
greater density and greater strength during pelletization would be produced by using
small raw material feed particles with a large surface area. Furthermore, a narrow raw
material particle size distribution facilitates the drying phase's moisture optimization

procedure (Younis et al., 2018).

Screw conveyors can then be used to move the raw materials after it has been reduced
in size or by a cyclone separator. To produce pellets of the best quality, the raw
material's moisture level must be kept between 10% and 20%. Raw feedstock with high
moisture content leads to low energy efficiency and excessive hydrocarbon and particle
emissions, hence drying solid biofuels is important. Mixing is not required for all
feedstocks. However, mixers can be employed to achieve a constant and homogeneous
material blend following size reduction and drying, if necessary. Furthermore, the
addition of appropriate binder elements is critical for improving the final product's

qualities. Pelletization takes place in pellet mills (Younis et al., 2018).

The pellets produced at the end of the pelletization process must be cooled before
leaving the manufacturing facility to ensure their strength and durability. When pellets
are removed from the extruder, they are typically air-cooled to speed up the
solidification of the lignin, which strengthens the pellets. Pellets are screened after

cooling to remove any fine particles or dust. Fine material that is left over is returned
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to the pelletizing process. The final step in pelletization is screening, following which

the pellets are ready for packaging (Younis et al., 2018).

2.7 Pellet production and important pellet properties as well as their process
parameters

Loosely packed, prepared biomass are compacted to uniformly sized biomass particles
called pellets by process of densification (Adeleke et al., 2021), through the
technologies described by (Vaish et al., 2022) which include: extrusion, hydraulic
piston presses, screw presses, piston type presses, roller presses, and pellet presses (ring
and flat die). The resultant pellet will be of high calorific value, consistent size, easy to
handle, transport and store (Adeleke et al., 2021). Generally, the bulk densities of
herbaceous biomasses are between 80-150kg/m>, while that of woody biomasses are
between 150-200kg/m> which are considered to be low (Japhet et al., 2019). On
densification through pelleting, these densities are improved to 600-800kg/m? (Garcia-
Maraver, 2015a). Some of the most widely used pelleting technologies are described
below.

2.7.1 Pellet mills

Pellet mills, also referred to as pellet presses or extruders, are machines that use high
pressure to force biomass feedstock through the die's holes, causing friction and the
temperature of raw materials to rise and reshaping it into pellets (Garcia-Maraver,
2015a). Depending on the shape of the die, pellet mills can be classified as either flat
or round. In flat die pellet mills, the feedstock is placed on top of a die that has holes in
it. When the die starts to rotate, the raw material is squeezed and forced through the
openings of the die, whereupon the pellets are eventually cut. Such mills are used to
produce pellets on a small- to medium-scale (Garcia-Maraver, 2015a). In contrast,

round die pellet mills have round holes that are positioned vertically along the die. The
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raw material is placed in the die's center and distributed evenly throughout the process.
The material is then squeezed through the perforations by the rollers, and the pellets are
chopped by the die's outside blades. Figure 2.5 illustrates the two described types of

pellet mills.

RAW MATERIAL
Motor 1 Safety cover l Frame Motor 2

Extractor

Die

Cutting blade

Main axle
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Figure 2.5. Typical pellet mill designs a) ring die and b) flat die (Garcia-Maraver,
2015b)
2.7.2 Single pellet presses (SPP)

Single pellet press (SPP) is a bench scale pelletizing machine consisting of a cylindrical
die manufactured from hardened steel (Puig-Arnavat et al., 2016), having diameters
ranging from 3 to 25 mm (Japhet et al., 2019) and equipped with heaters, thermal
insulations, a hydraulic press, a tightly fitting piston as well as thermocouple integrated
with control system for die temperature control. The biomass feedstock is compressed
by pressing it against a stationery backstop using hydraulic press. It is usually difficult
to control temperature resulting from friction in pellet mills making it hard to study
specific quality parameters of the pellets (Mostafa et al., 2019b). To overcome this
challenge, single pellet presses are useful (Hosseinizand et al., 2018; Huang et al.,
2017a; Stasiak et al., 2017). Figure 2.6 illustrates single pelleting press unit consisting
of a plunger and a cylindrical die with other accessories that is used to prepare biomass

pellets.
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Figure 2.6.Schematic illustration of pelleting using a single piston (Liu et al., 2022).
1; Computer, 2; Control bar, 3 and 4; Movement platform, 5; Pelleting unit, 6; Balance

device.

2.7.2.1 Design principles of single pellet presses

Frequently employed in research and development, single pellet presses are designed
to produce individual biomass pellets in a controlled environment. This makes it
possible to precisely investigate the qualities of the final pellets as well as the
pelletization process. Single pellet presses place control, adaptability, and
reproducibility first for experimental uses, in contrast to vast commercial pellet mills

that concentrate on high throughput (ZYLAB Instruments, 2024).

According to Nielsen et al. (2020), Sun et al. (2023) and Holm et al. (2011) the main
guidelines for designing single pellet presses that produce biomass fuel are discussed

below:

» Controlling process parameters precisely:
o Pressure/Compaction Force: This is crucial. The press needs to be
able to exert a force on the biomass that is both precisely controlled and
quantifiable. This frequently entails screw-driven or hydraulic systems

equipped with force sensors (load cells).
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o Temperature: Pelletization of biomass is a thermomechanical
procedure. To activate natural binders (such lignin) and promote
compaction, the die and/or the biomass itself must be heated to a
regulated temperature. Design components consist of:

= Heated dies: PID-controlled integrated heating components,

such as cartridge heaters.

= Temperature sensors: Near the compaction zone, thermocouples

are placed in the die.

o Compression Time, or Dwell Time: For the biomass to properly
consolidate, the length of time it is compressed is essential. This time
should be precisely controlled by the press mechanism.

o The size of the feedstock particles: The biomass's particle size must
be consistent with the die opening size and the compaction method. One
popular preparation for biomass is pre-grinding.

» Design of Die and Punch:

o Selection of Materials: High temperatures, pressures, and abrasive
forces are applied to the die and punch (or roller). High-strength, wear-
resistant materials (such as tool steel, hardened steel, or specialty alloys)
must be used to make them.

o Dimensions of Die:

= Diameter: determines the diameter of the pellet, usually by
simulating the diameters of regular industrial pellets.

= Ratio of Length to Diameter (L/D): This ratio is an important
statistic to research and is crucial for pellet quality. The die

length, also known as the effective length of the die channel,
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affects the pellet us durability, density, and pressure build-up.
Higher friction and greater energy input are associated with
longer channels.

= Taper/Relief: To lessen friction and make pellet ejection
easier, some dies have a small taper or relief at the exit.

o Surface Quality: The die channel's smooth, polished surfaces enhance
pellet quality and lower friction.

» Monitoring and Data Acquisition:

o Load Cells: To precisely measure the applied compaction force.

o Sensors of temperature: Should monitor the biomass and die
temperatures throughout the process.

> Feeding and Ejecting Materials:

o Controlled Feeding: The amount of biomass injected into the die for
single pellet presses must be exact and constant for every pellet. This
frequently calls for a tiny, controlled volumetric feeder or hand feeding.

o Pellet Ejection: The pellet needs to be smoothly expelled from the die
after compression. This can be accomplished by using a punch to push
it out or by using a specially made release mechanism. Ejection done

correctly minimizes congestion and guards against pellet damage.

2.7.3 Process variables for pelletization
Process variables, including moisture content, particle size, binders, and other machine
settings, such as: pressure gap, die diameter, channel length, die speed, and so on, have

the most impact on pelletization (Pradhan et al., 2018a).
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2.7.3.1 Moisture content

According to Matus et al. (2015), densified biomass's moisture content is one of the
limiting factors affecting the solid biofuel's quality. It also affects the production
process as well as the material's calorific value, mechanical strength, density, and

dimensional stability.

The physical forces which bind the particles together determine the densified product's
strength and durability. Five main types of binding forces between the individual
particles in densified products have been identified as: mechanical interlocking bonds,
adhesion and cohesion forces, interfacial forces, capillary pressure, solid bridges,
attraction forces between solid particles, and mechanical interlocking bonds (Kaliyan
& Vance Morey, 2009). Water increases the area of contact between particles, which
contributes to the development of Van der Waals forces. Water serves as a lubricant as
well as a binding agent. When biomass is extruded, pelleted, or briquetted, moisture
from the biomass helps with processes including fibre solubilization, protein

degradation, and starch gelatinization (Tumuluru et al., 2010).

Zamorano et al. (2011) also noticed that a product's net higher heating value and the
efficiency of combustion are both influenced by the moisture content of the product.
High-moisture pellets lose dry matter, while being stored and transported, and they
decompose quickly (Graham et al., 2017). Through a review of several research papers,
Pradhan et al. (2018a) found out that 10% moisture concentration is ideal for
pelletization in a single pellet press, and that pellet density decreases as moisture
content rises. Some other research has provided different optimum moisture
concentrations for pelletization. They include Abdel et al. (2023) who found out that
the optimum moisture content for pelleting was 8%, with moisture ranges of 10-15%

as reported by (Abdoli et al., 2022; Hu et al., 2015; Tumuluru, 2019a) and 7.8-15% as
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reported by (Krizan et al., 2014; Styks et al., 2020). Anukam et al. (2021) also suggest
that addition of 7-10% water to dried biomass increases the quality of the pellet.
According to a review on the influence of biomass moisture content on pellet properties
done by Ungureanu et al. (2018), the optimum moisture content was found to be 10%.
The review also reported that moisture content of less than 5% led to pellets which have
low strength, break easily and generate a lot of dust when being transported while high
moisture content above 15% damages pellets during storage. Hence, the conclusion that

moisture content is among the key factors influencing pellet quality.

2.7.3.2 Particle size

Pelletization pressure is influenced by biomass particle size. Most experimental cases
studied on single pellet presses established that a reduction in particle size resulted in
an increase of pellet density, while pelletizing using ring die or flat die machines has
insignificant effect on pellet density (Pradhan et al., 2018a). Zepeda-Cepeda et al.
(2021) described particle size as a physical property of feedstock that occasionally
restricts the quality of densified biofuels. In the study on the effect of sawdust particle
size on the physical, mechanical, and energetic properties of pinus durangensis
briquettes, Zepeda-Cepeda et al. (2021) found out that the smaller the particle size of
feedstock the higher the physico-mechanical and higher heating values of densified
feedstocks. These results agreed with those studies done by (Kers et al., 2010; Ndindeng

et al., 2015; Nurek et al., 2020).

The effect of particle size on biomass densification qualities has been the focus of
several investigations (Filbakk et al., 2011; Kaliyan & Vance Morey, 2009; Serrano et
al., 2011; Stelte et al., 2011). According to Stelte et al. (2011), an increase in surface
area of contact between the biomass particles and the channel wall causes the friction

in the press channel of a pellet mill to increase as the particle size decreases. In terms
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of pellet quality, Kaliyan & Vance Morey (2009) discovered that pellet density
increases with decreasing particle size for corn stover grinds. Similar findings were
reported by Mani et al. (2006), who demonstrated that, in the case of pellets
manufactured from barley straw, corn stover, and switch grass, but not wheat straw,
particle size greatly influences the density. In contrast, Serrano et al. (2011) reported
that smaller particles led to less dense pellets. The utilization of an industrial pellet mill
rather than single pellet press units on a laboratory scale explained their divergence

from other investigations.

According to Stelte et al. (2011), the ideal particle size is determined by the
densification process; in general, briquetting operations can handle larger particles than
pelletizing processes. Regarding pellet quality, a wide range of particle sizes is

generally preferable.

2.7.3.3 Feedstock composition

In lignocellulosic biomasses, cellulose has a semi-crystalline structure and is resistant
to hydrolysis, but hemicellulose has a random, amorphous structure with little strength
and is easily hydrolyzed. The adhesive substances produced by hemicellulose
hydrolysis are assumed to be the cause of natural bonding (Tumuluru et al., 2011).
Moreover, lignin aids in the creation of solid bridges when temperatures are high and
1s important in biomass pelletization. Tumuluru (2014) showed that solid bridges are
primarily responsible for particle bonding in scanning electron microscopy (SEM)
images. At the right temperatures and moisture content, natural binders like lignin,
proteins, and starch create solid bridges. Furthermore, low molecular weight
hydrocarbons, such as oils, waxes, and other extractives, reduce wall friction and
subsequently the pelletization pressure because their concentration on the pellet surface

rises when the temperature is raised. According to Castellano et al. (2015), in addition
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to creating a weak boundary layer that keeps particles from adhering tightly to one
another, extractives also have a lubricating effect that reduces friction within die
channels during pelletization process. The glass transition of lignin, followed by flow
and hardening, results in pellets of greater quality. At high temperatures, lignin is
expected to soften and act as a binding agent. Because lignin serves as a binder, biomass

with a higher lignin content produces more durable pellets.

2.7.3.4 Machine-specific parameters

In attempting to explain machine-specific parameters, the term "pellet quality” usually
refers to the features and attributes of the pellets produced by pelletizing machine. Pellet
quality can be greatly impacted by a number of machine-specific factors. These
parameters change based on the type of pelletizing machinery, such as feed pellet mills,
biomass pellet mills, and other pelletizing machinery. According to Pradhan et al.
(2018a), some of the important machine-specific variables and their effect on pellet

quality are as highlighted below:

» Die Thickness and Hole Diameter: The density and durability of the pellets are
influenced by the die thickness and hole diameter in pelletizing machinery such
as pellet mills. Denser pellets could be produced by thicker dies, and pellet size

is influenced by hole diameter.

» Die Compression Ratio: Pellet density and hardness are influenced by the
compression ratio, which is calculated as the effective length of the die divided
by its diameter. Denser pellets are typically the outcome of higher compression

ratios.

» Die Material and Quality: Pellet smoothness, durability, and wear resistance can

all be impacted by the type of die and material that was used. Longer die life
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and improved pellet quality are two benefits of using high-grade dies

constructed from high-quality materials.

Roller Speed and Distance. Pellet density and quality are determined by the
distance between the rollers and the speed at which the material is compressed
by the rollers. Pellets that are well-compacted may come from optimum settings

of roller speed and distance.

Moisture Content and Temperature: The raw material's moisture content and
the pelletization process's temperature have an impact on the material's binding
qualities. To achieve high pellet cohesiveness, control over these parameters is

essential.

Feed Rate: The rate at which raw materials are fed into the pelletizing machine
impacts residence time and compression. Proper feed rates help achieve uniform

pellet quality.

Conditioning: In some processes, raw materials may undergo conditioning
before pelletization. Conditioning can involve the addition of steam or other
additives to improve the binding properties of the material and enhance pellet

quality.

Pellet Mill Type: Pellets can be produced with a variety of qualities using
several types of pellet mills, such as ring die or flat die pellet mills. Ring die

pellet mills are widely employed in commercial, high-capacity production.

Die Speed and Drive Power.: The speed at which the die rotates and the power
of the drive system influence the efficiency and output of the pelletizing

machine. Optimal settings ensure consistent pellet quality.
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» Screen Size: A screen is used in some pellet mills to regulate the final pellet

size. Pellet homogeneity may be impacted by the screen size.

It's essential to note that the interplay of these parameters is complex and optimizing
them for specific materials and production goals is crucial to achieving the desired
pellet quality. Adjustments to these machine-specific parameters should be made based
on the type of raw material, desired pellet characteristics, and the specific requirements
of the application. Regular maintenance of the pelletizing equipment is also important
to ensure consistent performance and high-quality pellet production (Gageanu et al.,

2021; Lavergne et al., 2021; Styks et al., 2020).

2.7.4 Fundamental pellet qualities (physico-mechanical properties of pellets)
2.7.4.1 Durability

Alakangas (2011) defined Mechanical durability (also known as abrasion resistance) as
the ability of handled densified biofuels to maintain their original form. It is measured
by the ability of densified fuels to withstand shock or friction. Because the pellet is
prone to mechanical wear, it generates dust or fine particles when being transported and
stored. The pellets' ability to generate dust throughout its handling, transit, and storage
will be revealed by the resistance test. Consumers are inconvenienced by dust
emissions, which also endangers their health. Furthermore, dust and small particles may
clog boiler feeding systems, which leads to uneven combustion processes. Lastly, dust
can cause fire and explosive hazards during handling, storage, and transportation

(Vinterbéck, 2004).

Pellets from various types of biomasses have different durability indexes resulting from
their different compositions. Blending these biomasses to produce pellets has unique

effects on pellet durability depending on the chosen blends as demonstrated by (Rajput
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et al., 2020), in the study on methods to improve the fuel properties of pellets. The
author found out that addition of sawdust which is woody biomass to groundnut shells
and leaf litter wastes which are herbaceous biomass increased pellet durability. This
was attributed to higher lignin content in sawdust than in both groundnut shells and leaf
litter wastes. There was reduction of pellet durability when groundnut shells were added
to sawdust. Torrefaction after pelletization is an important process that affects the
durability index of the pellets. Sarker et al. (2022) showed that the durability index of

the pellets is decreased when pellets are torrefied while the calorific value is increased.

2.7.4.2 Hardness

Hardness determines the maximum crushing stress (or compressive or crushing
resistance) that a pellet may withstand before breaking or cracking (Kaliyan & Vance
Morey, 2009). Tensile strength is correlated with the adhesion forces between particles
at all points of contact in an agglomeration. A compressive resistance test replicates
compressive stress caused by pellet crushing in a screw conveyor, and also the weight

of upper pellets on lower pellets when they are stored in bins or silos (Garcia-Maraver,

2015¢).

The study on the effects of post-pellet torrefaction on pellet strength and fuel
characteristics by Haykiri-Acma & Yaman (2022), revealed that the pellet strength
decreases in this process compared to raw pellets. The same phenomenon was also
observed by Sarker et al. (2022). Concerning pellet hardness, Rajput et al. (2020),
observed that pellets produced from pure woody biomass have higher hardness than
others. Therefore, woody biomass can be used as an additive to improve the hardness
of pellets from other types of biomasses. The loss of strength and durability of pellets
after torrefaction is attributed to degradation of hemicellulose and cellulose (Wang et

al., 2020).
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2.7.4.3 Bulk density

The bulk density of pellets is a measurement used for stockpiling of wood fuels because
spaces between the woody particles may be greater or smaller depending on the size
and form of the pellets. Non-densified biomass is bulky, making long-distance transport
challenging and necessitating storage space. Furthermore, because the fuel is fed by
volume rather than weight, bulk density can have a significant impact on combustion

efficiency (EN15103, 2009).

Some of the factors that affect bulk density include torrefaction after pelletization. The
bulk density generally decreases on pelletization of pellets (Manouchehrinejad & Mani,
2018; Siyal et al., 2021). In the study of improvement of agro-pellet quality through
blending, Park et al. (2020) observed that the bulk densities are generally higher for

blended pellets than single strand pellets.

2.7.4.4 Particle density

According to Sarker et al (2023)., particle density is the mass-to-volume ratio of a single
pellet. Its value is affected by the particle size, compression strength, protein content,
and moisture content. This characteristic affects the bulk density and, consequently, the
characteristics of combustion of the pellets such as heat conductivity, burning rate and
degasification rate. Stasiak et al. (2017) found out that the particle density of pellets
produced from blends of pine sawdust and straws was higher than when produced from
pure biomasses, hence, the importance of blending in pellet production. A similar
observation was made by (Serrano et al., 2011). According to Siyal et al. (2021),
torrefaction adversely affects pellet particle density. It can be concluded therefore, that,
blending different biomasses improves pellet particle density while torrefaction

decreases it.
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2.7.4.5 Size of the pellets
An important parameter in the size of the pellets is the length/diameter ratio which
affects the moisture uptake of pellets in humid environments and is of great importance

in feeding to the combustion chambers (Hartley & Wood, 2008).

According to Mostafa et al. (2019b), there has been an increase in biomass pellet
demand, which led to an increase in the price of woody biomass and, hence, its scarcity
because of exploitation for pellet production. Therefore, to curb this challenge, non-
woody, herbaceous and other biomasses (Figure 2.3) have received greater attention
and research for pellet production. However, pellets produced from biomasses other
than woody biomass possess poor qualities (Picchio et al., 2020b). Due to the dwindling
woody biomass quantities, resulting from deforestation and the many utilities of wood,
other biomasses have emerged to have a greater potential in the production of biofuels.
Herbaceous biomasses are the most abundant and underutilized biomasses. To use these
biomasses to produce quality pellets, quality enhancement methods have to be

incorporated to elevate their properties to acceptable international standards.

2.8 Binders/Additives

According to Adeleke et al. (2021) binders promote cohesiveness and aid in the
production of stable, long-lasting pellets and briquettes. Additionally, they enhance fuel
abrasion resistance and lessen wear on production equipment. Binders must be present
in a specific quantity in the fuel, and this quantity is influenced by a host of other
factors. According to EU regulations, binder additives that enhance fuel quality, reduce
emissions, or increase burning efficiency must constitute not more than 2% of the total
mass of the biomass pellets (Agu et al., 2018). Tumuluru et al. (2011) indicated that

binders may be used in biomass pellets for bioenergy, but they must be identified as a
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component of the pellet composition. According to Tumuluru et al. (2011) binders

include the following:

1. Lignosulphonates (waofin)
il. Lignin-derived sulphonates salts in pulp mill liquors
1. Bentonites/colloidal clay (made up of montmorillonite)

iv. Amylum (starch)
V. Protein in low lignin content biomass

vi. Thermoplastics

2.9 Torrefaction

Torrefaction is a thermochemical conversion and pretreatment process used to produce
solid biofuels, liquids that can condense, and gases that cannot condense from waste
biomass. It minimizes the need for drying by releasing the moisture and volatile matter
from biomass. Torrefaction additionally improves storage time and lowers
transportation costs by drying out biomass. Torrefied biomass is the solid byproduct of
torrefaction that is dehydrated and carbonized. To manufacture solid fuel pellets of
excellent quality and minimal emissions for use in commercial, industrial, and

residential applications, torrefied biomass is widely utilized (Sarker et al., 2021).

According to Sarker et al. (2021), torrefaction entails heating the biomass for at least
an hour at atmospheric pressure in the absence of oxygen, at temperatures between 200
and 300 °C. With incomplete removal of volatile matter caused by torrefaction, which
lowers the amount of oxygen and hydrogen in biomass while raising the carbon content,

biomass's energy density is improved.

The torrefaction process of biomass feedstocks/pellets takes place in five distinct

temperature-time stages as presented by Chen et al., 2021 and van der Stelt et al., 2011



42

and illustrated in Figure 2.7. The brief description of these temperature-time stages is

presented as follows:

Stage 1-Initial heating: The biomass is first heated up until it reaches the point of drying.
The temperature rises during this phase, and at its conclusion, moisture begins to

evaporate.

Stage 2-Pre-drying: During the drying stage, the temperature remains constant at 100°C
until the biomass reaches a certain critical moisture content and the free water in it
evaporates at a constant rate. When the moisture content reaches the critical point, the

rate of water evaporation begins to slow down.

Stage 3-Post-drying and intermediate heating: The biomass is heated to 200°C at this
point. Water which was physically bonded is extracted, while the biomass particles'
internal barrier to mass and heat transmission is retained. By the end of this stage, the
biomass has essentially no water content. Due to the evaporation of light organic

molecules, some mass loss is to be expected during this phase.

Stage 4-Torrefaction: The real process starts at this stage. When the temperature reaches
200 degrees Celsius, the torrefaction process begins, and it ends when the temperature
is lowered back to 200 degrees Celsius. The highest constant temperature is known as
the torrefaction temperature. This is the stage when the majority of the biomass's mass

loss happens.

Stages 5-Solids cooling: The product that has been torrefied is cooled down to a
temperature that is below 200 degrees Celsius, and then to room temperature. During
this time, there is no mass loss, although there may be vaporization of some adsorbed

reaction products.
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Figure 2.7 A schematic diagram showing the stages of torrefaction (Chen et al., 2021)

2.9.1 Classification of torrefaction processes
The process of torrefaction aims to improve biomass and provide higher-quality solid
fuels. To achieve this objective, biomass can be torrefied using any of the three types

of biomass torrefaction processes.

i.  Dry torrefaction
In the process of dry torrefaction, biomass can be burned at temperatures typically
between 200°C and 300°C in dry, non-oxidative (inert) or oxidative conditions. Chen &
Kuo (2010) and Thanapal et al. (2014) used Nitrogen and carbon dioxide respectively as
carrier gases in non-oxidative torrefaction; the former is most frequently used to sweep
biomass materials after thermal pretreatment. Considering oxidative torrefaction,
efforts have been undertaken to pretreat biomass utilizing carrier gases such as air
(Chen et al., 2013), flue gas (Mei et al., 2015), and other gases with varying amounts
of oxygen (Wang et al., 2013). Oxidative torrefaction has a faster reaction rate than
non-oxidative torrefaction because of the presence of oxygen and the exothermic

reactions that occur during thermal degradation (Chen et al., 2013).
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ii.  Wet torrefaction
At temperatures between 180 and 260°C, water and diluted acid solutions are used to
upgrade biomass during wet torrefaction. The term "hydrochar" refers to the solid that
is created when biomass is pretreated in wet media, such as water and diluted acid, as
an alternative to improving it in dry media. It has been addressed that no substantial
reaction of biomass happens in liquid water when the temperature is below 180°C for
biomass torrefied in hot compressed water or hydrothermal media (Lynam et al., 2011).
As a result, wet torrefaction is often carried out at a temperature of 180°C to 260°C for
a reaction duration of 5 to 240 minutes (Chen et al., 2013; Thanapal et al., 2014). The
qualities of water, such as its dielectric constant, ion products, density, viscosity, and
diffusivity, would all drastically change as its temperature rose (Bach & Skreiberg,
2016). These modifications favor the breakdown of biomass in the liquid or aqueous

phase.

ili.  Steam torrefaction
In addition to dry and wet torrefactions, steam torrefaction is a method of torrefaction
in which biomass is torrefied by a high-temperature and high-pressure steam explosion
(Balat et al., 2008). The procedure, which is typically carried out at temperatures
between 200 and 260°C with a holding period of five to ten minutes, involves
introducing high-pressure and high-temperature steam into a sealed chamber containing
lignocellulosic feedstock. After that, the pressure is quickly released, which results in a
small loss of feedstock as well as steam that swells the lignocellulosic matrix and
separates individual fibers (Mabee et al., 2007). During the steam explosion, low
molecular weight volatiles in biomass are eliminated, boosting the product's calorific
value and carbon content while lowering its bulk density, equilibrium moisture content

(EMC), and mean particle size (Lam et al., 2012, 2013).
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Recent research on steam torrefaction has mostly focused on the properties of the solid
products that are left behind after the process, to produce pellets (Lam et al., 2013). In
addition, compared to dry torrefaction, steam torrefaction offers the advantage of
raising the calorific value, carbon content, and hydrophobicity at substantially lower
temperatures and shorter treatment times. Additionally, compared to untreated pellets,
steam explosion-derived pellets have greater mechanical strength and flexibility (Lam
et al., 2011). However, the process of making pellets from steam torrefaction requires
more energy than that of making pellets from untreated biomass, and it also requires

more energy to force the pellets out of the die (Tooyserkani et al., 2012).

2.9.2 Process variables for torrefaction

Torrefaction performance is affected by several factors.

i. Temperature
According to (Chen & Kuo, 2011), the temperature at which torrefaction takes place is
the most important operating parameter. Since torrefaction occurs at temperatures
ranging from 200 to 300 degrees Celsius, it is well known that the operating temperature
significantly affects the results of the torrefaction process. Hemicelluloses and cellulose
have respective thermal decomposition temperatures of 220-315 degrees Celsius and
315-400 degrees Celsius. Djurdjevic & Papuga (2023), classified torrefaction into three
distinct types based on the operating temperature range: light torrefaction (200-235
°C), mild torrefaction (235-270 °C), and severe torrefaction (275-300 °C). Moisture
and light (or low molecular weight) volatiles are liberated from biomass during light
torrefaction. Out of hemicelluloses, cellulose, and lignin, hemicelluloses are the most
active constituents in biomass. During light torrefaction, hemicelluloses undergo some
degree of thermal degradation while cellulose and lignin are barely or very slightly

impacted. As a result, biomass experiences a minimal rise in its energy density or
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calorific value after light torrefaction, and its weight loss is not significant.
Hemicelluloses decompose and release volatiles more easily when biomass undergoes
mild torrefaction. Hemicelluloses are significantly reduced, and cellulose is also
partially consumed. Hemicelluloses are nearly entirely depleted and cellulose is greatly

thermally decomposed in cases of severe torrefaction.

ii. Residence time
Torrefaction often lasts anything from a few minutes to several hours. Torrefaction
increases the final solid fuel's or biochar's calorific value, while a longer period
increases the biomass's carbon content and heating value (Chen et al., 2017). An outline
of the standard temperature and residence time ranges, with a focus on how reaction
temperature and residence time affect biomass qualities shows that torrefaction

temperature has a greater effect than treatment duration (Chen et al., 2017).

iii.  Particle size
One of the key factors in biomass torrefaction is particle size. Since biomass has a low
heat conductivity, the pyrolysis mechanism of biomass will be influenced by the
temperature gradient across the particle. Generally speaking, smaller particles can
enhance the generation of bio-oil by inhibiting the development of char by promoting
heat and mass transmission to maintain a relatively consistent temperature within them

during pyrolysis (Bates & Ghoniem, 2014).

iv.  Carrier gas and its flowrate:
Usually, a Nitrogen environment is used for the torrefaction process. Studies on the
impact of flow rate, also known as superficial velocity, on torrefaction have been

conducted. The outcomes showed that the carrier gas's superficial velocity had no
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bearing on the torrefaction performance under internal conditions (Barskov et al.,

2019).

v.  Catalyst
Research has demonstrated that the presence of inorganic metals in biomass may act as
catalysts in the thermochemical processes of the biomass, affecting the production of
char, the distribution of products from pyrolysis, gasification, and combustion (Barskov
et al., 2019). Potential catalysts for the thermochemical conversion of biomass include
alkali and alkaline earth metals. The effects of inorganic metals on biomass torrefaction
have been studied recently by several researchers. Relevant experimental findings
indicated that during torrefaction, either potassium or sodium exhibited catalytic
activity in the decomposition of biomass. The mass loss of woody biomass increased
with rising potassium content, according to research on the effects of potassium on

torrefaction performance using a thermogravimetric analyzer (Shoulaifar et al., 2016).

vi.  Performance Index
The performance of torrefaction is strongly related to the severity of torrefaction (TS),
that is primarily determined by temperature and duration of torrefaction. In order to
assess torrefaction performance, a variety of indices have recently been developed,
including the upgrading energy index (UEI), severity factor (SF), weight loss (WL),
torrefaction severity factor (TSF), energy-mass co-benefit index (EMCI), and
torrefaction severity index (TSI). Since higher WL is a function of temperature or
torrefaction length, WL is the most commonly used index to represent TS. WL is

typically calculated using a dry basis (Chen et al., 2015).
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2.10 Combustion analyses of pellets

2.10.1 Combustion characteristics

2.10.1.1 Ultimate and proximate analyses and higher heating values (HHV)
Ultimate and proximate analyses as well as HHV are among the combustion
characteristics considered in evaluation of pellet properties and they have been

elaborated in section 2.2.1.

2.10.1.2 Combustion emissions

Combustion of biomass pellets results in heat energy and different emissions. Perez-
Jimenez (2015) provided a comprehensive classification and conditions of production
of various gaseous emissions from combustion biomass pellets. The two major classes
are gaseous emissions from complete and incomplete combustion. Examples of
emissions emanating from incomplete combustion which included CO, PAHs, NHj3,
CHa, total organic compounds (TOCs) and polychlorinated dioxins & furans. On the
other hand, emissions from complete combustion included CO,, SO,, NOx and
hydrogen chloride. Additionally, HC and Oz are also present in varied quantities in
flue gases (He et al., 2018). These emissions are harmful to the environment, humans

and combustion equipment (Kazimirova & Opath, 2016).

Quantity of emissions from different biomass feedstocks vary since their compositions
are unique. In the case of pelleting and briquetting, the type and amount of binder used
also play an important role in emissions produced. Carroll & Finnan (2013) analyzed
carbon monoxide (CO), sulphur dioxide (SO2) and nitrogen oxides (NOx) emissions
from different biomasses and found out that those from woody biomass met the
emissions standards (EU regulations), while those of straws which are basically
herbaceous biomass exceeded the set limits. In the study on combustion of waste

plastics, lignite and biomass mixture pellets, Duranay (2019) found that the rate of
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combustion and efficiency increased with the increase in plastic ratio. Also, CO>
emissions increased with the increase in plastic ratio. Measures to reduce emissions
have to be incorporated into the combustion process of biomass fuels prone to emissions
like feedstocks from herbaceous biomasses and fuel feedstocks with plastic binders.
Kida et al. (2023) stated that air pollution from burning plastics, whether in controlled
incineration plants or in uncontrolled open burning, has serious negative effects on the
environment and human health. The vast array of chemical additives included in
plastics, which are produced from fossil fuels, all contribute to the various and
frequently dangerous pollutants that are emitted when the plastics decompose
thermally.
The type of plastic, the temperature, the amount of oxygen present, and the presence of
other materials all have a significant impact on the range of emissions that result from
the plastic's combustion. According to (Tomsej et al., 2018), (Kida et al., 2023) and
Valavanidis et al. (2008) some of the main types of emissions are as follows:

» GHGs, or greenhouse gases:

o CO; (carbon dioxide): It is one of the main byproducts of complete
combustion that causes climate change. Due to their carbon base,
plastics emit carbon dioxide at every stage of their lifecycle, from
manufacturing to combustion.

o Nitrous oxide (N20) and methane (CHa4): These are additional powerful
greenhouse gases, albeit usually in smaller amounts than COs,.

» Particulate Matter (PM):
o Black carbon (BC) and PM2.5: Soot (black carbon) and other fine

particulate matter are major emissions, particularly from incomplete
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combustion (e.g., open burning). These particles have the ability to enter
the lungs deeply.

o Organic Carbon (OC): It is another particulate matter component.

» VOCs, or volatile organic compounds:

o Benzene, toluene, xylene, formaldehyde, and acetone are among the
many organic compounds that are emitted. A large number of VOCs are
harmful or cause ground-level ozone to develop.

» PAHs, or polycyclic aromatic hydrocarbons:

o These are dangerous organic substances, some of which, like
benzo(a)pyrene, are known to cause cancer. They are created when
organic components burn incompletely.

» Halogenated Compounds:

o Dioxins and Furans (PCDD/Fs): These are extremely harmful and long-
lasting organic pollutants that are mostly produced by the burning of
polymers that include chlorine, such as polyvinyl chloride, or PVC,
particularly when combustion circumstances are not ideal. A plastic may
ignite with other materials even if it does not contain chlorine.

o Hydrogen Chloride (HCI): Released by the PVC combustion.

o Polychlorinated Biphenyls (PCBs): Substances with the potential to
cause cancer.

> Heavy Metals:

o Heavy metals (such as lead, cadmium, mercury, chromium, antimony,

and arsenic) that are added to plastics may be discharged into the

atmosphere or accumulated in the ash.
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» Other Toxic Gases:
o It is also possible to release hydrogen sulfide (H»S), sulfur dioxide
(S0»), and nitrogen oxides (NOx).
Standard procedures are used to determine the various combustion characteristics of
biomasses. These methods are enlisted in Table 2.3.

Table 2.3. The standard methods for analyses of biomass fuels (Suman et al., 2021)

Property Standard methods
Proximate analysis

Ash ASTM D1102 (873 K),
Moisture ASTM E871

Volatile matter ASTME 872, ASTM E 897
Fixed carbon By difference

Ultimate analysis

Carbon, hydrogen ASTM E 777

Nitrogen ASTM E 778

Sulphur ASTM E 775

Oxygen By difference

Heating value (gross calorific ASTM D 2015, E 711
value)

Ash elemental ASTM D3682, ASTM D2795, ASTM D4278

2.11 Methods of Biomass Pellet Quality Enhancement

2.11.1 Use of woody biomass as an additive

Gilvari et al. (2019) tied pellet quality to the type of biomass resource. The
shortcomings of herbaceous biomass regarding the physical property (lower density),
chemical makeup (higher ash, lower carbon, and lower lignin), and fuel property (lower
heating value) could be resolved by blending with woody biomass (Picchio et al.,
2020b; Tumuluru & Fillerup, 2020). In the study on co-pelletization, Cui et al. (2021)
concluded that addition of woody biomass to straw (herbaceous biomass), to produce
pellets, improved significantly pellet qualities. For instance, according to Tumuluru et
al. (2012), it significantly enhances proximate and ultimate composition whilst also

reducing the ash content of pellets. The study also reports that the addition of woody
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biomass enhances the densification properties of herbaceous biomass because of its

higher lignin content which is the primary binder in pelleting/briquetting.

In the review on biomass pelleting process, Dujmovi¢ et al. (2022) reported that
addition of woody biomass on agricultural biomass produced pellets with enhanced
physico-mechanical properties and this was affirmed by pellets from cornstalk blended
with fir. Contrary, addition of herbaceous biomass to woody biomass as studied by
Lehmann et al. (2012) has a negative effect on the durability of densified biomass and

it revealed that the density of the pellet reduces.

Table 2.4 presents the observations of the effect on pellet properties caused by blending

herbaceous biomass with woody biomass.

Table 2.4 Research on effect of addition of woody biomass to herbaceous biomass for

pelleting
Sr No. Feedstock blends Observation References
Herbaceous Woody
biomass biomass
1 Switch grass Pine Increased bulk density and (Tumuluru,
durability. 2019b)
2 Rice straw Sawdust Increased unit density and shatter (Rahaman &
index. Salam, 2017)
Higher heating value increased by
6-7.2%.
3 Barley straw Pine Pellet durability increased by 3%. (Serrano et al.,
sawdust 2011)
4 Miscanthus Pine Improved thermal properties. (Mohammadi &
sawdust Decreased ash content. Anukam, 2023)
5 Rapeseed straw Pine Pellets strength and higher heating (Stasiak et al.,
and wheat straw sawdust  value decreased with an increase 2017)
in straws ratio.
Pellet density decreased with an
increase in straws ratio.
The increased straw proportion
increased the ash content of the
pellets.
6 Miscanthus and Pine Pellet met industrial quality with (Garcia, Gil,
switch grass sawdust switchgrass and miscanthus Rubiera, et al.,
blends of less than 30%. 2019)
7 Reed  canary Spruce  Improved overall pellet quality. (Harun et al,
grass, timothy and pine Lowers pelleting energy 2018)
hay and sawdust requirement.

switchgrass
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2.11.2 Use of plastic additives

According to Anukam et al. (2021), all biomasses can be pelleted, but not all can
produce high-quality pellets. As a result, additives are utilized to enhance pelletization.
Lignosulfonates, spent sulfite liquor, starch, kraft lignin, waste vegetable oils, and citrus
peels are additives discussed by Anukam et al. (2021). Other additives include plastics
(Auprakul et al., 2014a). Emadi et al. (2017) stated that linear low-density polyethylene
(LLDPE) and low-density polyethylene (LDPE) are the most abundant types of plastics
which can be easily derived from municipal solid wastes (MSW) and have favorable
fuel and adhesion properties. Thus, according to Emadi et al. (2017), the use of LLDPE
as additives results in pellets with high density, strength, higher heating value, and
decreased ash content. High-density polyethylene (HPDE) is also extractable from
MSW (Agu et al., 2021). HDPE, according to Agu et al. (2021), significantly increases
higher heating values of pellets produced from torrefied and non-torrefied wheat and
barley straws. It also increases pellet strength and durability of pellets as well as pellet
particle density. Although the pellet particle density was seen to improve, it was not to
the extent when LLDPE was used as a binder. Ash content and moisture adsorption of
biomass pellets are greatly reduced when HDPE is used as a binder (Agu et al., 2018).
Generally, plastic binders enhance bulk densities, mechanical strength and higher

heating values as depicted by research presented in Table 2.5.

2.11.3 Use of TAP (Torrefaction After Pelletization)

Torrefaction is one method for improving the properties of solid biomass which has
gained popularity. It is a mild thermochemical treatment used on biomass at ambient
pressure in low-oxygen environment (Mukherjee et al., 2022; Nunes et al., 2014;
Tumuluru et al., 2021) at temperature ranges of 200-300°C and residence time of 30-

180 minutes (Fisher et al., 2012; Garcia et al., 2019; Shang et al., 2012). The results of
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torrefaction in this kind of environment are the decomposition of hemicellulose

partially to volatile matter and the removal of all the moisture in biomass while lignin

content and cellulose are unaftected (Garcia et al., 2019).

Table 2.5 Research on effect of plastic additives biomass pelleting

Sr No Feedstock blends

Observation

References

1 Torrefied wheat and Increased higher heating value. (Emadi et al.,
barley straws and Increased mechanical strength. 2017)
LLDPE Decreased ash content.

2 Corn stover and Carbon, hydrogen and higher heating (Auprakul et
mixed plastic wastes value increased with increase in al., 2014a)

plastic content.

Durability, bulk density, particle
density and ash content decreased
with increase in plastic content.

3 Refuse derived fuel Increased higher heating value. (Rezaei et al.,
with 20% plastic Improved mechanical strength. 2020)

4 Pinus radiata Increased durability. (Song et al.,
sawdust, = LLDPE Greatly improved hydrophobicity. 2021)
and polypropylene Improves HHV moderately to highly.

(PP)

5 Sawdust, date palm Increased durability index and bulk (Garrido et
trunk and plastic density as well as particle density. al., 2017)
wastes Overall, pellet produced attained

acceptable standards.

6 Torrefied wheat, Pellet density and tensile strength was (Agu et al.,
barley straws and improved. 2021)

HDPE HHYV increased.

Hydrophobicity improved.
Ash content decreased.

The most important process conditions for optimum energy yield in torrefaction from
past researchers are torrefaction temperature, time and the size of biomass particles
(Adeleke et al., 2021; Akanni et al., 2019). Chen et al. (2021) further narrowed down
the conditions to temperature and residence time, while Akanni et al. (2019) again
further narrowed down to only torrefaction temperature, stating that the effect of
residence time reduces after one hour of torrefaction. Thus, further pointing out that as
torrefaction temperature rises the mass and energy yields decrease leading to increase

in energy density.
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Torrefaction can be employed as a pre-treatment method of biomasses before
pelletization commonly referred as TOP (Torrefaction before Pelletization) process or
as a post-treatment after pelletization referred to commonly as TAP (Torrefaction After
Pelletization) process (Azargohar et al., 2018; Manouchehrinejad & Mani, 2018). The
discussion of some research on torrefaction after pelletization (TAP) processes are as
follows: Manouchehrinejad & Mani (2018) studied the effect of torrefaction of wood
pellets produced from mixed sawmill wastes of soft and hardwoods at temperatures of
between 230°C and 290°C. The observation was that the shape of the pellets was
retained, the mass and energy yields decreased with increasing torrefaction temperature.
Higher heating values increased by 26%, as well as its hydrophobicity, while pellet
particle and bulk densities, moisture, durability and hardness decreased. Wang et al.
(2020) found out that the torrefied pellets maintained their integrity while mass yield
decreased with temperature increase, higher heating values and hydrophobicity
increase. The mechanical properties of torrefied pellets generally decreased with
increasing torrefaction temperature. In their studies, Ghiasi et al. (2014), Shang et al.
(2012), and Kumar et al. (2017) concluded that post-pelletization torrefaction resulted
in improved higher heating value, energy density and hydrophobicity, while particle
and bulk densities, mass and energy yields, as well as the mechanical properties of
pellets, reduced with torrefaction. They also observed that the structural integrity of the

pellets is maintained.

2.11.4 Optimization as quality enhancement method

According to Mostafa et al. (2021a), the conditions of pelletization influence biomass
pellet qualities. Thus, the exact effect of pellet production process parameters to give
the best physico-mechanical and combustion properties of pellets have to be

determined. Data from optimization studies can then be used for subsequent production
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of quality pellets, hence, a quality enhancement method.

Liu et al. (2023) described process optimization as a condition in which several factors
interdependently affect the outcomes in order to obtain a specific quality required.
Optimization studies can be multi-parameter, multi-response, single response, single
factor or a mix of them and analysis done using different statistical tools (Thapa et al.,

2018a).

Pellet qualities are maximum at optimum conditions of production (Cui et al., 2021).
Pellet durability, hardness, bulk density and higher heating values are qualities used to
determine the optimal process parameters in pellet production (Thapa & Engelken,
2020). These are desirable pellet qualities and, therefore, have to be maximized, so that
it gives the best combination of process parameters. At the same time, undesirable pellet
qualities like emissions have to be minimized. Said et al. (2015) observed that pellet
quality is dependent on feedstock composition and controllable process factors. An
example of controllable factors is moisture content, in which if it is high decreases the
durability, higher heating values and shelf life of pellets, while increased binder

concentration improves its durability (Akbar et al., 2021).

Various process parameters considered in optimization have been studied in literature
and they include; feedstock material, moisture content, blending ratio, particle size,
binders (Thapa & Engelken, 2020), and die pressure (Huang et al., 2017b; Mostafa et
al., 2021a). It also includes torrefaction temperature and residence time (Akanni et al.,
2019), in the case of torrefaction after pelletization studies. The shortcomings brought
about by feedstock variability in terms of physical and chemical properties can be
resolved by blending different biomass feedstocks (Edmunds et al., 2018; Ray et al.,

2017). Tumuluru (2019b), studied the effect of blending feedstock material from pine



57

and switchgrass on the pellet durability and bulk density. The resultant pellet attained a
maximum durability index greater than 95% and bulk density of 550 Kg/m3. In
optimization study done by Thapa & Engelken (2020) using Taguchi-grey relational
analysis, blending ratio, particle size, feedstock material and blending ratio were found
to have significantly impacted on pellets physico-chemical characteristics. Park et al.
(2021), in the study of performance optimization of fuel pellets, found out that the
optimal ratio of pepper stem to coffee waste was 8:2 and the optimal torrefaction
temperature was 250°C. In the study, performance indicators used in the study were
moisture content, bulk density, durability, ash content, fine particles and gross calorific
value. Zhang et al. (2020), researched on optimization of pellets produced from
hydrothermally pretreated wheat straw using response surface methodology. The
parameters studied included wheat straw feedstock particle size, hydrothermal pressure
and temperature, mold pressure, moisture content, compression speed and pressure
holding time. Optimum pelletization conditions were as presented in Appendix 1.
Conspicuously, in all the above studies, none of them analyzed emissions. Again, only
one of the studies went ahead to include torrefaction after pelletization. Appendix 1
presents biomass pelleting optimization studies carried out by different researchers and

their outcomes on pellet quality.

2.12 Pellet quality standards

According to Garcia-Maraver (2015a), by-products from the combustion of pellets and
their effects on combustion equipment like pellet stoves and boilers, are some of the
important customer concerns other than pellets’ energy content. It is also important to
appreciate the fact that biomass fuel pellets from different biomass feedstocks produced
from different processes are unique. In order to ensure the best quality pellets are

produced, quality control and standardization have been introduced in many countries
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(Japhet et al., 2019; Mostafa et al., 2021b). These standards have ranges of different
properties of pellets that define the acceptable quality of pellets (Mostafa et al., 2021a).
Biomass pellet standards and their general requirements have been produced for
different types of biomasses and even their mixtures (Mostafa et al., 2019b). For
instance, Table 2.6 illustrates the European guidelines EN 14961-6 pellets for non-
woody biomass pellets or pellet mixtures from different biomasses. Pellets from non-
woody biomass are categorized as A class, while those from mixtures of different
biomasses are B class pellets (Garcia-Maraver, 2015a). Pellet quality parameters are
compared to these standard specifications so as to evaluate the overall quality of the
pellet produced. According to Garcia-Maraver (2015a), some of the European Pellet

quality standards and certifications include:

1. Austrian standard: ONORM M 7135 (Compressed wood or compressed bark in

natural state, pellets and briquettes. Requirements and test specifications: 2003).

2. Swedish standards: SS 187120 (Biofuels and peat, fuel pellets. Classification

(Swedish Standards Institution): 1998).

3. German standards: DIN 51731 (Testing of solid fuels, compressed untreated

wood. Requirements and testing (Deutsches Institut fiir Normung): 1996).

4. Ttalian standard: CTI-R04/05 (Recommendation: solid biofuels. Pellet

characterization for energetic purposes: 2004).

5. French recommendation: ITEBE (Not an official standard but a set of quality

controls developed. 2009).

6. European standard committee EN14961-1 (Solid biofuels. Fuel specification

and classes. Part 1: general requirements: 2010).
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Table 2.6: European normative guidelines for pellets produced from herbaceous and
fruit biomass and blends and mixtures (Garcia-Maraver, 2015a)

Pellet property Units Straw Miscanthus Reed canary
grass
Diameter and Mm D06-10: D+1; 3.15<L.<40
length, D and L D12-25: D+1; 3.15<L<50
Moisture, M % as M10<10 M12<12
received
Ash, A % dry basis  A6.0<6 A4.0<4 A8.0<8
A6.0+>6 A8.0+>8
Mechanical % as DU97.5>97.5 DU96.5>96.5
durability, DU received
Fines % as F1.0<1.0
received
Additives % dry basis  Type and Quantity
Lower heating value M]/kg Minimum value Q14.5>14.5
as received, Q
Bulk density, BD kg /. %as BD600>600 BD580>580 BD550>550
m
received
Nitrogen, N % dry basis ~ N0.7<0.7 NO0.5<0.5 N2.0<2.0
Sulphur, S % dry basis ~ S0.10<0.10 S0.05<0.05 S0.20<0.20
Chlorine, Cl % dry basis ~ Cl0.1<0.10 Cl0.8<0.8 Cl0.1<0.10

2.13 Literature review matrix: Summary and gaps

This section provides a summary of literature reviews and their research gaps as well

as the conceptual framework Figure 2.8 to place the pellet to be researched in a broader

context of different pelleting concepts. Literature review matrix is presented in

Appendix 2.
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Figure 2. 8: Conceptual framework

2.14 Design of experiments

Design of experiments (DOE) is the process of defining and investigating each potential
outcome of an experiment involving multiple factors (Butler, 1992). It is an offline
method of quality control used to ensure that products and processes operate at their
optimum performance (Krishniah et al., 2012). DOE entails designing of experiments,
conducting of experiments and analyzing data. Experimental designs can be classified
into traditional methods such as Completely Randomized Design, Randomized
Complete Block Design, Latin Square Design, full factorial designs, response surface
methods, etc. and Taguchi methods, which include, orthogonal array (OA), robust

designs, multi-level factor designs and multi-response optimization.

2.14.1 Taguchi method

The discipline of quality engineering benefited greatly from the work of Japanese
scientist Dr. Genichi Taguchi. According to his quality philosophy, a product's quality
should be designed into it rather than only inspected into it. In other words, inspection,
a postmortem activity, is not how quality is achieved. His second guiding principle is

that minimizing the variance from the desired value is a good way to achieve quality.
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Additionally, the performance of that product ought to be impervious to uncontrollable
(noise-related) elements. He promoted measuring the price of quality in relation to
variance from the norm. According to Krishnaiah & Shahabudeen (2012) the Taguchi

Techniques include;

» Off-line Quality Assurance techniques.
» Ensures Quality of Design of Processes and Products.
» Robust Design method.

» Makes use of Orthogonal Arrays for designing experiments.

2.14.2 Steps in Taguchi Experimentation
The following are steps related to the Taguchi-based experiments (Krishniah et al.,

2012):

1. State the problem.

2. Determine the objective.

3. Determine the response and its measurement.

4. Identify factors influencing the performance characteristic.
5. Separate the factors into control and noise factors.

6. Determine the number of levels and their values for all factors.
7. Identify control factors that may interact.

8. Select the Orthogonal Array.

9. Assign factors and interactions to the columns of OA.

10. Conduct the experiment.

11. Analyze the data.

12. Interpret the results.

13. Select the optimal levels of the significant factors.
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14. Predict the expected results.

15. Run a confirmation experiment.

2.14.3 Design of experiments using Orthogonal Arrays (OA)
Taguchi proposes adopting a factorial design that is highly fractional with unique
orthogonal arrays for organizing trials, with factors serving as the column headings and

treatment combinations as the rows (Freddi & Salmon, 2019).

Arrays with orthogonal column vectors are referred to as orthogonal arrays. They have
the property that the scalar product of each pair of vectors is zero. This indicates that a
vector cannot be projected onto another. Therefore, each vector is linearly independent
and conveys information once only. Each treatment provides a distinct piece of
information in Taguchi arrays L, in which the factor levels are permuted to produce

uncorrelated responses (Freddi & Salmon, 2019).

2.14.3.1 Nomenclature of arrays in OA approach
Equation 2.2 below shows how to determine the number of experimental runs given the

variables synonymous to the number of columns and their levels.
L (D) o, Equation 2.2

Where,

L=Latin square

a=Number of rows

b=Number of levels

c=Number of columns (factors)

Degrees of freedom associated with the OA =a— 1.
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2.14.3.2 Assignment of factors and interactions

When all the primary factors need to be examined, the factors can be placed in any
order in any column of the OA. When studying primary factors and some interactions,
we must adhere to a particular procedure. To make it easier to assign the orthogonal
array columns' factors and interactions, Taguchi has created the following two tools

(Krishniah et al., 2012):

i.  Interaction Tables and
it.  Linear Graphs
All possible interactions between columns (factors) are contained in the interaction

table while Linear Graph (LG) provides interaction data represented graphically.

2.14.4 Data analysis from Taguchi experiments

Data from experiments with Taguchi/Orthogonal Arrays (OA) can be analyzed using
both the response graph method and the Analysis of Variance (ANOVA). ANOVA
approach takes into consideration variation from all sources, including errors. ANOVA
and percent contribution suggest that choosing the best condition may not be beneficial
if the error sum of squares is high in comparison to the experiment's control factors.
ANOVA is necessary also for statistically confirming the data. The response graph
approach is relatively simple to comprehend and use. There is no statistical expertise
needed for this procedure. This approach might be adequate for practical or industrial
purposes (Krishniah et al., 2012). In the case where there is need for optimization in
which there are many responses, Taguchi multi-response optimization is done as

explained in section 2.14.4.3.
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2.14.4.1 Regression analysis

A functional relationship (model or equation) between response or dependent variables
and predictor, explanatory or independent variables can be found using the regression
analysis methodology. Regression analysis is referred to as univariate regression when
it deals with a single response variable and as multivariate regression when it deals with

two or more response variables.

Fitting a linear equation to the data is the method used in linear regression analysis to
try and predict the relationship between variables. There are two commonly used types
of Linear regression; simple and multiple linear regression (Fumo & Rafe Biswas,
2015). Multiple linear regression is most commonly used and it allows use of varied

predictors and it is generalized by the following equation;

Y =Bo+ B1X1 + B2 Xy + -+ BnXn + €

Where;

Y is the response variable, X1, X»... Xy are the design variables and the nth number of
variables, Po, P1, P2...pn are regression coefficients and € is the error due to the

discrepancy between the actual and the predicted responses.

2.14.4.2 Model adequacy checking

According to Montgomery et al. (2016), it is always important to (a) check that the
fitted model accurately represents the underlying system and (b) make sure that none
of the assumptions of least squares regression are broken. If the model does not provide
a good enough fit, pursuing the exploration and optimization of a fitted linear regression
will probably result in unsatisfactory or inaccurate outcomes. There are a number of
methods for evaluating the validity of the fitted model model. Some of these methods

include;
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» Residual analysis-in which a normal probability plot of the residuals is
constructed to verify the normality assumption. The normality assumption is
achieved if the residuals approximately lie around a straight line (Borkowski,
2010).

» Scaling residuals- standardized and studentized residuals are examples of
scaling residuals and they are important in optimization studies. These
standardized residuals are helpful in identifying outliers because they have a
mean of zero and a variance of roughly one unit. Any observation with a
standardized residual outside of this range may be uncommon in relation to its
observed response. The majority of the standardized residuals should fall within
the interval -3 <di < 3 (di is the residual). These outliers need to be closely
investigated since they could indicate anything from a straightforward data
recording error to a more serious issue, such an area of the regressor variable
space where the fitted model is an inadequate representation of the actual
response values (Borkowski, 2010).

» Influence Diagnostics-The fitted regression model is sometimes
disproportionately impacted by a small subset of the data. In other words,
estimations of parameters or forecasts may rely more on the significant subset
than on the bulk of the data. The goal is to identify these influential points and
evaluate how they affect the model (Borkowski, 2010).

» Testing for Lack of Fit- Regression model fitting in optimization typically
involves using data from a designed experiment. Getting two or more
observations (replicates) on the response at the identical settings for the

independent or regressor variables is often useful. Once this is accomplished, a
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formal test on the regression model to check lack of fit is conducted (Borkowski,
2010).
2.14.4.3 Taguchi multi-response optimization
Multi-response optimization cannot be done directly using the Taguchi method.
Nevertheless, Taguchi designs can be used to gather the observed data for each
response, and many researchers have devised various methods for statistical analysis.
The usual method for solving these challenges is to integrate the multiple responses into
a single statistic (response), and then to determine the optimal levels. Among these
methods is Grey relational analysis (Krishniah et al., 2012; Thapa & Engelken, 2020).
These two authors outlined the technique of multi-response optimization in the

following five steps:

Step 1: Computation of signal-to-noise ratio(S/N). Signal-to-noise, sometimes
known as S/N, is a statistical performance metric used by Taguchi. Equation (2.3) is
used to determine S/N for a "bigger the better" (desirable responses) and equation (2.4)

“smaller the better” (undesirable responses) characteristic (Krishniah et al., 2012).

. 1 1 .
S/N ratio(n) = —10logqg (Z) [ Y_ﬁ ......................................... Equation 2.3
. 1 :
S/N ratio(n) = —10log,, (Z) Y Equation 2.4
where,

Y;j= Observed response value (i=1,2...,n;j =1, 2,....k)

n = number of replications.

Step 2: Normalizing Yij as Zij. After the determination of the S/N ratio, Y;; is

Normalized (transformation carried out on a single input to scale and spread the data
into an appropriate range for subsequent analysis) using the following equations

(Krishniah et al., 2012).
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. Yij—min(Yi}-,izl,Z,...,n)
g max(Y;ji=1,2,...n)-min(Yj,i=1,2,..,n)

Z

....................................... Equation 2.5

(for S/N ratio with the “larger the better”)

max(Yij,i=1,2,...,n)—Yij

Z

........................................ Equation 2.6

b= max(Yji=1,2,..,n)-min(Yj,i=1,2,..,n)
(for S/N ratio with the “smaller the better”)

Where,

Z;j=jth dependent variable/response normalized value for ith experiment/trial

Step 3: Compute the Grey relational coefficient (GC). Grey relational co-efficient

(GC) is then calculated as follows (Krishniah et al., 2012);

GCU =

Apin+AA i=1,2,..n— experiments .
Emin*Amax { P } ............................ Equation 2.7

Ajj+Amax (J = 1,2, ...,m — responses

Where,

GC;j= grey relational coefficient for the ith experiment/trial and jth dependent
variable/ response.

A= absolute difference between Y oj and Yij which is a deviation from the target value
and can be treated as a quality loss.

Y,; = optimum performance value or the ideal normalized value of jth response

Y; j=the ith normalized value of the jth response/dependent variable

A, in=minimum value of A

A ax=maximum value of A

A is the distinguishing coefficient which is defined in the range 0 < 1 < 1
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Step 4: Compute grey relational grade (Gi). Calculated as (Krishniah et al., 2012);

Gi ==X GG oo Equation 2.8

where m is the number of responses.

Step 5: Optimization. Use the response graph method or ANOVA and select optimal

levels for the factors based on the maximum average Gi value.
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CHAPTER THREE: METHODOLOGY
3.1 Introduction
This chapter provides detailed description of the methods to be used to achieve the goals

of this research.

3.2 Materials

This research focused on utilizing agricultural and forestry wastes, so the two typical
samples that were used in this study were a woody biomass waste (eucalyptus sawdust)
representing forestry waste and a non-woody biomass waste (corn stover) representing

agricultural waste as well as LLDPE which was used as a binder.

Corn stover was sourced from farms in Uasin Gishu county while eucalyptus sawdust
was sourced from sawmills and wood workshops in Uasin Gishu county. The source of
LLDPE raw material was Pyramid East Africa Limited, Eldoret. LLDPE acquired was
a Q2018 series which is used in production of hygiene packaging such as freezer film,
bread bags, shoppers and lamination film. Its melting point is 121°C and softening point
1s 100°C which are good properties for binding. Approximately 20kg of corn stover,
20kg of eucalyptus sawdust and Skg of LLDPE were acquired. These raw materials are

as presented in Plate 3.1.

/)/'7 FPETy ; v’.'

Plate 3.1: a) Corn stover b) Eucalyptus sawdust ¢c) LLDPE pellets
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3.3 Preparation of corn stover and eucalyptus sawdust

3.3.1 Removal of undesirable impurities

The first step in preparation of biomass feedstock was to make sure that they are free
of undesirable impurities. Before grinding, the raw materials were screened to remove
foreign objects such as stones or metal particles. According to (Garcia-Maraver,
2015b), it is undesirable if these materials are present in the finished product, even in
trace amounts. They can also seriously damage the mechanical equipment of

compaction.

3.3.2 Size reduction of the raw materials
An electric hammer mill with Imm screen size in Chemical and process engineering

laboratory in Moi university was used to grind the raw materials. Plate 3.2 shows the

ground raw materials.

Plate 3.2: Ground raw atrials
3.3.3 Drying

Ground raw materials were then oven dried at 105°C to moisture content of 8-14%
which is a suitable range for pelleting according to Styks et al. (2020) and Krizan et al.

(2014).

3.5 Determination of specific objectives of research
The standard procedures employed for the purpose of accomplishing the particular

goals of this study are covered in this section.
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3.5.1 Perform characterization of corn stover and eucalyptus sawdust
This research goal was achieved by determination of feedstock properties. To determine
these properties, experiments were carried out in terms of proximate analysis, ultimate

analysis and higher heating values.

3.5.1.1 Proximate analysis

Proximate analysis is the determination of moisture content, volatile matter, fixed
carbon and ash of the feedstocks and it was determined by the procedures described
below. Before all analysis was done, the feedstock was sampled by use of the cone and
quarter method as illustrated in Figure 3.1 below and Appendix 3. This involved
heaping the prepared feedstock to form a cone and then the tip of the cone is flattened.
It was then subdivided into four equal quarters and the quarters diagonal to each other
were taken as a sample while the rest was discarded. This procedure was repeated until
the sample was small enough to be used for analysis and at this stage it will be a true

representative sample for the whole feedstock considered.

7 : For sample

—

/

Discard

Figure 3.1 Coning and quartering method of sampling (Alakangas, 2015.)
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i) Moisture content

Amount of moisture content in raw materials was determined by ASTM E871. By
ASTM E871 procedure, a crucible was dried in the oven for 30 minutes at 103+1°C,
then allowed to cool to ambient temperature. Crucible weight was recorded as, We, to
the nearest 0.02 g. 50g of sample was placed on the crucible and its weight were

recorded to the nearest 0.01g as initial weight, Wi.

The crucible and sample were then placed in an oven at 103+1°C for 16h. The crucible
and the sample were then removed from the oven and cooled in a desiccator and

weighed to the nearest 0.01g.

The crucible and sample were then placed in the oven at 103+1°C for 2h until weight

change was less than 0.2% and this weight was recorded as the final weight, Wf.

Moisture content was then calculated as shown in Equation 3.1 (International, 2006);

YMOISTUTE = L X 100V eeeeeeeeseeeeeeeseeeeeeeseseeeeeene Equation 3.1

i—Wc
Where,
w,-crucible weight

w;-initial weight

we-final weight

ii) Ash content

Ash content was determined by ASTM DI1102 (873 K). The description of the

procedure of ash content determination was as presented below.

The crucible was heated in the oven at 600°C, cooled in a desiccator and weighed to the
nearest 0.1mg. A sample weighing 2g was placed in a crucible and weighed then placed
in an oven for drying at 100 to 105°C for 1h. The crucible and sample were removed

and cooled in a desiccator. The procedure was repeated until the weight change was
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within 0.1mg. This weight was recorded (crucible plus specimen minus weight of

crucible) as the oven-dry weight of the sample.

The crucible and sample were then placed in a muffle furnace and ignited until all
carbon was eliminated. Gradual heating was used to a final temperature of 600°C. The
crucible and sample were removed from the furnace, cooled in a desiccator and
weighed. Heating was repeated for 30-minute periods until weight change was less than

0.1mg.

Ash content was then calculated using Equation 3.2;

%ash = % X L0090 oo Equation 3.2
2

Where,

wy-weight of ash

w,-weight of oven-dry sample

iii) Volatile content

Volatile content was determined by ASTM E 872. The crucible was weighed to the
nearest 0.01g and recorded as crucible weight, Wc. Approximately 1 g of sample was
placed in the crucible and covered. The crucible, cover, and sample were weighed to

the nearest 0.01 g, and recorded as initial weight, Wi.

The covered crucible with the sample was placed on platinum or nickel-chromium wire
supports and inserted directly into the furnace chamber, which was maintained at a
temperature of 950 + 20°Cand lowered immediately to the 950°C zone. After heating
for a total of exactly 7 min, the crucible was removed from the furnace without
disturbing the cover and allowed to cool in a desiccator. The covered crucible with
sample was weighed as soon as it cooled to the nearest 0.1 mg and recorded as the final

weight, WT.



Volatile content was then calculated using Equation 3.3;

weight loss, % = il Y 100% = A......o .

Wi—W¢

where:

Wc -weight of crucible and cover, g,
Wi -initial weight, g, and

Wf- final weight, g.

Volatile matter in analysis sample, % = A — B

where:

A = weight loss %, and

B = moisture, %, as determined using Method ASTM E 871.

iv) Fixed carbon

Fixed carbon was determined by difference as follows;

Fixed carbon=100%- (ash+ volatile contents) % (Bajo & Acda, 2017).

3.5.1.2 Ultimate analysis
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Equation 3.3

Elemental analysis to ascertain the proportions of the elements Carbon, Hydrogen,

Nitrogen, Sulphur and Oxygen was done by The Kenya ECO-prenuers Ltd-Nairobi.

ASTM D5373-02 standard procedures were used in determination of Carbon,

Hydrogen, Nitrogen and Sulphur (Mansor et al., 2018), while the biomass samples'

oxygen concentration was determined by difference according to Equation 3.4

(Onochie et al., 2017).

%0, = 100 — (C+ H + N + S + %Ash) (Onochie et al., 2017)

.......... Equation 3.4
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3.5.2 Design and Fabrication of Single Piston Pellet Press (SPP) heated mould

A single pellet piston press (SPP) with a heating system was fabricated according to the
description in (Lu et al., 2014; Stasiak et al., 2017) and selected dimensions adapted
from (Auprakul et al., 2014b). The SPP was produced from stainless steel using a lathe
machine. The major parts of the heated cylindrical mould include the cylindrical die,
plunger/piston, backstop and heating coils as illustrated in Figure 3.2. Also incorporated
in the complete setup of the heated mould were the temperature controller, 30A AC

contactor, type K thermocouple for temperature sensing and glass fibre insulation.

Figure 3.3 shows the orthographic views of the dimensioned die, piston and backstop.
Figure 3.4 shows the circuit diagram of heating and controlling the temperature of the
die. The power supply for heating was 240V. The temperature controller regulates the
temperature of the die by sensing and measuring the temperature using the
thermocouple. Upon reaching the desired set temperature, which was displayed on the
screen, the feed was sent to the AC contactor which then opened the circuit to stop
further heating. On the other hand, when the temperature falls below the set point, the
AC contactor closes the circuit to start heating again after receiving feedback from the

temperature controller.
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Figure 3.2: 3-Dimensional CAD drafting of single pellet press (SPP) heated mould
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Figure 3.3: Orthographic views with dimensions of the die, piston and backstop
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Figure 3.4: Circuit diagram of temperature control of the heated die
3.5.3 Design and Fabrication of durability tester

Pellet durability tester chamber was fabricated according to the dimensions provided in
ISO 17831-1 (Solid Biofuels-Determination of Mechanical Durability of Pellets and
Briquettes-Part 1:(E) copyright protected document, 2015), as illustrated in Figure 3.5.
The pellet durability tester was made out of a drive mechanism and a dust-tight
enclosure with an interior baffle to mix the pellets. The interior of the box must be
smooth, and any protrusion, like rivets and screws, must be well-rounded. Any side can

have a door installed.

Details of the box, including interior dimensions were as follows:
Material: stainless steel sheet metal (1.5 + 0.1) mm thick

Width (300 £ 3) mm

Height (300 = 3) mm

Breadth (125 £ 1.3) mm

Specification of baffle and dimensions were as follows:
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Material: stainless steel sheet metal (1.5 = 0.1) mm thick

Length: (230 £2.3) mm

Width: (50 += 1.0) mm

Attached to one of the box's 300 mm by 300 mm diagonal sides was the baffle. The
baffle was firmly attached to the rear of the box and extended (50 £ 1.0) mm into it
(Figure 3.5). The baffle's edges must be rounded rather than sharp to prevent any cutting
impact. To prevent vibrations, the electric motor driving the box must have the capacity
to rotate at a steady speed of (50 = 2) revolutions per minute or use appropriate pulleys
or gears. Variable frequency drive (VFD) was fitted to the motor to control its speed to

the desired revolutions per minute.

Filling door

< Drive shaft

\

300

B Baffle

SN - o s s i e i i

-
-
S
-

k)
300

v

Figure 3.5: Durability tester tumbling box
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3.5.4 Fabrication and torrefaction of blended pellets from corn stover and
eucalyptus sawdust using LLDPE as a binder

This research goal was achieved by the production of pellets in a fabricated heated
mould using different mixtures of feedstock as determined by the experimental design.
The mould was heated to a temperature of 150°C and maintained there throughout the
pelletization process according to Emadi et al. (2017). This temperature will enable

LLDPE to melt and enhance the binding of biomass particles together.

3.5.4.1 Experimental design

The design parameters under study in this research were three, i.e., corn stover to
eucalyptus sawdust ratio, linear low-density polyethylene (LLDPE) binder and
torrefaction temperature. The levels of each design parameter were five. The values of
the ranges of design variables were adapted from Park et al. (2021), Tumuluru (2019b)
and Tumuluru & Fillerup (2020) for mixing ratios and torrefaction while for the ratios

of LLDPE it was adapted from Garrido et al. (2017) and Emadi et al. (2017).
These parameters and their corresponding levels were tabulated in Table 3.1.

Table 3.1 Design parameters and their levels

Corn stover: Eucalyptus | LLDPE (%) (X2) | Torrefaction Level
sawdust (wt: wt) (X1) temperature (°C) (X3)

9:1 2 210 1

8:2 4 230 2

7:3 6 250 3

6:4 8 270 4
5:5(1:1) 10 290 5

X1- Corn stover: Eucalyptus sawdust (wt: wt)
X2- Linear low-density polyethylene ratio (%)
X3- Torrefaction temperature (°C)

The number of experimental runs was given by Taguchi Array L25(5%3) which was

equal to 25 and was tabulated as shown in Table 3.2.
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3.5.4.2 Compaction of raw materials to pellets

Based on Stasiak et al. (2017), raw materials prepared were compacted into a 25mm
diameter cylindrical die with a height of 107mm as shown in Figure 3.6. On a steel
table, a cylindrical die was positioned and filled with loosely prepared feedstock. The
piston driven by a 15-ton press in the automotive laboratory was used to compact the
raw materials into pellets. The compressed pellets were then extracted from the cylinder

using the same piston after the back stop has been removed.

Table 3.2 Taguchi parameter experimental design (Krishniah et al., 2012)

RUN PROCESS RESPONSES (MEAN VALUES)
NO. PARAMETERS
X1 X2 X3 Y1 Y2 |[Y3 | Y4 Y5 Y6 Y7
1 1 1 1| * * * * * * *
) 1 2 2| * * * * * * *
3 1 3 3| * * * * * * *
4 1 4 4| * * * * * * *
5 1 5 5] * * * * * * *
6 2 1 2| * * * * * * *
7 ) 2 3| * * * * * * *
8 2 3 4] * * * * * * *
9 ) 4 5] * * * * * * *
10 2 5 1| * * * * * * *
11 3 1 3| * * * * * * *
12 3 2 4| * * * * * * *
13 3 3 5] * * * * * * *
14 3 4 1] * * * * * * *
15 3 5 2| * * * * * * *
16 4 1 4| * * * * * * *
17 4 2 5] * * * * * * *
18 4 3 1| * * * * * * *
19 4 4 2| * * * * * * *
20 4 5 3| * * * * * * *
21 5 1 51 % * * * * * *
22 5 2 1| * * * * * * *
23 5 3 2| * * * * * * *
24 5 4 3| % * * * * * *
25 5 5 4] * * * * * * *

Definition of parameters and responses

X1-Corn stover: Eucalyptus sawdust (wt: wt)
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X2- Linear low density polyethylene ratio (%)
X3- Torrefaction temperature (°C)

Y 1- Pellet particle density (kg/m?)

Y2- Bulk density of pellets (kg/m?)

Y3- Pellet durability index (%)

Y4- Pellet hardness (kg)

Y5- Mass yield of pellets (%)

Y 6- Higher heating value (MJ/kg)

Y7- Carbon dioxide emissions (%VOL)

Plunger
Single
opening die
Heating — ]| [« Insulation
plate g g
Thermocouple
-
[ Prepared
: sample
Removabile 4
backstop — =
PID

Figure 3.6 Schematic diagram of a single die pellet press (Bajo & Acda, 2017)
3.5.4.3. Torrefaction of the blended pellet
Torrefaction of pellets produced was done by using a modified tube furnace in the
automotive laboratory to mimick torrefaction equipment. To determine the effect of
torrefaction on the produced biomass pellets, mass yield (MY) was determined. This
concept was based on mass reduction after torrefaction. The mass yield was evaluated

as shown in Equation 3.5 (Rudolfsson et al., 2017). According to Rudolfsson et al.
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(2017) and Kota et al. (2022) in order to achieve torrefaction,the steps followed were

as follows:

» Weighed raw blended biomass pellets (M,,,) were packed in the tube of the
modified torrefaction equipment and nitrogen gas purged through at 0.8bar to
expel air within it.

» Heating of the furnace to the desired set torrefaction temperature was started.
Heating was maintained at this temperature for one hour. Heating was then
stopped and the torrefied pellets left to cool still under the inert environment.
After cooling nitrogen gas purging was stopped.

> The weight of the blended torrefied pellets (M¢oprefieq) Were then taken and

mass yield evaluated.

Mass Yield MY = 2270 5 1000f....ooovooovoreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee Equation 3.5

raw

Where, My orrefieq- mass of torrefied biomass and M,.q,,-mass of raw biomass

Modification of tube furnace to torrefaction equipment

Siyal et al. (2021) described the process of torrefaction as a thermal pre-treatment of
biomass by heating at a temperature of 200 to 300°C in oxygen deficient environment.
Therefore, in modification of the tube furnace, inertness of the combustion chamber
was achieved by purging nitrogen gas through it at approximately 0.8bar adjusted using
the nitrogen gas regulator. The modified torrefaction equipment is illustrated in Plate

3.3 below.
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. Tube furnace Nitrogen gasi
: regulator: 8

Plate 3.3:Modified tube furnace to torrefaction equipment

3.5.5 Characterization of physical, mechanical and thermochemical properties of
blended torrefied pellets

3.5.5.1 Physical properties

i) Pellet size-in most cases, pellet diameter is determined by the die hole for standard
commercial pellets (Romuli et al., 2021). In this case pellet diameter was determined
by the use of a vernier caliper since there could be a change of dimensions on the release
of compaction pressure. A vernier caliper was used to estimate the length of the pellets,

Lp (mm). This process was executed as it is presented in Plate 3.4.

e Ty

Plate 3.4: Measuring pellet dimensions
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ii) Bulk density- In order to determine the bulk density, pellets were filled in a 1L
container to approximately 20cm above the top edge. The container was then dropped
three times onto a firm, level surface made of wood. Any pellets that remain above the
container's top will be removed with a flat object and weighed. There were three
repetitions of this procedure. Next, the bulk density was computed using the following
equation, with the result rounded to the nearest decimal (Park et al., 2021). Plate 3.5
illustrates the packing of torrefied biomass pellets for purposes of determination of bulk

density while Equation 3.6 was used to determine the bulk density of the blended

torrefied pellets.
BD = T e Equation 3.6

Where, BD-Bulk density (kg/m?), my-weight of container with pellet (kg), m -weight

of empty container (kg) and V-volume of empty container (m?).

Plate 3.5: Determination of bulk desit
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iii) Pellet particle density

Determination of particle densities of pellets was done by stereometric methods (Rabier
et al., 2006). Zafari & Kianmehr (2012) and Carrillo et al. (2016) provided a detailed
description of evaluation of pellet particle density by stereometric methods.
Measurements of a single regularly formed particle's dimensions such as the diameter,
length, width, and height, are made using length-measuring devices like calipers,
gauges and rules in stereometric procedures (Plate 3.4). The next step was to calculate
the volume of the closest regular geometric shape like cylinders, cuboids and cubes to

estimate the sample's volume.

In stereometric measurements on pellets, the mass of one pellet sample was determined
to the closest 0.0001 g accuracy. The size (pellet diameter and length) measurements
were taken with 0.1 mm accuracy. The pellet's shape was assumed to be cylindrical for

computation.

The pellet particle density for each trial was computed according to the Equation 3.7

and Equation 3.8 below;

Ppp = % ............................................................................ Equation 3.7

Where,

ppp-Pellet particle density
m- Mass of the pellet

v- Volume of the pellet

2
V= % L Equation 3.8
Where,

V- Volume of the pellet
D- Diameter of the pellet
L- Length of the pellet
[1- A constant
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3.5.5.2 Mechanical properties

i) Durability — The durability of the pellets was done in a fabricated durability tester.
The principle of operation of the durability tester was that tests were done in a specified
spinning test chamber, where pellets collide with one another and the walls of the
chamber to subject a test sample to regulated shocks. During testing, the durability
tester was filled with 500+£50 g of pellets, and tests were carried out at a rate of 50+
2rev/min for 60 seconds according to research done by (Kantova et al., 2022; Larsson
& Samuelsson, 2017). The pellets were then manually sieved through a 3.15 mm mesh
sieve, and the weight of the pellets still in the sieve weighed twice. Durability was then
computed using the Equation 3.9. This test was done in accordance to ISO 17831-1

(Park et al., 2021).

DU = z—b X100 e, Equation 3.9
Where,

DU-durability (%), m,-pellet weight post-sieving after durability test (g) and my,-
pellet

weight before sieving before the durability test (g).

ii) Hardness -Determination of pellet’s hardness was done according to the procedure
outlined by (Kaliyan & Vance Morey, 2009) where the diametrical compression test
was used in a universal testing machine. According to Santana et al. (2010) and Thapa
& Engelken (2020), evidence points out that the diametral compressive strength is a
more significant measure of pellet hardness. The pellet was sandwiched between two
parallel, flat platens, with the surfaces of their faces larger than the pellet’s projected
area as illustrated in Figure 3.7. Up until the test specimen breaks/fails, a steadily
increasing load is applied. The compressive strength, which is expressed as force or

stress, was obtained by reading the load at fracture. Hardness testing in the universal
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testing machine at Rivatex East Africa Limited is illustrated in Plate 3. 6. The hardness

of the pellets obtained was recorded in triplicate for every experimental run.

Force

Moving plate

Pellet sample

Stationary plate
Figure 3.7: Biomass pellet orientation during compressive strength testing. Adapted
from (Obi et al., 2022)

Plate 3. 6: Hardness testing in universal testing machine



88

3.5.5.3 Combustion properties

1. Calorific value (HHYV)

The calorific value of the pellet was determined using an automated bomb calorimeter
in the materials laboratory in the Mechanical Engineering Department at Moi
University. This was done by loading a predetermined mass of the sample on the bomb
calorimeter’s crucible carried by the oxygen bomb head and installing nichrome fuse
wire as illustrated in Appendix 4. The oxygen bomb head loaded with the sample was
put in the oxygen bomb and fastened tightly. The oxygen charger was then used to
charge oxygen into the bomb at a pressure of 2.8-3.0MPa and held there for
approximately 15 seconds as illustrated in Appendix 3. Finally, the sample-loaded
oxygen bomb was placed in the bucket as illustrated in Appendix 3 and the bucket
closed. Analysis of the sample was then started by running the testing software in the
computer which records and gives the calorific value of the sample displayed on the

screen after analysis.

2. Emissions testing

Carbon dioxide concentrations emitted from the combustion of blended pellets for all
experimental runs were determined by a portable multi-gas detector sourced from the
Chemical and Process Engineering laboratory. For more accurate results testing of
emissions was done on optimized pellets in a Laboratory Emissions Monitoring System
(LEMS) in KIRDI. ISO 19867-1: 2018 standard method was used to determined the
emissions using LEMS apparatus. This method estimates emissions by gravimetric
method and the specific emissions that can be measured by LEMS are carbon monoxide
(CO), carbon dioxide (CO») and particulate matter (PM2.5). The experimental set-up of
determination of emissions using LEMS at KIRDI was illustrated in appendix 21 and

appendix 22. The rating of the optimized pellets in terms of emissions was also provided
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by ISO 19867-1: 2018 tiers and these were then compared with that of Kenyan standard
(KEBS Standard- KS 1814:19) to determine whether it is acceptable or not. Tier three

and above is acceptable according to KEBS Standard.

3.5.6 Optimization of pelleting process variables

In order to determine the optimal conditions of pelleting, i.e, cornstover: eucalyptus
sawdust ratio, LLDPE ratio and torrefaction temperature, the responses of different
conditions were input into a Minitab 18 software in Taguchi design of experiments as
shown in Table 3.2. Taguchi method cannot optimize multiple responses as explained
in section 2.12.4.1. Therefore, Grey relational analysis (GRA) statistical analysis was
used to transform data in Table 3.5 to grey relational grade which can now be optimized
as a single response. Response graphs, three-way ANOVA, Pareto analysis, contour
and response surface plots was then used to test the significance of corn stover:
eucalyptus sawdust ratio, %LLDPE, torrefaction temperature as well as the optimum

blended pellet properties. The analysis of the interactions was also determined.

3.5.6.1 The Pellet quality check against International Standard
The pellet with optimal parameters was then produced and its overall physico-
mechanical and combustion characteristics were determined so as to compare it with

international standards of pellets.

Table 3.3 illustrates the European guidelines EN 14961-6 pellets for non-woody
biomass pellets or pellet mixtures from different biomasses. Pellets from non-woody
biomass are categorized as A class while those from mixtures of different biomasses
are B class pellets. Pellet quality parameters were compared to these standard
specifications so as to evaluate the overall quality of the pellet produced (Garcia-

Maraver, 2015b). This particular standard is appropriate for use in this research since it
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accommodates varied types of feedstocks, unlike other standards which are specific to

certain types of feedstocks.

Table 3.3. European normative guidelines for pellets produced from herbaceous and
fruit biomass and blends and mixtures(Garcia-Maraver, 2015b)

Units A B

Diameter and mm D06-10: D+ 1;3.15<L <40

length, D and L D12-25:D+1;3.15<L <50
Moisture, M % as received M12<12 M15<15
Ash, A % dry basis A5.0<5 A10<10
Mechanical % as received DU97.5297.5 DU96.5296.5

durability, DU
Fines % as received F2.0<2.0 F3.0<3.0
Additives % dry basis Type and quantity
Lower heating value ~ MJ/kg Ql4.1 > 14.1 Q13.2213.2

as received, Q
Bulk density, BD kg/m* as received BD600 = 600
Nitrogen, N % dry basis N1.5<1.5 N2.0<2.0
Sulphur, S % dry basis S0.20<0.20
Chlorine, Cl % dry basis C10.20 £0.20 C10.30 <0.30

3.7 Presentation of the results

3.7.1 Compositional analysis of feedstock

The results from the evaluation of proximate and ultimate analysis of corn stover and

eucalyptus sawdust were as recorded as shown in Table 3.4.

Table 3.4 Proximate and ultimate analysis of corn stover and eucalyptus sawdust

feedstock.

Biomass sample Corn stover Eucalyptus sawdust
Mean STDEV Mean STDEV

Proximate analysis (%owt)

Moisture content * * * *

Volatile matter * * * *

Fixed carbon * * * *

ASh % k * k

Ultimate analysis (%wt)

Carbon * * * *

Hydrogen * * * *

Nitrogen * * * *

Sulphur * * * *

Oxygen * * * *

HHV (MJ/kg) * * * *




3.7.2 Pellet characteristics

3.7.2.1 Physico-mechanical and Combustion characteristics

All experiments were done in triplicate and were recorded as shown in Table 3.5.

Table 3.5 Physico-mechanical and combustion characteristics of produced pellets

[\
W

RUN PROCESS RESPONSES (MEAN VALUES)
NO. PARAMETERS
X1 X2 X3 Yl Y2 Y3 Y4 | Y5 Y6 Y7

1 1 1 1| * * * * * * *
2 1 ) 2| * * * * * * *
3 1 3 3| * * * * * * *
4 1 4 4| * * * * * * *
5 1 5 5] * * * * * * *
6 2 1 2| * * * * * * *
7 2 ) 3| * * * * * * *
8 2 3 4] * * * * * * *
9 2 4 5] * * * * * * *
10 2 5 1| * * * * * * *
11 3 1 3| * * * * * * *
12 3 ) 4| * * * * * * *
13 3 3 5] * * * * * * *
14 3 4 1] * * * * * * *
15 3 5 2| * * * * * * *
16 4 1 4| * * * * * * *
17 4 ) 5] * * * * * * *
18 4 3 1| * * * * * * *
19 4 4 2| * * * * * * *
20 4 5 3| * * * * * * *
21 5 1 5] * * * * * * *
22 5 2 1| * * * * * * *
23 5 3 2| * * * * * * *
24 5 4 3| * * * * * * *
5 5 4] * * * * * * *
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CHAPTER FOUR: RESULTS, ANALYSIS AND DISCUSSION
4.1 Introduction
This chapter presents the results of the experiments carried out, their analysis and

discussions.

4.2 Proximate and Ultimate analysis of Cornstover and Eucalyptus sawdust

4.2.1 Proximate analysis

1. Moisture content

Amount of moisture content in raw materials was determined by ASTM E871.

Computations were done according to the Equation 3.1.

Table 4.1 and Table 4.2 indicate the analysis of moisture content of corn stover and
eucalyptus sawdust respectively. It was found that the moisture contents were 5.9164%
and 3.7027% for corn stover and eucalyptus sawdust respectively. These figures were
generally very low for pelletization of both feedstocks using single pellet press.
According to Pradhan et al. (2018b) the recommended moisture content for use in
single pellet press is 10%. Therefore, to be able to use the feedstocks for pelletization,
ultrapure water was added to the feedstocks according to equation 2.1 to elevate the
moisture content of the feedstocks to 10%. Again, this optimum pelleting moisture
content is varied as presented in different texts in published literature. For instance,
Frodeson et al. (2019) stated that the optimum moisture content is between 6-12% and

Kwapong (2023) stated that the moisture content range is between 10-15%.

Table 4.1 Corn stover moisture content analysis

Replica w, w; Wy %moisture
1 9.2081 11.3422 11.2418 | 4.7046
2 9.3813 11.3846 11.2760 | 7.1282
Mean 5.9164
STDEV 1.7137
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Table 4.2 Eucalyptus sawdust moisture content analysis

Replica W, w; Wy %moisture
1 34.5858 36.8122 36.7256 | 3.8897
2 6.4945 8.5795 8.5062 3.5156
Mean 3.7027
STDEV 0.2645

2. Ash content
Ash content was determined by ASTM D1102 (873 K) and calculated using the

Equation 4.1.

P0aSH = =2 X 100%0....evrrvvvvevocerssvsenssssnsssssrs e Equation 4.1
2

Where,

wy-weight of ash

wy-weight of oven-dry sample

Table 4.3 presents the ash content for corn stover obtained from this research as
5.2112% while Table 4.4 presents ash content analysis of eucalyptus sawdust as
3.2209%. These figures and their trends agree with those presented by Williams et al.
(2017). The trends were also similar in that the ash content of corn stover (herbaceous
biomass) were higher than those of eucalyptus sawdust (woody biomass). The selection
and blending of materials for production of biofuels with optimal qualities can be
guided by understanding of the ash content of various biomass feedstocks. For instance,
feedstocks with lower ash content are often preferred to mitigate the negative impacts
associated with high ash content. Although the recommended range of ash content for
solid biofuel production is not explicitly stated in published literature, Li et al. (2017),
Zhai et al. (2021) and Williams et al. (2016) reported that the ash content for woody

biomass is about 0.5-3% and for herbaceous and agricultural residues is about 5-15%.
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Replica w, w; Wy Wy = Wr — W, wy %ash
=w; —w,

1 27.4152 | 29.4152 | 27.5580 | 0.0996 1.9568 5.0899

2 18.5082 | 20.1435 | 18.5954 | 0.0872 1.6353 5.3324

Mean 5.2112

STDEV 0.1715

Table 4.4 Eucalyptus sawdust ash content analysis

Replica w, w; Wy Wy = Wr — W, wy %ash
=w; —w,

1 17.0924 | 18.9564 | 17.1429 | 0.0505 1.8640 2.7092

2 20.1507 | 21.4688 | 20.1999 | 0.0492 1.3181 3.7326

Mean 3.2209

STDEV 0.7237

3. Volatile content
Volatile content was determined by ASTM E 872 and using the equation presented

below for computation.

weight loss, % = il Y 1009% = A oo, Equation 4.2

Wi—W¢

where: Wc -weight of crucible and cover, g,

Wi -initial weight, g, and

Wi- final weight, g.

Volatile matter in analysis sample, % =A — B
where: A = weight loss %, and

B = moisture, %, as determined using Method ASTM E 871.
Volatile matter for corn stover obtained from this research was 74.662% while for
eucalyptus sawdust was 84.6649% as presented in Table 4.5 and Table 4.6 respectively.
The data and patterns show that these figures align with what Williams et al. (2017)
presented. The trends were also similar in that the volatile content of corn stover
(herbaceous biomass) were lower than that of eucalyptus sawdust (woody biomass).

Silva et al. (2021) in the research on whether volatile matter changes with the standard
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used, found out that volatile matter ranges between 65-85% for lignocellulosic biomass.

Tu et al. (2022) further found out that volatile matter for woody biomass is usually

higher than that of herbaceous biomass. The results of this study shows that they are in

agreement with those presented by Tu et al. (2022) and Silva et al. (2021).

Table 4.5 Corn stover volatile content analysis

Replica w, w; Wy A B Volatile matter, %
1 27.4572 | 29.5809 | 27.9107 | 78.6458 | 5.9164 | 72.7294
2 18.5082 | 20.1435 | 18.7942 | 82.5109 | 5.9164 | 76.5945
Mean 74.6620
STDEV 2.7330
Table 4.6 Eucalyptus sawdust volatile content analysis
Replica W, w; Wy A B Volatile matter, %
1 17.0924 | 18.9564 | 17.3046 | 88.6159 | 3.7027 | 84.9132
2 20.1507 | 21.4688 | 20.3073 | 88.1193 | 3.7027 | 84.4166
Mean 84.6649
STDEV 0.3511

4. Fixed carbon

Fixed carbon was determined by difference as follows;

Fixed carbon (FC)=100%- (ash+ volatile contents) % (Bajo & Acda, 2017).

Cornstover

FC=100-(74.6620+5.2112) =20.1268%

Eucalyptus sawdust

FC=100-(84.6649+3.2209) =12.1142%

This investigation determined the fixed carbon content as 20.1268% for corn stover and

12.1142% for eucalyptus sawdust, respectively. These numbers align with the facts and

trends that Williams et al. (2017) reported. Another similarity across the patterns was

the higher fixed carbon content of corn stover (herbaceous biomass) compared to

eucalyptus sawdust (woody biomass).
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5. Higher Heating Value (HHV)

Bomb calorimeter was used to determine HHV.

Cornstover

HHV=17.384MJ/Kg

Eucalyptus sawdust

HHV=17.926MJ/Kg

According to Teh et al. (2022), higher heating values of biomasses is in the range of
15.33 MJ/kg and 19.71 MJ/kg. The results of this research show that the higher heating
values of corn stover and eucalyptus sawdust are within the given range. Further, it can
also be seen that the higher heating value of eucalyptus sawdust is higher than that of
corn stover. This is in line with studies that have shown that woody biomass generally
has higher calorific values than herbaceous biomass due to lower ash content (Kim et

al., 2019; Malat’ak & Passian, 2011).

4.2.2 Ultimate analysis of corn stover and eucalyptus sawdust at ECO prenuers
Itd-Nairobi

The ultimate analysis quantified the elements in corn stover and eucalyptus sawdust
samples and their results were presented in Table 4.7 and Table 4.8 respectively. Corn
stovers’ elemental analysis was carbon (39.5433%), oxygen (53.3167%), hydrogen
(5.6967%), nitrogen (1.3767%), and sulphur (0.0667%), while eucalyptus sawdust’s
was carbon (47.16%), oxygen (47.7633%), hydrogen (4.9667%), nitrogen (0.0797%),
and sulphur (0.0303%). According to Mostazur Rahman et al. (2022), ultimate analysis
assists in determining the heat of biomass combustion as well as the volume and make-
up of the combustion gases. In addition, it assisted in determining the heat of biomass
combustion as well as the volume and make-up of the combustion gases. In the ultimate

analysis, the main components of the elemental compositions are carbon, oxygen, and
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hydrogen. Typically, carbon is found in partially oxidized state, which highlights
biomass's lower heating value when compared to coal. The heating value of biomasses
is significantly influenced by the hydrogen content. The oxygen needed for the
combustion reaction is partially met by the organically bound oxygen in biomass that
is released during thermal breakdown; the remaining oxygen is supplied by air
injection. However, the evolution of harmful emissions is primarily attributed to
sulphur and nitrogen emissions like nitrogen oxides (NOx) and sulphur oxides (SOx)
during combustion, which are the major causes of acid rain and particulate matter
emissions (PM). The elemental compositions of corn stover and eucalyptus sawdust in
this research were found to be in between the ranges presented by Williams et al.
(2017). There were slight variabilities in nitrogen and oxygen contents of corn stover
in which they were higher than those presented in literature. It is possible that the high
nitrogen concentration in the soil, where the corn stover was harvested contributed to
the excessive nitrogen contents, while the excessive oxygen could arise from some of
the reasons presented by Williams et al. (2016) for biomass composition variability
such as: feedstock types, methods for component analysis, harvesting practices, storage
conditions, and preprocessing methods, among other factors.

Table 4.7 Ultimate analysis of Corn stover

Corn stover

Replica | C H N S O (by difference)
1 38.33 5.84 1.37 0.07 54.39

2 40.87 5.65 1.38 0.07 52.03

3 39.43 5.6 1.38 0.06 53.53

Mean 39.5433 | 5.6967 1.3767 0.0667 53.3167

STDEV | 1.2738 | 0.1266 | 0.0058 0.0058 1.1944
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Table 4.8 Ultimate analysis of Eucalyptus sawdust

Eucalyptus sawdust

Replica | C H N S O (by difference)
1 47.29 4.8 0.08 0.03 47.8

2 46.87 5.2 0.078 0.031 47.821

3 47.32 4.9 0.081 0.03 47.669

Mean 47.16 4.9667 | 0.0797 0.0303 47.7633

STDEV | 0.2516 |0.2082 | 0.0015 0.0006 0.0824

Table 4.9 presents the summary of results of proximate, ultimate and higher heating
values of corn stover and eucalyptus sawdust. Significant heterogeneity exists within
particular feedstock categories, even though a high degree of variability is anticipated
within broad categories like lignocellulosic biomass and municipal solid waste
(Williams et al., 2017). According to Williams et al. (2016), a wide range of factors,
such as: feedstock varieties, component analysis methodologies, environmental
variables, harvesting techniques, storage conditions, and preprocessing techniques,
contribute to biomass variability. While some of these characteristics can be managed
by standardization procedures, others may be more challenging to manage. Since
environmental factors are influenced by daily and seasonal temperature swings,
changes in local soil conditions (e.g. sand, clay, nutrient content, rock and pH), and
fluctuations in the amount and timing of water supplies, it is especially difficult to

manage how these factors affect the composition of biomass.
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Table 4.9 Summary of Proximate, Ultimate and Higher heating values.

Corn stover Eucalyptus sawdust
Sr. No. | Property wt% | STDEV | wt% [STDEV
Proximate analysis
1 Moisture 5.9164 1.7137 3.7027 0.2645
2 Volatile matter 74.662 2.733 84.6649 0.3511
3 Fixed carbon 20.1268 12.1142
4 Ash 5.2112 0.1715 3.2209 0.7237
Ultimate analysis
5 C 39.5433 | 1.2738 47.16 0.2516
6 H 5.6967 0.1266 4.9667 0.2082
7 N 1.3767 0.0058 0.0797 0.0015
8 S 0.0667 0.0058 0.0303 0.0006
9 0 53.3167 | 1.1944 47.7633 0.0824
10 HHV (MJ/Kg) 17.384 0.123 17.926 0.0933

4.3 Fabrication of single pellet press and durability tester

4.3.1 Fabrication of single pellet press

Figure 4.1 illustrates the die, plunger and the backstop, while Figure 4.2 and Figure 4.3
illustrates a complete assembly of the heated mould in its working position using a

15tonne press in automotive laboratory.

Biomass and LLDPE feedstock were ground using electric mill in chemical engineering
laboratory of Moi University. Pellets produced using the fabricated SPP were illustrated
in Figure 4.4. In conclusion, the fabricated heated mould can produce well densified

pellets as illustrate in Figure 4.4.
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Figure 4.2: Picture of SPP and all its accessories in their working position
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Figure 4.4: Pellets produced in the fabricated die

4.3.2 Fabrication of durability tester
A complete assembly of the fabricated durability tester was as illustrated in Figure 4.5.
In order to have the motor automatically run at predetermined number of revolutions

per minute, the potentiometer was also incorporated.
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Tumbling

electric

Figure 4.5: Fabricated pellet durability tester
4.4 Fabrication and torrefaction of blended pellets
Fabrication and torrefaction of the blended biomass pellets was successfully done and

the products are as illustrated in Figure 4.6.

Figure 4.6: Fabricated and torrefied blended biomass pellets
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4.5 Characterization of blended torrefied pellets
In this section, the physico-mechanical and thermochemical properties of fabricated

blended pellets were presented and analyzed.

4.5.1 Physical properties
The blended pellets’ particle density, as well as the bulk density, were some of the

physical properties considered and analyzed in this section.

4.5.1.1 Pellet particle density

Appendix 5 (a) presents the trials and mean values of pellet particle density that were
obtained during experimentation. Three trials of each run were carried out. Therefore,
from the standard deviations’ column, it can be seen that none of the runs had a standard
deviation more than two. This indicates that the variations in the results obtained were

insignificant.

According to Sarker et al. (2023), particle density is mass-to-volume ratio of a single
pellet. Its value is affected by the particle size, compression strength, protein content,
and moisture content. This characteristic affects the bulk density and, consequently, the
characteristics of combustion of the pellets such as heat conductivity, burning rate and
degasification rate. The mean pellet particle density of corn stover-eucalyptus sawdust
blended pellet was found to be 917.9036 kg/m® in a range of 825.7330 kg/m> to
995.1530 kg/m* (Appendix 5a). Comparing these results to those from published
literature, it was seen that their values are slightly lower than those of non-torrefied

pellets.

Pellet density of non-torrefied pellets is between 1250 kg/m* and 1350 kg/m?, while
that of torrefied pellets is between 1000 kg/m?® and 1170 kg/m?> as presented in a study

carried out by Lim et al. (2017). This was almost similar to the results presented by
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Rudolfsson et al. (2015), in the parametric study of process optimization of combined
biomass torrefaction and pelletization for fuel pellet production, in which the pellet
particle density was found to be between 1000 kg/m* and 1200 kg/m?®. Tumuluru et
al.(2010) stated that under the recommended pelletization conditions and proper
feedstock preparation, the pellet particle density of non-torrefied pellets is about

1200kg/m”.

According to Siyal et al. (2021), torrefaction adversely affects pellet particle density,
where it decreased to 630 kg/m® from 1100 kg/m?®. In addition to the studies done by
Cao et al. (2015), Manouchehrinejad & Mani (2018), Onyenwoke et al. (2023) and Li
et al. (2012), this reduction in pellet particle density was attributed to several reasons

some of which include;

» Loss of volatile matter - Water, hemicellulose, and volatile organic chemicals
found in the biomass are driven out by torrefaction. The loss of volatile
components causes the material's mass decrease, which lowers the pellet
density.

» The biomass undergoes structural changes as a result of the thermal treatment
during torrefaction. Components of lignin, hemicellulose, and cellulose go
through processes like condensation reactions and depolymerization. These
modifications may lead to a more porous structure and a decrease in the
material's density.

» Mass loss - The total mass of the torrefied biomass reduces as volatile
components are driven out and some biomass components begin to break down.
The resultant pellets have a decreased density due to this mass reduction without

a matching volume reduction.
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» Depending on the torrefaction conditions and the handling/storage of torrefied
biomass, moisture content can vary. Less dense pellets are often witnessed after
torrefaction since moisture is eliminated.

a) Analysis of results for pellet particle density optimization

Signal-to-noise (S/ N) ratios were used to evaluate the optimum process parameters
conditions for single pellet quality characteristic using Taguchi method. The higher the
S/N ratio the minimum the effect of noise factors. The S/N ratios for different quality
characteristics were calculated using Equation 2.3 and Equation 2.4. Taguchi method
used the larger the better criteria for desirable pellet properties and the smaller the better

criteria for undesirable properties.

The response table for signal-to-noise ratio and means was presented in Appendix 5 (b)
and Appendix 5 (c) respectively, while the response graphs for the main effects plot for
signal-to-noise ratio and means for pellet particle density were presented in Figure 4.7.
The optimal level setting for parameters that lead to higher pellet particle density was
depicted in Figure 4.7 (a) for the main effect plots for S/N ratios, where it showed that

optimal parameter level settings for higher pellet particle density, were X1:X2:X3s.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means

X1 X2 X3 X1 X2 X3
980 59.8

960 59.6

920

Mean of Means
©
&
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e 8 e
s i ®
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860 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

b)

Figure 4.7 Response graph for main effects plot for, a) means and b) SN ratios for pellet
particle density
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The ANOVA table (Table 4.10) was employed to determine the significant design
parameters for pellet particle density. A Pareto chart (Figure 4.8) illustrates the

statistical significance of the parameters influencing the pellet particle density.

The two most significant design parameters for the optimum pellet particle density
quality features (Figure 4.8) were linear low density polyethylene ratio and corn stover

to eucalyptus sawdust ratio; torrefaction temperature had the least impact.

Table 4.10 Analysis of Variance of pellet particle density

Source DF AdjSS | AdjMS F-Value P-Value

Regression 3 21260 7087 4.23 0.017
X1 1 4781 4781 2.86 0.106
X2 1 13728 13728 8.20 0.009
X3 1 2752 2752 1.64 0.214

Error 21 35145 1674

Total 24 56405

Pareto Chart of the Standardized Effects
(response is Y1 (Pellet particle density), a = 0.05)

Predictor Name
Com stover to eucalyptus sawdust ratic X1
Linear low density polyethylene ratio X2
Tomefaction temperature X3

2.080

Standardized Effect

Figure 4.8 Pareto chart of the standardized effects of pellet particle density



107

b) Multivariable linear regression model
Minitab 18 software was used in this research to carry out statistical multivariable linear
regression which involved the determination of a relationship between dependent and
independent variables. The relationship between pellet particle density and the input
parameters (corn stover to eucalyptus sawdust ratio, linear low-density polyethylene
and torrefaction temperature) was as presented in Equation 4.4 below with model
summary statistics as presented in Table 4.11. Figure 4.9 shows plot of the standardized
residuals. It can be observed that the plots were around the straight line hence providing
a good fit for the multivariable linear regression model derived (Equation 4.4). The fact
that the residuals fall between -3 and 3 further supports the adequacy of the fitted model.
The pellet particle density was shown to be mostly contributed by linear low-density
polyethylene, corn stover to eucalyptus sawdust, and torrefaction temperature, in that
order, according to the results of the linear regression model. In addition to the analysis
provided by the pellet particle density response tables, see Appendix 5 (b) and
Appendix 5 (c) respectively for means and signal-to-noise ratios, indicated an exact

similarity in their findings.

Based on the multivariable linear regression model and the optimum levels for
determination of pellet particle density obtained from the response graph (Figure 4.7),

the optimum pellet particle density was 1020.4900K g/m?>.
Regression Equation

Y1=974.7-9.78 X1 -16.57 X2+ 742 X3 . iiiiiiiiiiiii i, Equation 4. 3

Table 4.11 Model Summary statistics for pellet particle density
S R-sq | R-sq(adj) R-sq(pred)

40.9095 37.69% 28.79% 6.51%
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¢) Analysis of contour and surface plots for pellet particle density
Contour plot analysis was performed using the statistical modeling software program
Minitab 18.0. By displaying the contours and the response surface plots of the predicted
response variables, the analysis was aimed to investigate the relationship between the
response variable and the two independent variables (parameters) while holding one

variable at a constant level (preferably the central level).

Normal Probability Plot
(response is Y1)

99

Percent
w
[=]

Standardized Residual

Figure 4.9 Standardized residuals plot for pellet particle density (Y1)
Figure 4.10 and Figure 4.11 illustrate the contour plots and response surface plots
respectively explaining the relationship between process parameters of fabrication of
blended pellets and the pellet particle density of the fabricated pellet. Process
parameters not considered for all the cases were held at the median level which was 3

in this case.

It can be seen from Figure 4.10 (a) and Figure 4.11 (a) that to obtain a high pellet
particle density, blended pellets should be fabricated using a corn stover to eucalyptus

sawdust ratio of 9:1 and 2% linear low-density polyethylene. From Figure 4.10 (b) and
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Figure 4.11 (b) it was found that high pellet particle density was achieved by fabricating
blended pellets using a corn stover to eucalyptus sawdust ratio of 9:1 and a torrefaction
temperature of 290°C. In Figure 4.10 (c) and Figure 4.11 (c), it was observed that the
high values of the blended pellets’ particle density were obtained by fabrication of the
blended pellet using 10% linear low density polyethylene binder and a torrefaction
temperature of 210°C. It can also be seen from the contour plots that the optimized
blended pellet attained a pellet particle density of greater than 960K g/m? depicted by

the dark green regions.

Contour Plot of Y1vs X2, X1 Contour Plot of Y1 vs X3, X1

Contour Plot of Y1 vs X3, X2
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Figure 4.10 Contour plots for pellet particle density (Y1): a) corn stover to eucalyptus
sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover to eucalyptus
sawdust ratio (X1) vs torrefaction temperature (X3), ¢) linear low density polyethylene
(X2) vs torrefaction temperature (X3).



110

Surface Plot of Y1vs X2, X1 Surface Plot of Y1vs X3, X1
e
i
gy
e
.
ISSSSSSS
950 w40 i, B N
i S o
e
e i
y1 o0 Y120 -§$$§$
Q00 55
oy 55 / “
- 830 a5
25 a0 10 25 pr: 1
X1 40 25 X2 x >
55 ° 10
b)
a)
Surface Plot of Y1 vs X3, X2
60
Vi a30 55
00 40
X3
25
a70
10 25' 7 10
- a0 55 Hold Values
x2 X1 3
X2 3
c) X3 3

Figure 4.11 Response surface plots for pellet particle density (Y1): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density
polyethylene (X2) vs torrefaction temperature (X3).
d) Analysis of interactions of pellet particle density

The pellet particle density interaction plot is shown in Figure 4.12 below. This plot
illustrates the interaction between the linear low density polyethylene percent ratio and
the corn stover to eucalyptus sawdust ratio. The highest pellet particle density was
found at a ratio of 2% for LLDPE and 1:1 for corn stover to eucalyptus sawdust ratio.

The torrefaction temperature and corn stover to eucalyptus sawdust ratio interact as

well; at 290°C, the pellet particle density is greatest at a corn stover to eucalyptus
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sawdust ratio of 1:1. Additionally, there was an interaction between the linear low
density polyethylene ratio and the torrefaction temperature that maximized the pellet

particle density at 2% LLDPE and 290°C.
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Figure 4.12 Interaction plot for pellet particle density (Y1)
4.5.1.2 Bulk density
Appendix 6 (a) presents the results of bulk density of the torrefied blended pellets. The
mean bulk density of the torrefied blended pellets was 576.9904 kg/m3 with the
maximum value being 661.6172kg/m3® and the minimum value being
477.3099 kg/m3. Physically the shape of the pellets didn’t change after torrefaction

but the colour turned brownish to dark depending on the temperature of torrefaction.

The mean pellet bulk density obtained was lower compared to the raw pellet bulk
densities reported in some other works of literature. According to Garcia-Maraver
(2015b) the bulk densities of densified biomasses is generally between 600-800kg/m?>.
Tumuluru (2019b) studied the effect of blending feedstock material from pine and

switchgrass on the pellet durability and bulk density. The resultant pellet maximum bulk
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density attained was 550 Kg/m3. It can be seen that this figure is lower than the results

of this study.

Some of the factors that lead to decreased bulk density, as observed in this study, include
torrefaction after pelletization. The bulk density generally decreases on torrefaction of
pellets (Manouchehrinejad & Mani, 2018; Siyal et al., 2021). The primary component
of biomass materials, hemicellulose, is broken down during torrefaction due to
depolymerization, demethoxylation, bond cleavage, and condensation processes, which
also removes moisture and some volatile compounds (Wang et al., 2020), leading to
mass loss and thus the reason for low bulk density since the structural integrity of the
pellet is maintained. Other reasons for decreased pellet bulk density in torrefaction after

pelletization according to Prapakarn et al. (2018) and Lee et al. (2016) are:

» Due to the release of volatiles and moisture during torrefaction, some biomass
materials may undergo swelling and thermal expansion. Because the pellets take
up more space on expansion and swelling for the same mass, this expansion
may result in a decreased bulk density.

» Increased porosity is one of the structural alterations that might result from the
thermal treatment of the biomass material during torrefaction. The pellets'
overall density is decreased by the pores that form within them, even if their
dimensions remain the same.

> A biomass's total density is influenced by lignin and extractive chemicals.
Torrefaction causes these molecules to undergo changes chemically and become
volatile, which results in the loss of material that would otherwise contribute to

the bulk density of the pellet.
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» Torrefaction causes a loss of mass in the biomass material as volatile chemicals
are pushed out. Reduction in bulk density is the outcome of this mass loss
without a matching decrease in pellet volume.

Manouchehrinejad & Mani (2018) studied the effect of torrefaction of wood pellets
produced from mixed sawmill wastes of soft and hardwoods at temperatures of between
230°C and 290°C. The observation was that the shape of the pellets was retained, while
pellet particle and bulk densities decreased. Wang et al. (2020) found out that the
torrefied pellets maintained their integrity, while the mechanical properties of torrefied
pellets generally decreased with increasing torrefaction temperature. In their studies,
Ghiasi et al. (2014), Shang et al. (2012) and Kumar et al. (2017) concluded that post-
pelletization torrefaction resulted in decreased bulk densities. They also observed that
the structural integrity of the pellets is maintained. The observations of results of bulk

densities in literature agree with the results of this research.

a) Analysis of results for pellet bulk density optimization
Using the Taguchi approach, the optimal process parameter conditions for a pellet bulk
density were evaluated using signal-to-noise (S/N) ratios. Since pellet bulk density is a

desirable attribute when high, the larger the better criteria of analysis were used.

The response table for signal-to-noise ratio and means for the main effects for pellet
bulk density were presented in Appendix 6 (b) and Appendix 6 (c) respectively. The
optimal level setting for parameters that leads to higher pellet bulk density was depicted
in Figure 4.13. The main effect plots for S/N ratios (Figure 4.13) showed that optimal

parameter level settings for higher pellet bulk density, were X15X21X33.
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Figure 4.13 Response graph for main effects plot for, a) means and b) SN ratios for
pellet bulk density

The ANOVA table (Table 4.12) was employed to determine the significant design
parameters for pellet bulk density. A Pareto chart (Figure 4.14) illustrates statistical
significance of the parameters influencing the pellet bulk density. Almost all the design
variables had significant effect on bulk density. The two most significant design
parameters for the optimum pellet bulk density quality features (Figure 4.14) were
linear low density polyethylene ratio and corn stover to eucalyptus sawdust ratio;

torrefaction temperature had the least impact.

Table 4.12 Analysis of Variance of pellet bulk density

Source DF AdjSS | AdjMS | F-Value | P-Value

Regression 3 16011 5337 2.98 0.054
X1 1 6753 6753 3.77 0.066
X2 1 8014 8014 4.48 0.046
X3 1 1243 1243 0.70 0.414

Error 21 37567 1789

Total 24 53578
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Pareto Chart of the Standardized Effects
(response is Y2 (Pellet bulk density), a = 0.03)

Predictor Name
2.080  Corn stover to eucalyptus sawdust ratio X1

Linear low density polyethylene ratio X2

Tomefaction temperature X3

Standardized Effect

Figure 4.14 Pareto chart of the standardized effects of pellet bulk density
b) Multivariable linear regression model

The relationship between pellet bulk density and the input parameters (corn stover to
eucalyptus sawdust ratio, linear low-density polyethylene and torrefaction temperature)
was as presented in Equation 4.5 below with model summary statistics as presented in
Table 4.13. Figure 4.15 shows the standardized residuals plot. It can be observed that
the plots were around the straight line hence providing a good fit for the multivariable
linear regression model for the bulk density of the pellets. From the linear regression
model, it was observed that corn stover: eucalyptus sawdust contributed more to the
pellet bulk density followed by torrefaction temperature and linear low-density
polyethylene respectively. This was in tandem with the analysis provided from the bulk
density response tables for signal to noise ratios and means in Appendix 6 (b) and
Appendix 6 (c) respectively. The fitted model's adequacy was further supported by the

residuals' range of -3 to 3. The pellet bulk density response tables' analysis for the
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means and signal to noise ratios presented in appendices, found that their outcomes

were exactly the same.

The response graph (Figure 4.13) provided the optimal levels for determining pellet
bulk density, and these levels, along with the multivariable linear regression model,

indicated that the optimal pellet bulk density was 666.1560 kg/m?>.
Regression Equation

Y2=595.1+11.62 X1 -12.66 X2-4.99 X3 ... i, Equation 4.4

Table 4.13 Model Summary statistics of pellet bulk density
S R-sq R-sq(adj) R-sq(pred)

42.2956 29.88% 19.87% 0.00%

Normal Probability Plot
(response is Y2)
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Figure 4.15 Standardized residuals plot for pellet bulk density (Y?2)
¢) Analysis of contour and surface plots for pellet bulk density

Figure 4.16 and Figure 4.17 show the contour plots and response surface plots,

respectively, that explain the relationship between the blended pellet fabrication process
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parameters and the pellet bulk density of the final product. In this situation, the median

level of the process parameters—which were not taken into account for all cases—was

3.

Figure 4.16 (a) and Figure 4.17 (a) indicate that in order to get a high pellet bulk density,
blended pellets should be produced with 2% linear low-density polyethylene and a corn
stover to eucalyptus sawdust ratio of 1:1. Based on Figure 4.16 (b) and Figure 4.17 (b),
it was discovered that fabricating blended pellets with a corn stover to eucalyptus
sawdust ratio of 1:1 and a torrefaction temperature of 210°C would result in high pellet
bulk density. It was noted in Figure 4.16 (c) and Figure 4.17 (c¢) that the high bulk
density values of the blended pellets were achieved by the use of a 2% linear low density
polyethylene binder and a 210°C torrefaction temperature during the blended pellet's
production. The contour plots also show that the optimized blended pellet achieved

high pellet bulk density of more than 620 kg/m?, as indicated by the dark green regions.

d) Analysis of interactions of pellet bulk density
The interaction plot for pellet bulk density was presented in Figure 4.18. The plot
indicates that there was an interaction between the percent ratio of linear low-density
polyethylene and the ratio of corn stover to eucalyptus sawdust. The maximum pellet
bulk density was seen at a ratio of 4% for LLDPE and 1:1 for corn stover to eucalyptus
sawdust ratio. Similarly, the torrefaction temperature and the corn stover to eucalyptus
sawdust ratio interact, with a value of 1:1 for corn stover to eucalyptus sawdust ratio at
210°C torrefaction temperature maximizing the pellet bulk density. There was also an
interaction between the ratio of linear low-density polyethylene and torrefaction
temperature maximizing pellet bulk density at 4% LLDPE and a torrefaction

temperature of 210°C.
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Contour Plot of Y2 vs X2, X1 Contour Plot of Y2 vs X3, X1

Contour Plot of Y2 vs X3, X2

< 540
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Figure 4.16 Contour plots for pellet bulk density (Y2): a) corn stover to eucalyptus
sawdust ratio (X1) vs linear low density polyethylene (X2), b) corn stover to eucalyptus
sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density polyethylene
(X2) vs torrefaction temperature (X3).
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Figure 4.17 Response surface plots for pellet bulk density (Y2): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), ¢) linear low density
polyethylene (X2) vs torrefaction temperature (X3).



120

Interaction Plot for Y2
Pellet bulk density

Data Means

=
=

540

560

I
(LI SRR L

<

1
moE R o M

r 640

r 550

540

E&0

I
LI o S ]

Figure 4.18 Interaction plots for pellet bulk density (Y2)
4.5.2 Mechanical properties
4.5.2.1 Pellet durability index
Pellet durability index (PDI) results were presented in Appendix 7 (a). The mean PDI
for the blended pellets was 96.6532%, while the maximum and minimum PDI

respectively were 98.2377% and 88.5926% respectively.

Comparing these results with the standards, i.e. European normative guidelines for
pellets produced from herbaceous and fruit biomass and blends and mixtures, the
minimum pellet durability index of non-torrefied pellets is 96.5%. This makes the PDI
of the blended pellet in this research to be within the required standard despite the fact
that it is torrefied pellets. The PDI of the pellets is just on the lower limit of the standard.

This could mean that torrefaction affected the value of PDI slightly.

Most researches in literature concluded that torrefaction of pellets leads to decreased

PDI, while the shape of the pellets is maintained. These include researches done by
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Manouchehrinejad & Mani (2018),Wang et al. (2020), Ghiasi et al. (2014), Shang et al.
(2012) and Kumar et al. (2017). Since the PDI of the torrefied pellets in this research is
high i.e., above the lower limit of non-torrefied pellets, then the appropriate explanation
for this observation was attributed to both eucalyptus sawdust which has a binding
effect and the linear low density polyethylene binder. Other reasons that lead to reduced
pellet durability index as explained by Azargohar et al. (2019), Dyjakon et al. (2021),

Sarker et al. (2021), Siyal et al. (2020) and Whittaker & Shield (2017) include:

» Increased brittleness - Due to the loss of hemicellulose and other organic
components, torrefaction can cause biomass materials to become more brittle.
The enhanced brittleness of the pellets may contribute to a decreased PDI since
they become more susceptible to breaking during handling and transportation.

» Changes in material composition - During torrefaction, the chemical
composition of biomass changes, resulting in a decrease in volatile matter and
oxygen content. The strength of the pellets created during pelletization may vary
as a result of these modifications to the binding characteristics of the biomass
particles.

» Increased susceptibility to fracture - Because of the heat treatment process,
torrefaction can cause internal stresses in biomass particles. Lower durability
may result from the pellets' increased susceptibility to fracturing under
mechanical loads as a result of these internal stresses.

» Decreased moisture content - In general, torrefaction lowers the moisture
content of biomass, which may have an impact on the interparticle bonding and
pelletization process. Lower PDI and weaker pellet structures can result from

uneven distribution or inadequate moisture content.
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a) Analysis of results for pellet durability index optimization

Pellet durability index is a desirable property of pellets when it is high. Therefore, the
larger the better criterion was used to optimize the design parameters. Signal to noise
(S/N) ratios were used to identify the optimal process parameter conditions for a pellet

durability index using the Taguchi method.

The response table for signal to noise ratio and means for the main effects for pellet
durability index were presented in Appendix 7 (b) and Appendix 7 (c) respectively. The
optimal level setting for parameters that leads to higher pellet durability index was
depicted in Figure 4.19. The main effect plots for S/N ratios (Figure 4.19) showed that

optimal parameter level settings for higher pellet durability index, were X15X24X3;.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means

X1 X2 X3 X1 X2 X3
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3955

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Signal-to-noise: Larger is better

a) b)

Figure 4.19 Response graph for main effects plot for, a) means and b) SN ratios for
pellet durability index

Using the ANOVA table (Table 4.14), the significant design parameters for the pellet
durability index were determined. The statistical significance of the factors affecting
the pellet durability index is shown by a Pareto chart (Figure 4.20). The significance of
design parameters for the optimum pellet durability index in descending order (Figure
4.20) were: linear low-density polyethylene, corn stover to eucalyptus sawdust ratio
and torrefaction temperature. This was similar to the ranking of parameters as depicted

from response graphs.
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Table 4.14 Analysis of Variance of pellet durability index

Source DF Adj SS Adj MS | F-Value | P-Value

Regression 3 14.3437 4.7812 1.25 0.316
Xl 1 2.5836 2.5836 0.68 0.420
X2 1 10.9436 10.9436 2.87 0.105
X3 1 0.8165 0.8165 0.21 0.649

Error 21 80.1852 3.8183

Total 24 94.5289

Pareto Chart of the Standardized Effects
(response is Y3 (Pellet durability index), a = 0.05)
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Figure 4.20 Pareto chart of the standardized effects of pellet durability index (Y3)

b) Multivariable linear regression model for pellet durability index

The following Equation 4.6 establishes a link between the pellet durability index and
the input parameters: linear low-density polyethylene, torrefaction temperature, and
corn stover to eucalyptus sawdust ratio. The model summary statistics are presented in
Table 4.15. The standardized residuals plot is presented in Figure 4.21. As can be seen,
the plots were centered around the straight line, which gave the multivariable linear
regression model for the pellets' durability index an excellent match. Furthermore, the
residuals are within the range of -3 and 3 which further confirms the adequacy of the

fitted model. The results of the linear regression model showed that the most significant
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factors influencing the pellet durability index were linear low-density polyethylene,
followed by corn stover to eucalyptus sawdust ratio and torrefaction temperature, in
that order. This was in addition to the analysis that was supplied by the pellet durability

index response tables for the above means and signal-to-noise ratios.
Regression Equation

Y3=94.95+0.227 X1 +0.468 X2 -0.128 X3 . ..coiiiiiiiiiiiiiiinns Equation 4.5

Table 4.15 Model Summary statistics for pellet durability index
S R-sq | R-sq(adj) | R-sq(pred)
1.95406 15.17% 3.06% 0.00%

¢) Analysis of contour and surface plots for pellet particle density

The contour plots and response surface plots, respectively, in Figure 4.22 and Figure
4.23 illustrate the relationship between the final product's pellet durability index and
the parameters of the blended pellet fabrication process. The median level of the process

parameters in this instance, which were not considered in every case, was 3.
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Figure 4.21 Standardized residuals plot for pellet durability index (Y3)
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Based on the results shown in Figure 4.22 (a) and Figure 4.23 (a), blended pellets with
a ratio of 1:1 of corn stover to eucalyptus sawdust and 10% linear low-density
polyethylene are recommended for one to achieve a high pellet durability index. It was
found, based on Figure 4.22 (b) and Figure 4.23 (b), that producing blended pellets at a
1:1 ratio of corn stover to eucalyptus sawdust and a 210°C torrefaction temperature
would produce a high pellet durability index. The high pellet durability index values of
the blended pellets were attained by using a 2% linear low density polyethylene binder
and a 210°C torrefaction temperature during the blended pellet's production, as shown
in Figure 4.22 (c) and Figure 4.23 (c). The contour plots also show that the optimized
blended pellet achieved high pellet durability index of more than 98%, as indicated by

the dark green regions.
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Figure 4.22 Contour plots for pellet durability index (Y3): a) corn stover to eucalyptus
sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover to eucalyptus
sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density polyethylene
(X2) vs torrefaction temperature (X3).
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Figure 4.23 Response surface plots for pellet durability index (Y3): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density
polyethylene (X2) vs torrefaction temperature (X3).

d) Analysis of interactions of pellet durability index

Figure 4.24 below shows the interaction pattern for the pellet durability index. The plot
shows that the ratio of corn stover to eucalyptus sawdust and the percent ratio of linear
low-density polyethylene interacted. For LLDPE and corn stover to eucalyptus sawdust

ratio, the greatest pellet durability index was observed at a ratio of 4% and 1:1,
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respectively. The torrefaction temperature and the corn stover to eucalyptus sawdust
ratio also interact, with the pellet durability index being maximized at a corn stover to
eucalyptus sawdust ratio of 1:1 at 210°C torrefaction temperature. Additionally, at 4%
LLDPE and a torrefaction temperature of 210°C, there was an interaction between the
linear low density polyethylene ratio and the torrefaction temperature that maximized
the pellet durability index.
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Figure 4.24 Interaction plot for pellet durability index

4.5.2.2 Pellet Hardness

The strength of the biomass pellets, which indicates the amount of force required to
fracture or damage (i.e., crush) a pellet, is another crucial characteristic (Rudolfsson et
al., 2017) and it is evaluated in terms of hardness with units of force (N) or force per
unit area (N/m?). Appendix 8 (a) presents the results of hardness testing of torrefied
pellets considered in this research that were produced from corn stover and eucalyptus
sawdust using LLDPE as a binder. It can be observed that the mean hardness of pellets
was 699.7060N with the maximum value being 996.2601N and the minimum hardness

observed was 541.8128N.
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The mean hardness of the pellets observed was way smaller than that of the control
pellet which was 1296N. Therefore, it means there was approximately a 46% drop in
the hardness of the pellets. The trends in literature indicate that there is always a
reduction in pellet strength after torrefaction. According to Rudolfsson et al. (2017), the
physical forces that hold the particles together are primarily responsible for the pellet's
strength and durability. After torrefaction treatment, one of the primary reasons for the
loss of strength in biomass pellets was proposed to be the degradation of hemicellulose
and cellulose polymers. According to Pellet Fuels Institute Standard Specifications
(2012), these polymers break down, weakening, and rupturing secondary links between
hemicellulose and cellulose as well as cleaving covalent linkages between
hemicellulose and lignin. The embedded cell fibrils are disrupted and their ability to
share the load in the lignin-hemicellulose matrix is reduced (Filbakk et al., 2011).
Additionally, when the wood polymers break down, the pellets release water and
volatiles. As a result, there are fewer interactions and binding forces between the
particles in the pellet as more voids grow inside and between them (Moriana et al.,
2015). Pellet strength decreases due to a combination of particle bonding deterioration
and wood polymer decomposition (Wang et al., 2020). The loss of lignin and other
naturally occurring binders found in biomass can occur during the torrefaction process.
Weaker pellet structures may arise from the removal of binders because they are
essential for maintaining the cohesiveness of biomass particles during pelletization.
High temperatures during torrefaction can cause biomass particles to become more
brittle and prone to fragmentation. This can result in pellets with uneven densities and
reduced overall hardness (Cetinkaya et al., 2024; Haykiri-Acma & Yaman, 2022; Lima

etal., 2023).
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a) Analysis of results for pellet hardness optimization
Pellet hardness is a desirable property of pellets when it is high. Therefore, the larger
the better criterion was used to optimize the design parameters. Signal-to-noise (S/N)
ratios were used to identify the optimal process parameter conditions for a pellet

hardness using the Taguchi method.

The response table for signal-to-noise ratio and means was presented in Appendix 8 (b)
and Appendix 8 (c) respectively. The optimal level setting for parameters that lead to
higher hardness was illustrated in Figure 4.25. The main effect plots for S/N ratios
(Figure 4.25) showed that optimal parameter level settings for higher hardness, were

X15X21X3;.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means

X1 X2 X3 X1 X2 X3

Mean of Means
Mean of SN ratios

Figure 4.25 Response graph for main effects plot for, a) means and b) SN ratios for
pellet hardness

ANOVA table (Table 4.16) was used to identify the significant design parameters for
pellet hardness. Figure 4.26 displays a Pareto chart that illustrates the statistical
significance of the parameters influencing pellet hardness. The two most significant
design parameters for the optimum pellet hardness quality features (Figure 4.26) were
linear low density polyethylene ratio and torrefaction temperature; corn stover to

eucalyptus sawdust ratio had the least impact.
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Table 4.16 Analysis of Variance of pellet hardness

Source DF Adj SS Adj MS | F-Value | P-Value

Regression 3 73446 24482.0 1.26 0.315
X1 1 90 90.1 0.00 0.946
X2 1 68179 68179.1 3.50 0.075
X3 1 5177 5176.7 0.27 0.612

Error 21 409174 19484.5

Total 24 482620

Pareto Chart of the Standardized Effects
(response is Y4 (Pellet hardness), o = 0.05)
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Figure 4.26 Pareto chart of the standardized effects of pellet hardness
b) Multivariable linear regression model for pellet hardness
The relationship between the input parameters; linear low-density polyethylene,
torrefaction temperature, and corn stover to eucalyptus sawdust ratio and the pellet
hardness was demonstrated by the Equation 4.7. The summary statistics for the model
were displayed in the Table 4.17 below. Figure 4.27 illustrates the standardized
residuals plot. The plots were, as can be observed, centered around the straight line,
indicating a very good fit between the pellets' hardness and the multivariable linear
regression model. The fact that the residuals fall between -3 and 3 further supports the

suitability of the fitted model. The linear regression model's findings indicated that corn
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stover: eucalyptus sawdust ratio, was the most important component contributing to
pellet hardness. This was followed by torrefaction temperature and linear low-density
polyethylene, in that order. In addition, the analysis provided by the pellet hardness
response tables for the aforementioned means and signal-to-noise ratios, indicate a

similarity with the analysis of the fitted model.
Regression Equation

Y4=845-13X1-369X2-102X3 .o Equation 4.6

Table 4.17 Model Summary statistics of pellet hardness
S R-sq | R-sq(adj) | R-sq(pred)
139.587 15.22% 3.11% 0.00%
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Figure 4.27 Standardized residuals plot for pellet hardness (Y4)
¢) Analysis of contour and surface plots for pellet hardness
The link between the parameters of the blended pellet production process parameters
and the pellet hardness was depicted by the contour plots and response surface plots,
respectively, in Figure 4.28 and Figure 4.29. In these plots, the process parameters'

median level, which was not taken into account in every situation, was 3.
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In order to attain a high pellet hardness, blended pellets containing a 1:1 ratio of corn
stover to eucalyptus sawdust and 2% linear low-density polyethylene should be
considered, according to the results displayed in Figure 4.28 (a) and Figure 4.29 (a).
Based on Figure 4.28 (b) and Figure 4.29 (b), it was discovered that high pellet hardness
could be obtained by production of blended pellets at a 9:1 ratio of corn stover to
eucalyptus sawdust and a 210°C torrefaction temperature. As seen in Figure 4.28 (c)
and Figure 4.29 (c), the high pellet hardness values of the blended pellets could be
achieved by using a 2% linear low density polyethylene binder and a 210°C torrefaction
temperature during the blended pellet's production. The contour plots further
demonstrate that, at the dark green region, the optimized blended pellet attained high

pellet hardness of more than 780N.

a) Analysis of interactions of pellet hardness

Figure 4.30 below shows the pellet hardness interaction plot. The plot shows that the
ratio of corn stover to eucalyptus sawdust and the percent ratio of linear low-density
polyethylene interacted. For LLDPE, the maximum pellet hardness was observed at a
ratio of 2%, whereas for corn stover to eucalyptus sawdust ratio, it was 9:1. In the same
way, the torrefaction temperature and the corn stover to eucalyptus sawdust ratio
interact, with the pellet hardness being maximized at a corn stover to eucalyptus
sawdust ratio of 9:1 at 210°C torrefaction temperature. Additionally, at 2% LLDPE and
a torrefaction temperature of 210°C, there was an interaction between the linear low-
density polyethylene ratio and the torrefaction temperature that maximized pellet

hardness.
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Figure 4.28 Contour plots for pellet hardness (Y4): a) corn stover to eucalyptus sawdust
ratio (X1) vs linear low density polyethylene (X2), b) corn stover to eucalyptus sawdust
ratio (X1) vs torrefaction temperature (X3), ¢) linear low-density polyethylene (X2) vs
torrefaction temperature (X3).



135

Surface Plot of Y4 vs X2, X1 Surface Plot of Y4 vs X3, X1

720

ya ™

o
o T
P

630
55

b
a) )
Surface Plot of Y4 vs X3, X2
Hold Values
X1 3
X2 3
X3 3

Figure 4.29 Response surface plots for pellet hardness (Y4): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low-density
polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.30 Interaction plot for pellet hardness (Y4)

4.5.3 Torrefaction yields

4.5.3.1 Mass yields

Wang et al. (2020) defined torrefaction as the process of thermally treating biomass to
a specific holding or residence duration at 200—-300°C in an inert or oxygen-depleted
environment. The primary component of biomass materials, hemicellulose, is broken
down during torrefaction due to depolymerization, demethoxylation, bond breakage,
and condensation processes, which also remove moisture as well as some volatile
matter. The net effect is mass loss. During the biomass torrefaction process,
hemicellulose degradation is the main cause of the mass loss. Therefore, a measure of
the extend of torrefaction is by mass loss and it is expressed as the ratio of the resultant
mass after torrefaction to the initial mass before torrefaction. Some of the other reasons
that lead to variations in mass yield as reported by Medic et al. (2012), Chen et al.

(2017), Chen et al. (2015), Hu et al. (2018) and Yu et al. (2019) are as follows:

» The elimination of moisture from the biomass during torrefaction is one of the

main causes of the lower mass yield. The moisture content of the biomass
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evaporates when it heats up, causing its mass to decrease. This mass loss results
in a reduced mass yield even though it can increase the energy content of the
biomass that is still left.

Volatile organic compounds (VOCs) and other light components in the biomass
are liberated as gases during the torrefaction process. Water vapour, organic
acids, aldehydes, ketones, and terpenes are a few examples of these volatile
compounds. The mass yield decreases overall as a result of the volatile
components being lost during heating.

Carbonation and char formation - Char can arise from the partial carbonization
of biomass materials at higher temperatures within the torrefaction range. This
carbon-rich waste is a part of the initial biomass that is transformed into a more
stable, carbonaceous form, which lowers the mass yield.

Loss of ash content - The amount of inorganic ash that is present in the biomass
may also be removed by torrefaction, depending on the type of biomass
feedstock. Usually composed of minerals and other inorganic substances, ash's
reduction during torrefaction contributes to the mass yield's overall decrease.
Incomplete torrefaction - Higher mass losses can occasionally result from
incomplete torrefaction processes or situations that are not optimal. Uneven
heating, insufficient residence time, or incorrect temperature control are a few
examples of factors that can cause biomass to be converted less effectively,
resulting in greater mass losses.

Particle size reduction - Because of the heat treatment, biomass pellets may
experience physical changes during torrefaction, such as fragmentation and
shrinking. A perceived decrease in mass yield may also result from these

modifications to particle size and structure, particularly when comparing the
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mass of the original pellet with the mass of the torrefied product in the final
stage.
From the experiment that was carried out in this research, the average mass yield was
found to be 64.3365% in a range of 41.6183% and 98.0867% (Appendix 9 (a)). Most
of the work done by researchers on post-pellet torrefaction reported varied outcomes of
mass yields. This was strongly attributed to varied pellet composition and the

methodology of torrefaction.

Some of the research that analyzed the mass loss are as follows. Three wood pellets
were torrefied between 270 and 450°C in a fixed bed reactor by Peng et al. (2015), and
found out that the mass yield was 70%. Shang et al. (2012) examined the characteristics
of Scot pine pellets that had been torrefied between 230 and 270 degrees Celsius and
reported that the mass yield was 58.1%. Ren et al. (2012) reported a mass yield of

between 52.61—-83.15% for microwave-assisted torrefied Douglas fir pellets.

Comparing the results obtained from torrefaction of blended corn stover and eucalyptus
sawdust and those from published literature, it was seen that the mass yield was within

the range with most of them.

a) Analysis of results for mass yield optimization
Signal-to-noise (S/ N) ratios were used to evaluate the optimum process parameters
conditions for single pellet quality characteristics using Taguchi method. The higher
the S/N ratio the minimum the effect of noise factors. The S/N ratios for different
quality characteristics were calculated using Equation 2.3 and Equation 2.4. Taguchi
method used the larger the better criteria for desirable pellet properties and the smaller

the better criteria for undesirable properties.
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The response table for signal-to-noise ratio and means for the main effects were
presented in Appendix 9 (b) and Appendix 9 (c). The optimal level setting for
parameters that lead to higher mass yield was depicted in Figure 4.31. The main effect
plots for S/N ratios (Figure 4.31) showed that optimal parameter level settings for mass

yield, were X1,X23X3>.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means

X1 X2 X3 X1 X2 X3

1 2 3 4 5 1 2 3 4 5 1 2 3 4 s

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Signal-to-noise: Larger is better

a) b)

Figure 4.31 Response graph for main effects plot for, a) means and b) SN ratios for
pellet mass yield

To determine the significant design parameters for pellet mass yield, an ANOVA table
(Table 4.18) was developed. A Pareto chart showing the statistical significance of the
factors affecting pellet mass yield is shown in Figure 4.32. The two most significant
design parameters for the optimum pellet mass yield quality features (Figure 4.32) were
corn stover to eucalyptus sawdust ratio and torrefaction temperature; linear low density

polyethylene ratio had the least impact.

Table 4.18 Analysis of Variance for mass yield

Source DF Adj SS Adj MS F-Value P-Value

Regression 3 1785.95 595.32 3.24 0.043
X1 1 1658.60 1658.60 9.02 0.007
X2 1 0.07 0.07 0.00 0.984
X3 1 127.28 127.28 0.69 0.415

Error 21 3860.29 183.82

Total 24 5646.25
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Pareto Chart of the Standardized Effects
(response is Y5 (Mass yield), a = 0.05)
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Figure 4.32 Pareto chart of the standardized effects of pellets’ mass yields
b) Multivariable linear regression model for pellet mass yield
The relationship between the input parameters (corn stover to eucalyptus sawdust ratio,
temperature of torrefaction, and linear low-density polyethylene) and the mass yield of
pellets was demonstrated using Equation 4.8. The Table 4.19 below displays the
summary statistics of the model. Figure 4.33 displays the standardized residuals plot.
Plots were concentrated around the straight line, as illustrated, indicating a good fit
between the mass yield value of the pellets and the multivariable linear regression
model. The -3 to 3 range of the residuals provides additional support for the validity of
the fitted model. The ratio of corn stover to eucalyptus sawdust was found to be the
most significant factor determining pellet mass yield, according to the results of the
linear regression model. Then followed the torrefaction temperature and linear low-
density polyethylene, in that order. Along with the analysis provided by the pellet mass
yield response tables for the previously presented means and signal to noise ratios,

there was a similarity with the analysis of the fitted model.
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Regression Equation

Y5=863-576X1+0.04X2-1.60X3 ..ot Equation 4. 7

Table 4.19 Model Summary statistics for pellets mass yield

S R-sq R-sq(adj) R-sq(pred)
11.5263 71.76% 43.53% 0.00%

¢) Analysis of contour and surface plots for pellet mass yield
The contour plots and response surface plots in Figure 4.34 and Figure 4.35,
respectively, showed the relationship between the parameters of the blended pellet
production process and the pellet mass yield. The median level of the process

parameters, which was not considered in every scenario, was 3 in these figures.

These results show that blended pellets with a 9:1 ratio of corn stover to eucalyptus
sawdust and 10% linear low-density polyethylene should be considered in order to
achieve a high pellet mass yield (Figure 4.34 (a) and Figure 4.35 (a)). Using a 9:1 ratio
of corn stover to eucalyptus sawdust and a 210°C torrefaction temperature, it was shown
that a high pellet mass yield could be achieved, based on Figure 4.34(b) and Figure 4.35
(b). Figure 4.34 (c) and Figure 4.35 (c) demonstrate how utilizing a 10% linear low
density polyethylene binder and a 210°C torrefaction temperature during the blended
pellet's fabrication could result in high pellet mass yield values. The contour plots also
show that the optimized blended pellet achieved a high pellet mass yield of more than

75%, as indicated by the dark green zones.
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Figure 4.33 Standardized residuals plot for pellet mass yield
d) Analysis of interactions of mass yield
The pellet's mass yield interaction plot is depicted in Figure 4.36. The plot illustrates
the interaction between the percent ratio of linear low-density polyethylene and the ratio
of corn stover to eucalyptus sawdust. The maximum mass yield of pellets was observed
at LLDPE and corn stover to eucalyptus sawdust ratio of 4% and 9:1, respectively.
There was an interaction between the torrefaction temperature and the corn stover to
eucalyptus sawdust ratio as well; at a torrefaction temperature of 230°C, the mass yield
was maximum at a corn stover to eucalyptus sawdust ratio of 9:1. Furthermore, there
was an interaction between the linear low density polyethylene ratio and the torrefaction
temperature at 4% LLDPE and a 230°C torrefaction temperature that maximized the

mass yield of pellets.
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Contour Plot of Y5 vs X2, X1 Contour Plot of Y5 vs X3, X1
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Figure 4.34 Contour plots for pellet mass yield (Y5): a) corn stover to eucalyptus
sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover to eucalyptus
sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density polyethylene
(X2) vs torrefaction temperature (X3).
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Figure 4.35 Response surface plots for pellet mass yield (Y5):

b) corn stover

3

eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2)

to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density

polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.36 Interaction plots for pellet mass yield

4.5.4 Combustion properties

4.5.4.1 Higher heating value (HHYV)

Appendix 10 (a) presents the results of HHV obtained after torrefaction of blended
pellet produced from corn stover and eucalyptus sawdust using LLDPE as a binder. The
mean HHV was found to be 26.7572 MJ/kg. This value was within the values of HHV
obtained between 21.0767MJ/kg-31.1188MJ/kg in the given experimental runs.
Considering the results obtained from characterization of corn stover and eucalyptus
sawdust feedstocks, their mean HHV was 17.6550MJ/kg (raw feedstocks) and HHV
obtained from torrefied pellet of 26.7572 MJ/kg, then the increase in HHV after
torrefaction was 51.556%. This increase was also attributed to the LLDPE binder which

has a HHV of about 41.3MJ/kg.

These results are in agreement with those from literature, which include the following:
In the research on the torrefaction method as a pretreatment for corn stover and

miscanthus biomass, Tumuluru et al. (2010) reported that when torrefied at 200—300°C,
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the calorific value increases by roughly 20% to its initial value. According to
Prasongthum et al. (2022) the HHV of the torrefied wood pellets rose by 38% over that
of the original feedstock at 300 °C. Shang et al. (2012) examined the characteristics of
Scot pine pellets that had been torrefied between 230 and 270 degrees Celsius and found
out that the HHV rose from 18.37 to 24.34 MJ/kg. Shao et al. (2019) studied the effect
of combined torrefaction and pelletization on particulate matter emissions from
biomass pellet combustion and found that the heating value of the pellets increased by
8% to 28%. In general, apart from blending herbaceous biomass (corn stover) with
woody biomass (eucalyptus sawdust) as well as addition of LLDPE as a blending
material leading to increased heating value of pellets, torrefaction process also increases
this property in several ways as discussed by (Isemin et al., 2017; Lunguleasa et al.,

2019; Romyen et al., 2023) which include:

» Reduction in moisture content in that torrefaction removes moisture from
biomass, reducing its moisture content significantly. As a result, the energy
content per unit mass of the material increases since energy is no longer needed
to vaporize the water during combustion.

» Reduction in volatile organic compounds, including hemicellulose and some
lignin constituents, which are pushed out during the torrefaction process. This
increases the calorific value since these compounds have a lower energy density
than the carbon-rich residue that remains after torrefaction.

» Increased carbon content- When volatile molecules are driven out by the
torrefaction process, a substance with a higher carbon concentration than in its
original biomass form is left behind. The calorific value rises because carbon
contains more energy per unit mass than other components in biomass, such as

oxygen and hydrogen.
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» Improved fuel characteristics- biomass undergoes changes in its chemical and
physical characteristics due to torrefaction, including improved grindability,
decreased hydrophilicity, and greater homogeneity. These alterations may result
in increased heat transfer and combustion efficiency while burning, which
would raise the effective calorific value even further.

» Reduced ash content and impurities- torrefaction can lower the biomass's ash
content and mineral impurities, which might hinder combustion and lower the
production of energy ultimately. Higher calorific value and improved
combustion characteristics can result from a cleaner and more homogenous
biomass material after torrefaction.

a) Analysis of results for higher heating value optimization

Signal-to-noise (S/ N) ratios were used to evaluate the optimum process parameters
conditions for single pellet quality characteristics using Taguchi method. The higher
the S/N ratio the minimum the effect of noise factors. The S/N ratios for different
quality characteristics were calculated using Equation 2.3 and Equation 2.4. Taguchi
method used the larger the better criteria for desirable pellet properties and the smaller

the better criteria for undesirable properties.

The response table for signal-to-noise ratio and means was presented in Appendix 10
(b) and Appendix 10 (c) respectively. The optimal level setting for parameters that leads
to greater higher heating value was illustrated in Figure 4.37. The main effect plots for
S/N ratios (Figure 4.37) showed that optimal parameter level settings for greater higher

heating value, were: X11X24X3.
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Figure 4.37 Response graph for main effects plot for, a) means and b) SN ratios for
pellet higher heating values

To determine the significant design parameters for pellet higher heating value, an
ANOVA table (Table 4.20) was developed. A Pareto chart showing the statistical
significance of the factors affecting pellet HHV is shown in Figure 4.38. The two most
significant design parameters for the optimum higher heating values quality features
(Figure 4.38) were linear low-density polyethylene ratio and corn stover to eucalyptus

sawdust ratio; torrefaction temperature had the least impact.

Table 4.20 Analysis of Variance pellet higher heating values

Source DF Adj SS Adj MS F-Value P-Value

Regression 3 41.580 13.860 1.81 0.176
X1 1 3.494 3.494 0.46 0.507
X2 1 36.196 36.196 4.73 0.041
X3 1 1.890 1.890 0.25 0.625

Error 21 160.830 7.659

Total 24 202.410
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Pareto Chart of the Standardized Effects
(response is Y6 (Higher heating value), o = 0.03)
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Figure 4.38 Pareto chart of the standardized effects of pellet higher heating values

b) Multivariable linear regression model for pellet higher heating value

Equation 4.9 revealed the correlation between the input parameters (corn stover to
eucalyptus sawdust ratio, torrefaction temperature, and linear low-density
polyethylene) and the pellet higher heating value. The model's summary statistics were
shown in the Table 4.21 below. The standardized residuals plot was shown in Figure
4.39. As has been shown, the plots were oriented around the straight line, suggesting
that the multivariable linear regression model and the higher heating value of the pellets
have a good fit. The residuals' range of -3 to 3 adds more evidence to the fitted model's
validity. The results of the linear regression model showed that the most significant
factor influencing pellet higher heating value was linear low-density polyethylene.
Then followed by corn stover to eucalyptus sawdust ratio and torrefaction temperature,
in that sequence. There was a similarity with the analysis of the fitted model in addition
to the analysis given by the pellet higher heating value response tables for the previously

indicated means and signal-to-noise ratios.
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Y6=23.99 +0.264 X1 +0.851 X2-0.194 X3 ...cooiiiiiiiiiiiiiinnn, Equation 4.8
Table 4.21 Model Summary statistics for higher heating values
S R-sq R-sq(adj) R-sq(pred)
2.76741 20.54% 9.19% 0.00%
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Figure 4.39 Standardized residuals plot for HHV
¢) Analysis of contour and surface plots for pellet higher heating value

The relationship between the parameters of the blended pellet production process and

the pellet higher heating value was depicted by the contour plots and response surface

plots in Figure 4.40 and Figure 4.41, respectively. These results show that the median

level of the process parameters, which was not taken into account in every scenario,

was 3.

These findings indicate that in order to attain a high pellet HHV, blended pellets with a

1:1 ratio of corn stover to eucalyptus sawdust and 10% linear low-density polyethylene

should be taken into consideration (Figure 4.40 (a) and Figure 4.41 (a)). Based on

Figure 4.40 (b) and Figure 4.41 (b), it was demonstrated that a high HHV could be
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attained using a 1:1 ratio of corn stover to eucalyptus sawdust and a 210°C torrefaction
temperature. High pellet HHV values could result from using a 10% linear low-density
polyethylene binder and a 290°C torrefaction temperature during the blended pellet's
manufacturing, as shown in Figure 4.40 (c) and Figure 4.41 (¢). Also, the optimized
blended pellet produced a high HHV of greater than 28MJ/kg at the dark green regions

in the contour plots.

d) Analysis of the interaction of higher heating values

Figure 4.42 below shows the interaction plot of the pellet’s higher heating values. The
interaction plot shows how the ratio of corn stover to eucalyptus sawdust interacts with
the percent ratio of linear low-density polyethylene. The maximum pellet’s higher
heating values were recorded at a corn stover to eucalyptus sawdust ratio of 1:1 and an
LLDPE ratio of 8%, respectively. Additionally, there was an interaction between the
corn stover to eucalyptus sawdust ratio and the torrefaction temperature; at a corn stover
to eucalyptus sawdust ratio of 1:1, the higher heating values reached their maximum at
a torrefaction temperature of 250°C. Additionally, the higher heating values of pellets
were maximized by an interaction between the linear low density polyethylene ratio
and the torrefaction temperature at 8% LLDPE and a 250°C torrefaction temperature

respectively.
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Figure 4.40 Contour plots for pellet higher heating value (Y6):
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a) corn stover to

eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density

polyethylene (X2) vs torrefaction temperature (X3).



Surface Plot of Y6 vs X2, X1

NN EEEERNN}
LN Frrrry
[ fiiiiry
ISR RN
I frirry iy
i fririly I

IFEEENEENNi i
iy

fiii7ir7
I ENSEENi
Frrr

INNNNi
Sir7

I

285

Y6 270

firr7
NSNS NNE
friry
NN NEEN,
AT I

255 55

240

40
X1 55

Surface Plot of Y6 vs X3, X2

53

153

Surface Plot of Y6 vs X3, X1
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Figure 4.41 Response surface plots for pellet higher heating value (Y6): a) corn stover
to eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density
polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.42 Interaction plots for HHV

4.5.5 Emissions analysis

The kind of emissions examined in this study was carbon dioxide. The results of carbon
dioxide emissions are presented in Appendix 11 (a). The blended torrefied pellets had
a mean CO; of 3.07%, with maximum and minimum CO; values of 6.91% and 1.15%,

respectively.

Ndibe et al. (2014) concluded that the percentage of carbon dioxide emissions from the
combustion of torrefied biomass pellets can vary depending on several factors such as
the type of biomass feedstock, the torrefaction process, combustion efficiency, and any
emissions control technologies in place. Furthermore, Choinski et al. (2023), also made
a conclusion that carbon dioxide emissions are not regulated and that comparisons can
simply be made with the common emission levels for wood pellets. However, generally
speaking, the combustion of torrefied biomass pellets typically results in lower carbon

dioxide emissions compared to traditional fossil fuels like coal or natural gas.
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Shen et al. (2012) found that the emissions of carbon monoxide, organic carbon,
elemental carbon, and particulate matter from the combustion of biomass pellets were
significantly lower than those from raw fuels but did not provide specific data on carbon
dioxide emissions. Ndibe et al. (2014) did not directly address carbon dioxide
emissions from torrefied biomass pellets, focusing instead on combustion reactivity and
emissions of other pollutants. Therefore, the specific percentage of carbon dioxide
emissions from the combustion of torrefied biomass pellets remains unclear and may
require further research. Carbon dioxide emissions from previous studies are highly
varied and depend on factors highlighted by Rokni et al. (2018), Wei et al. (2012) and

Ren et al. (2017) which include the following:

» The amount of energy and the chemical composition of the biomass can be
affected by the degree of torrefaction, which is influenced by temperature,
residence time, and environment during treatment. The quantity of volatile
matter, fixed carbon, and ash content in the torrefied biomass can vary
depending on the torrefaction conditions, which can impact CO2 emissions
during combustion.

» The kind of feedstock and its place of origin affect the amount of carbon in
biomass. The carbon contents of various biomass sources, such as wood,
agricultural residue, and energy crops, vary, and this has a direct impact on the
amount of CO; emitted during combustion.

» Emission levels and combustion efficiency are influenced by the amount of
oxygen present in torrefied biomass. When compared to untreated biomass,
torrefied biomass with a reduced oxygen content can burn more completely and

emit less COa.
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» The amount of moisture in biomass influences the generation of heat and
combustion efficiency. Because torrefied biomass usually has less moisture than
raw biomass, it burns more efficiently and might emit less CO; per unit of
energy produced.

» The kind of technology utilized for combustion (such as gasification, fluidized
bed, or grate furnace) can affect the residence times, conditions under which
CO2 and other pollutants are released, and the final amount of emissions.
Reducing CO; emissions can be achieved with the use of optimized combustion
methods made for torrefied biomass.

a) Analysis of results for carbon dioxide emissions optimization

A high carbon dioxide emission is not a desired quality in pellets. Therefore, the smaller
is better criterion was used to optimize the design parameters. Using the Taguchi
approach, the optimal process parameter conditions for carbon dioxide emissions were

determined by analyzing the main effects plots for means.

Appendix 11 (b) and Appendix 11 (c) provide the response table for the signal-to-noise
ratio and means respectively for carbon dioxide emissions. The optimal level setting
for parameters that lead to lower amounts of carbon dioxide emissions was depicted in
Figure 4.43. The main effect plots for S/N ratios (Figure 4.43) showed that optimal

parameter level settings for lower carbon dioxide emissions, were X11X2,X33.
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Figure 4.43 Response graph for main effects plot for, a) means and b) SN ratios for
carbon dioxide emissions

The ANOVA table (Table 4.22) was employed to determine the significance of the
design parameters for carbon dioxide emissions. In the Pareto chart (Figure 4.44), it can
be seen that the ratio of linear low-density polyethylene, corn stover to eucalyptus
sawdust ratio and the torrefaction temperature, were the design characteristics that were
shown to be significant for the optimal carbon dioxide emissions, arranged in

descending order.

Table 4.22 Analysis of Variance for carbon dioxide emissions

Source DF Adj SS Adj MS F-Value P-Value

Regression 3 7.6904 2.5635 1.02 0.404
X1 1 1.8374 1.8374 0.73 0.402
X2 1 5.6717 5.6717 2.26 0.148
X3 1 0.1812 0.1812 0.07 0.791

Error 21 52.7843 2.5135

Total 24 60.4746
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Pareto Chart of the Standardized Effects
(response is Y7 (Carbon dioxide emissions), a = 0.05)
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Figure 4.44 Pareto chart of the standardized effects of carbon dioxide emissions.

b) Multivariable linear regression model for carbon dioxide emissions
Equation 4.10 showed the link between the input parameters (corn stover to eucalyptus
sawdust ratio), linear low-density polyethylene, and torrefaction temperature) and
carbon dioxide emissions, while Table 4.23 presents it model summary statistics. The
plot of the standardized residuals is shown in Figure 4.45. As can be seen, the plots
were centered around the straight line, suggesting that the multivariable linear
regression model and carbon dioxide emissions of the pellets fit each other quite well.
The residuals' range of -3 to 3 adds more evidence to the fitted model's appropriateness.
The results of the linear regression model showed that the most significant factor
influencing carbon dioxide emissions from the combustion of the blended pellet was
linear low-density polyethylene. Then followed by the ratio of corn stover to eucalyptus
sawdust and torrefaction temperature, in that sequence. There is a similarity with the

analysis of the fitted model in addition to the analysis given by the carbon dioxide
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emissions from response tables for the previously indicated means and signal-to-noise
ratios.

Regression Equation

Y7=1.31+0.192 X1 +0.337 X2+ 0.060 X3 ....ccccoiiiiiiiiiiinin Equation 4.9

Table 4.23 Model Summary statistics for carbon dioxide emissions
S R-sq R-sq(adj) R-sq(pred)
1.58541 12.72% 0.25% 0.00%
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Figure 4.45 Standardized effects plot of residuals for carbon dioxide emissions

¢) Analysis of contour and surface plots for carbon dioxide emissions
Figure 4.46 and Figure 4.47 show the contour plots and response surface plots,
respectively, that describe the link between the carbon dioxide emissions of the
fabricated pellet and the process parameters of the blended pellet production. Process
parameters, which were retained at the median level in this instance was three, were not

taken into account for all of the cases.

Figure 4.46 (a) and Figure 4.47 (a) demonstrate that in order to achieve minimal carbon

dioxide emissions, blended pellets should be produced using 2% linear low density



160

polyethylene and a corn stover to eucalyptus sawdust ratio of 9:1. It was discovered
from Figure 4.46 (b) and Figure 4.47 (b) that creating blended pellets with a 9:1 corn
stover to eucalyptus sawdust ratio and a 210°C torrefaction temperature resulted in
reduced carbon dioxide emissions. It was noted in Figure 4.46 (c) and Figure 4.47 (¢)
that the blended pellet's reduced carbon dioxide emissions could be achieved by using
a 2% linear low density polyethylene binder and a 210°C torrefaction temperature. The
contour plots, which show the light green and blue zones, also demonstrate that the

optimized blended pellet achieved carbon dioxide emissions of less than 2.5 percent.
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Figure 4.46 Contour plots for carbon dioxide emissions (Y7): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density
polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.47 Response surface plots for carbon dioxide emissions (Y7): a) corn stover
to eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), c) linear low density
polyethylene (X2) vs torrefaction temperature (X3).

d) Analysis of the interaction of carbon dioxide emissions
Figure 4.48 below shows the interaction plot of the pellet’s carbon dioxide emissions.
The interaction plot shows how the ratio of corn stover to eucalyptus sawdust interacts

with the ratio of linear low-density polyethylene. The maximum pellet’s carbon dioxide
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emissions were recorded at a corn stover to eucalyptus sawdust ratio of 8:2 and an
LLDPE ratio of 10%, respectively. Additionally, there was an interaction between the
corn stover to eucalyptus sawdust ratio and the torrefaction temperature; at a corn stover
to eucalyptus sawdust ratio of 8:2, the carbon dioxide emissions reached their maximum
at a torrefaction temperature of 210°C. Additionally, the carbon dioxide emissions of
pellets were maximized by an interaction between the linear low-density polyethylene
ratio and the torrefaction temperature at 10% LLDPE and a 210°C torrefaction

temperature respectively.
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Figure 4.48 Interaction plots for carbon dioxide emissions

4.6 Taguchi multi-response optimization using grey relational analysis

Section 4.5 above dealt with the presentation, analysis and discussion of results of each
of the responses (Y1, Y2,Y3,Y4,Y5, Y6 & Y7) independently. In this section, in order
to get optimal parameter settings that will yield optimum output considering all the
responses at once, Taguchi multi-response optimization using grey relational analysis

is employed. According to Krishniah et al. (2012), interrelationships between the
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various responses are resolved by the application of grey relational analysis. When the
results of single response optimization are added together, a grey area is arrived at
where no single parameter stands out as having the best overall quality of pellets, as
shown in the ANOVA of single response optimization in section 4.5 (Mohamed et al.,
2019; Thapa & Engelken, 2020; Wang et al., 2015). The procedure for execution of
Taguchi multi-response optimization using grey relational analysis is outlined in section

2.14.4.3.

4.6.1 Computation of signal-to-noise ratios (S/N), Normalized data (Zij), quality
loss (A) and grey relational coefficient (GCi;) of the responses
Using grey relational analysis and the larger the better optimization technique, the
multiple response optimizations for the targets were combined into a single objective
response optimization problem by employing the stages of grey relational analysis
(section 2.14.4.3) and presented in Appendix 19. Computation of signal-to-noise ratio
(S/N), normalizing and computation of grey relational coefficients of the responses
were computed using the formulas presented in section 2.14.4.3 and their results

presented in Appendix 12 to Appendix 18.

4.6.2 Computation of grey relational grade (Gi)

Grey relational grade (Gi) was computed using the formulas presented in section
2.14.4.3 and results presented in Appendix 19. The computed Gi was then ranked in
descending order. The experimental run No. 1 was found to have the greatest grey
relational grade value and, thus, the largest S/N ratio, as shown by Appendix 18 and
Figure 4.49. A greater Gi suggests that the value is approaching the optimal point.
Therefore, the best parameter settings for improved multiresponse characteristics were

found in Experiment 1. Stated otherwise, experimental run 1 presents the most suitable
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combinations of input parameters that, in this particular case, yield the best output

responses, or desired quality attributes.
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Figure 4.49 A graph of grey relational grade and its corresponding S/N ratios

4.6.3 Optimization of design parameters

The optimum parameter settings for the best-quality pellet were determined using the
response graphs method. The grey relational grade was computed and presented as
illustrated in Appendix 20 (a) as well as its signal-to-noise ratio. Since all the responses
have been converted to a single response (Gi), response tables for signal to noise ratio
and means was computed and presented in Appendix 20 (b) and Appendix 20 (c)
respectively. Response graphs of the signal-to-noise ratio and means were presented in
Figure 4.50. From the response tables and graphs, it was seen that the optimum
parameter levels were level five for corn stover to eucalyptus sawdust ratio, level one
for linear low-density polyethylene and level one for torrefaction temperature (i.e.
X15X21X31). The ranking of the design parameters indicated that corn stover to
eucalyptus ratio contributed the most to the overall pellet qualities followed by

torrefaction temperature and percent linear low-density polyethylene.
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Therefore, the pelletization parameter levels to produce pellets with optimum qualities

were presented in Table 4.24 in terms of levels and Table 4.25 in terms of actual values.

Main Effects Plot for SN ratios Main Effects Plot for Means
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Figure 4.50 Main effects plot for (a) SN ratios and (b) means for grey relational grade
(Gi)

Table 4.24 Parameters and their levels for optimum pellet production

Corn stover: Eucalyptus sawdust | LLDPE (%) Torrefaction
(wt: wt) temperature (°C)
5 1 1

Table 4.25 Optimum actual values of parameters for pellet production

Corn stover: Eucalyptus sawdust | LLDPE (%) | Torrefaction temperature
(wt: wt) (°C)
1:1 2 210

4.6.3.1 Multivariable linear regression model for grey relational grade (Gi)

Equation 4.11 showed the link between the input parameters (corn stover to eucalyptus
sawdust ratio, linear low-density polyethylene ratio, and torrefaction temperature) and
the grey relational grade. The plot of the standardized residuals is shown in Figure 4.51.
As can be seen, the plots were centered around the straight line, suggesting that the
multivariable linear regression model and the grey relational grade of the pellets fit each
other quite well. The residuals' range of -3 to 3 adds more evidence to the fitted model's
appropriateness. The results of the linear regression model showed that the most

significant factor influencing the grey relational grade was the torrefaction temperature.
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It was then followed by linear low-density polyethylene and the ratio of corn stover to
eucalyptus sawdust, in that sequence. Figure 4.52 illustrates a Pareto chart for Gi. The
sequence of significance of the parameters for Gi as presented by the Pareto chart was

exactly the same as that presented by the linear regression model.

Regression Equation
Gi=0.7502 + 0.00031 X1 - 0.00405 X2 - 0.00467 X3 ......coveiirinnn. Equation 4.10

Normal Probability Plot

(response is Gi)

99

Percent
n
[=]

Standardized Residual

Figure 4. 51 Standardized residuals plot for grey relational analysis (Gi)
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Pareto Chart of the Standardized Effects
(response is Gi, o = 0.05)
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Figure 4. 52 Pareto chart of the standardized effects of grey relational grade (Gi)
4.6.3.2 Analysis of contour and surface plots for grey relational grade (Gi)
Figure 4.53 and Figure 4.54 depict the contour plots and response surface plots,
respectively, that explain how the process parameters of the blended pellet production
relate to the grey relational grade of the fabricated pellet. It should be noted that not
every parameter is included in the process parameters, which in this case were kept at

the median level of three.

Figure 4.53 (a) and Figure 4.54 (a) show that blended pellets should be produced
utilizing 2% linear low-density polyethylene and a 1:1 ratio of corn stover to eucalyptus
sawdust in order to get the highest possible grey relational grade. A 1:1 corn stover to
eucalyptus sawdust ratio and a 210°C torrefaction temperature were found to produce
blended pellets that yielded an increased grey relational grade Figure 4.53 (b) and
Figure 4.54 (b). Figure 4.53 (c) and Figure 4.54 (c) showed that a 2% linear low density
polyethylene binder and a 210°C torrefaction temperature would lead to an increased

grey relational grade in the blended pellet. The dark green regions in the contour plots
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indicate that the optimized blended pellet obtained a grey relational grade of more than

0.740.

4.6.3.3 Analysis of interactions of grey relational analysis (Gi)

The interaction plot for the grey relational grade (Gi) was shown in Figure 4.55. The
interaction plot shows how the ratio of corn stover to eucalyptus sawdust interacts with
the percent ratio of linear low-density polyethylene. The maximum pellet’s grey
relational grade was recorded at a corn stover to eucalyptus sawdust ratio of 9:1 and an
LLDPE ratio of 2%, respectively. Additionally, there was an interaction between the
corn stover to eucalyptus sawdust ratio and the torrefaction temperature; at a corn stover
to eucalyptus sawdust ratio of 9:1, the grey relational grade reached its maximum at a
torrefaction temperature of 210°C. Additionally, the grey relational grade of pellets
were maximized by an interaction between the linear low density polyethylene ratio
and the torrefaction temperature at 2% LLDPE and a 210°C torrefaction temperature

respectively.
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Figure 4.53 Contour plots for grey relational grade - Gi (Y5): a) corn stover to
eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), ¢) linear low density
polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.54 Response surface plots for grey relational grade - Gi (Y5): a) corn stover
to eucalyptus sawdust ratio (X1) vs linear low-density polyethylene (X2), b) corn stover
to eucalyptus sawdust ratio (X1) vs torrefaction temperature (X3), ¢) linear low density
polyethylene (X2) vs torrefaction temperature (X3).
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Figure 4.55 Analysis of interactions of grey relational analysis

4.7 Validation Test

Design parameter optimal levels are used to estimate optimal performance
characteristics. Therefore, the last stage of the Taguchi-Grey relational analysis is to
perform an experimental confirmation with the design parameters set at their optimal
levels (Borkowski, 2010; Krishniah et al., 2012; Thapa et al., 2018b). Using Equation
4.12 and also Minitab software, the estimated/predicted grey relational grade was found
to be 0.8155 by applying the optimal level of parameters. Given that the predicted
value was close to 1, it was anticipated that the newly determined optimal parameter
combination would yield the best pellets for the performance attributes under
investigation. As a result, samples of pellets were fabricated by replicating the
combination of optimal parameter values that were considered to yield the highest
quality pellets. Subsequently, the performance characteristics of the produced pellets

were analyzed.
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The pellets fabricated under optimum conditions and hypothesized conditions were
compared and contrasted in Table 4.26 Optimized pellets for every performance
characteristic had a higher signal to noise ratio than both the predicted condition and
the results of each experimental run except for carbon dioxide emissions which were
lower as its performance was minimized. Based on the mean GRG, it was observed that
the experimental condition X15X2:;X3; had a GRG that is much greater and is around
the predicted values. Therefore, multi-response criteria showed that pellets produced
under optimal conditions were of superior quality. Table 4.27 presents the evaluated

properties of optimized blended pellets.

Ye = Vim F 2ie 1 (Fi = Vi) eeereeeeeeeeereeneieeiseissiesisseis s Equation 4.11

where,

¥.= Estimated/predicted value of Gi.

¥m= The total mean of the grey relational grade ¢ = Number of input parameters/factors
¥; = Mean grey relational grade value at the optimal level for the ith parameter

Calculation of y,

Ye = VYm + Wesiesp — Ym) + Popriope — Ym) + Vrr — Vim)

Y. = 0.7250 + (0.7706 — 0.7250) + (0.7431 — 0.7250) + (0.7519 — 0.7250)
Ye = 0.8156
Where,

Yes:esp=Optimal Gi for corn stover to eucalyptus sawdust ratio
Yo,r.ppe=Optimal Gi for the ratio of linear low-density polyethylene

Yrr=Optimal Gi for torrefaction temperature
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Table 4.26 Confirmation experiments under optimal conditions

Responses Initial setting Grey relational analysis | Improvement in S/N
(Hypothesized) (Experimental) ratio

Level X11X21X31 X15X21X31 X15X21X31

BD (kg/m®) | 627.17 (55.9476) | 633.2 (56.0308) 0.0832

PDI (%) 96.97 (39.7318) | 99.07 (39.9182) 0.1864

D (kg/m?) 966.20 (59.7013) | 1074.75 (60.6262) 0.9249

H(N) 996.26 (59.9675) | 1046.972 (60.3987) 0.4237

MY (%) 54.50 (34.7244) | 64.45 (36.1818) 1.1457

HHV(MJ/kg) | 29.47 (29.3815) | 29.894 (29.5071) 0.1256

CO2(%VOL) | 2.99 (-9.5139) 3.55 (-11.0727) -1.5588
Table 4.27 Summary of optimized blended pellet properties

SR NO. Pellet property Mean STDEV

1 Pellet particle density 1074.75 1.9273

2 Hardness 1046.972 1.5591

3 Bulk density 633.2 1.8526

4 Pellet durability index 99.07 0.5623

5 HHV 29.894 0.6799

6 Mass yield 64.45 1.4331

7 Carbon dioxide emissions | 3.55 0.5133

4.7.1 Emissions test of optimized blended pellets using Laboratory Emissions
Monitoring Systems (LEMS)

LEMS was able to detect and quantify CO, CO2 and PM2.5. Combustion emissions
from the optimized blended pellet were: 44.3g/min for CO2, 0.40g/min for CO and
7.55mg/min for particulate matter (PM2.5). Graphical presentation of real-time
combustion emissions on combustion of optimized blended pellets from LEMS over a
period of 120 minutes was as shown in Figure 4.56 for CO and CO2 emissions while
for PM2.5 emissions in Figure 4.57. ISO tiers for the emissions for CO and PM2 s was
3.6 and 3.7 respectively as determined from the sensor box processing software of
LEMS. These tiers were above 3 and this implies that the emission levels from the
combustion of the optimized pellet is within acceptable limits of KEBS Standard- KS

1814:19.
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Figure 4.56: COz and CO emissions during test

Figure 4.57: Particulate Matter (PM2.5) emissions rate during test
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction
This chapter presents the conclusions and recommendations drawn from the analyzed

results.

5.2 Conclusions

This research aimed at optimizing the performance of blended biomass pellets from
corn stover and eucalyptus sawdust using linear low-density polyethylene as a binder.
Corn stover and eucalyptus sawdust used in this research were characterized to
determine their proximate and ultimate analysis. The production of pellets to be
analyzed was done using a fabricated heated mould. Evaluation of the performance
properties of the fabricated blended pellets was achieved through physical, mechanical
and thermochemical characterization of blended torrefied pellets. A pellet durability
tester was fabricated to evaluate the pellet durability index of the blended pellets.
Finally, optimization of the pelleting process variables in terms of corn stover to
eucalyptus sawdust ratio, the ratio of LLDPE binder and the torrefaction temperature
was done. As a result of this experimental research, the following conclusions were

drawn:

Proximate analysis of biomass raw materials for biofuel production provides initial
findings for the assessment of fuel quality. Conclusions drawn from the results obtained
from proximate analysis of corn stover and eucalyptus sawdust are as follows:

» Moisture contents of both feedstocks were way below the recommended
quantities for pelleting of 10-15%. Since moisture content affects higher
heating values and ability of biomass particles to bind, it can be
concluded that the higher heating value of the blended pellet was not

affected. On the other hand, there was difficulty in pelletization of the
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biomass feedstocks due to low moisture content. To curb this challenge,
ultrapure water was added to the biomass feedstocks to raise its moisture
content.

Ash is a quantitative measure of the non-combustible inorganic
contaminants present in biomass. While the exact effects of ash content
on heating value are unknown, it is assumed that increasing ash content
lowers heating value. From ash content analysis, it can be concluded that
both feedstocks analyzed are suitable for pelleting since the
recommended ranges for wood residues are around 3% and below and
less than 5-7% for agricultural residues.

When biomass has a high volatile matter content, the combustion
process is typically more sustainable and results in a highly reactive fuel
that burns quickly during the devolatization stage. The volatile contents
of both feedstocks were high and within the ranges of 70-90% for
herbaceous and woody biomass as presented in published literature.
Therefore, it can be concluded that the blended pellet obtained can
undergo combustion process quickly and sustainably.

Fixed carbon is the amount of carbon that is available for char
combustion after all volatile materials in biomass, which serves as the
primary energy source during combustion, are removed. Fixed carbons
of corn stover and eucalyptus sawdust was within the ranges provided
from the literature. Therefore, it can be concluded that, the resultant
blended pellet will have high energy density since fixed carbon
contributes significantly to the energy content of the biomass. Another

conclusion tied to the fixed carbon was that the blended pellet produced
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was likely to have high durability index as biomass with a higher fixed
carbon content tends to produce denser pellets that are more structurally
stable. Finally, since fixed carbon content influences combustion
efficiency, blended pellet produced will most probably burn more

efficiently, producing more heat per unit of mass.

This objective aimed at design and fabrication of a single pellet press heated mould that
could be able to densify biomass feedstocks at specific temperatures to pellets.
Therefore, a single pellet piston press was fabricated using locally available materials.
The machine was capable of densifying loosely packed grounded feedstock to a hard
solid (pellet). The various parts of the machine like the temperature controller, the
thermocouple, the insulation, the AC contactor and the hydraulic press worked
effectively. Thus, the fabrication of a single pellet press heated mould was successful
and it led to proceeding to the next phase of research of the actual production of pellets
according to the design of experiments. The fabrication of this single pellet press will

also go a long way in other research projects on densification of biomasses.

Pellet durability index was determined by subjecting pellets to tumbling motion in a
tumbler box and a ratio of mass of pellets before and after tumbling computed. A pellet
durability tester was fabricated from locally available materials. This fabrication was
able to create a tumbling motion to mimmick the situation in transportation of pellets.
This was an important procedure to help in determination of pellet durability index. The
various components of the pellet durability tester like the tumbling box, the variable
frequency drive, the potentiometer and the three-phase motor worked as required. This
was evident as the tumbling box could be rotated and maintained at the required

revolutions per minute and this was displayed in the LCD screen of the variable
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frequency drive. Therefore, the design and fabrication of the pellet durability tester was

successful.

Fabrication of blended pellets involved densification of the loosely packed biomass
feedstocks while the subsequent process of torrefaction as designed in this research
involved heat treatment of pellets at low temperatures of between 200°C and 300°C in
little or no oxygen for a predetermined period of time. Blended pellets from corn stover
and eucalyptus sawdust using linear low-density polyethylene as a binder were
successfully fabricated using the single pellet press fabricated. Torrefaction of these
fabricated pellets was done also successfully in a modified tube furnace. The torrefied
pellets maintained their structural integrity but their colour changed due to heat
treatment under inert conditions. Therefore, it follows that the modification of the tube
furnace to a torrefaction equipment was a success since no pellet underwent

combustion.

The efficiency of fabrication of pellets and biomass pellet enhancement techniques
considered in this research such as: blending, use binders and post pelletization
torrefaction, was determined by, the evaluation of physical, mechanical and
thermochemical properties of blended torrefied pellets. These properties were
successfully derived using various specific criteria for properties as explained in
methodology. These torrefied pellets were found to be superior because most of the
properties exceeded the thresholds presented by the European normative guidelines for
pellets produced from herbaceous and fruit biomass and blends and mixtures and other

presented literatures.

To fabricate a blended torrefied pellet that possess optimum overall pellet qualities

studied using linear low-density polyethylene as a binder, it can be concluded that one
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has to fabricate the pellet using a blend ratio of 1:1 for corn stover to eucalyptus

sawdust, 2% linear low density polyethylene ratio and 210°C torrefaction temperature.

It was evident from Pareto analysis of results that linear low density polyethylene binder
was the most significant parameter in pellet particle density, bulk density, pellet
durability index, pellet hardness and the higher heating values of pellets. Therefore, it
can be concluded that linear low-density polyethylene is an important additive in

biomass pellet fabrication of a pellet with superior qualities.

In summary, this research affirms that the use of eucalyptus sawdust as an additive on
corn stover in pellet production, the use of LLDPE has a binder and torrefaction of
pellets improves the pellet properties significantly. Therefore, this research is a gateway
to production of pellets which are of high calorific value, thus leading to increase in
fuel for use in households and industry for energy production. The use of LLDPE as a
binder will go along way in reduction of non biodegradable wastes, hence ensuring a
safe and clean environment. One limitation of this thesis is the lack of a standard or
data from literature on carbon dioxide emissions from combustion of the blended

torrefied pellets.

5.3 Recommendations

This research yielded important findings on the fabrication of blended pellets,
evaluation of their properties and optimization of pellet fabrication process parameters.
Since the optimized pellets have a high energy output and improved mechanical and
physical properties that make them easy to transport to their destination of application,
it is highly recommended that they should be utilized in improved pellet cookstoves

and industrial boilers. However, the following research areas about pellet production
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from corn stover and eucalyptus sawdust ratio, with linear low density as a binder

requires more research to further improve the pellet properties:

>

Characterization of feedstocks indicated that eucalyptus sawdust has higher fuel
properties than corn stover. Therefore, it is recommended that higher ratios of
eucalyptus sawdust be used as an additive to improve fuel properties of the
blended pellet.

Extensive performance testing, including material versatility, should be carried
out on the designed and fabricated single-pellet press with a heated mold and
pellet durability tester in order to assess how well it performs when various
biomasses and binders are utilized.

The validated optimized pellet indicated that there was improvement in all the
tested properties except emissions tests. It is highly recommended this analysis
is extended to other biomasses and binders so as to achieve produce pellets with

superior qualities.

Further research

Areas that need further research from this thesis are listed below.

>

>

A study on the effect of linear low-density polyethylene on Torgas.

Further analysis on emissions to include other gaseous emissions like NOx and
SOx as well as particulate matter from combustion of pellets bound by linear
low-density polyethylene.

Analysis of hydrophobicity of the pellets to evaluate the effect of linear low
density polyethylene binder on it.

From the review of literature on carbon dioxide emissions from combustion of

pellets, it was found that carbon dioxide from combustion of biomass pellets is
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not regulated, and more so unclear in combustion of torrefied pellets. Therefore,
there is need to research further on acceptable carbon dioxide emission levels
from torrefied pellets.

Characterization of structural carbohydrates (cellulose, hemicellulose and
lignin) as well as extractives of corn stover and eucalyptus sawdust so as to

determine its relation to effectiveness of LLDPE binder.
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Sr.  Feedstock Pelleting technique Statistical tool Optimum conditions Quality of pellet References
No.
1 Rice straw Single pellet Response surface 72.76 MPa, 110°C, and Higher pellet quality = (Mostafa et al., 2021a)
(SPP) method using multi- 7.23% moisture for solid
objective optimization pellets.
approach.
2 Rice straw Flat-die pellet mill Full factorial design 2% starch additive, 17% 99.311%  durability (Said et al., 2015)
moisture  content, die and most  pellet
temperature<50°C and die qualities met  set
size 8/32mm/mm (8mm standards.
diameter and  32mm
compression length).
3 Birch, SPP Regression analysis 6.1%moisture, 300MPa Pellet density, (Huang et al., 2017a)
and 400MPa. strength and moisture
Spruce Regression analysis 5.1%moisture, 300MPa met set standards
Reed canary grass Regression analysis 5.2% moisture, 300MPa
4 Wheat straw SPP Box-Behnken design 35 days for Phanerochaete Pellet density, (Gao etal., 2017)
chrysosporium (PC) and dimensional integrity
21days for g Trametes and tensile strength
versicolor 52)J (TV52]) met the set standards
fungal treatments
5 Biochar, sawdust Pellet Box-Behnken design ~ 40% biochar, 30% sawdust Higher pellet (Bartocci et al., 2018)
and water (unspecified type) and 30%moisture durability and heating

value
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Rice straw, wheat Flat die pellet mill

Taguchi-grey

Order of parameters

Improved overall

(Thapa et al., 2018a)

straw and relational analysis from those resulting in pellet quality
cornstover greatest effect are binder
proportion>binder
type>residue
type>particle size
Corn stalk rinds SPP Box-Behnken design ~ 0.5mm  particle  size, 1639.61 kg/m® (Liu et al., 2023)
11.35% moisture, 125.7 Relaxed density,
C and 154.2MPa 97.95% durability and
10.18 MPa

Bagasse

Box-Behnken design

Biomass composition,
molasses concentration
and drying time

compressive strength.
16.43 MJ kg ' higher
heating values and
84.2% durability

(Akbar et al., 2021)
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S. AUTHOR & |METHODS KEY RESULTS OR FINDINGS GAPS OBJEC
NO. |YEAR TIVE
Bianca M A et |Flat die pellet mill. Co-pelleting Eucalyptus | 20% of corn residue improved physical and |Torrefaction and optimization
al 2022 and corn residues. Proportions of corn mechanical pellet quality, with or without (variables like corn stover and Kraft
residue in the mixture were 0, 20, 25, and Kraft lignin addition. lignin). Pellet quality standards. 3,4&5
30% (w/w) while that of Kraft lignin 0%,2
and 5%(w/w).
Sunny V et al |Reviewed densification techniques and Densification technologies: Screw Post pelletization processes and
2019 preptreatment method of solid biomass fuels. |compaction/extruder, piston press/pump pellet quality standards. SPP not used.
machine, roller press and pellet mills. LLDPE binder not used.
Pretreatment techniques: Torrefaction, steam 3&4
explosion, ammonia fiber freeze, grinding and
preheating.
Stasiak M et al |Pine sawdust, wheat straw and rapeseed Mechanical and combustion parameters are Torrefaction and optimization. Pellet
2017 straw blended in different proportions. proportion-dependent. Durability decreased standards.
Starch used as binder. with increase in starch.Pellet strength 3485
decreased with the addition of ground straw. ’
Decrease in heat of combustion with an
increase in straw.
Agu O etal Studied effect of different binders on Organic and inorganic binders improved pellet | Torrefaction and optimization. Pellet
2018 strength and durability, dimensional quality especially biomass with lower lignin  [standards. 3,4&5
stability, and pellet density content.
Manar Y. et al |Effect of raw material properties on the Pellet durability above 80% is high and bulk |Torrefaction and optimization. Pellet
2018 pellet’s durability and bulk density. Binding |density should be above 500kg/m3. standards.
. . . 3,4&5
mechanisms, types of binders and their effect
on the pellet’s durability.
Rodolfo P et |Bibliographic analysis of papers on pellet |Wood pellets have higher quality than agro- Pellet process parameters. LLDPE.
al 2020 quality evaluation and improvement for five |pellets.Blending and using binders improves
years (2016-2020). pellet quality, but their use must be 3
evaluated on a case-by-case basis.
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~

Xuyang C et al
2021

Co-pelletization technology. Influence of
chemical composition on different biomass

Natural chemical fraction of biomass
influences pelletizing process and fuel quality.

Torrefaction and optimization.

matrix feedstocks and pelletizing operating |Co-pelletizing can be divided into biomass- 3&5
parameters. biomass co-pelletizing and biomass-non-
biomass.
8| Tumuluru, Flat die pellet mill; feedstock moisture Die speeds of >50 Hz and preheating die thickness; pressure gap; feedstock
2014 content in the range of 28-38%.; die speed of [temperature >90 deg. C.; medium moisture composition; pretreatment/post-
40-60 Hz, and preheating temperatures of 30-|content of 33-34% and preheating treatment; binders; Pellet standards. (3 & 4
110 deg.; particle size 4.8 mm; 8 mm pellet |temperatures of >70 deg.C and die speeds
die. >50Hz resulted in high durable pellets.
9| Theerarattanan |Ring die pellet mill; effect of moisture Increased moisture, larger hammer mill screen |Effect of torrefaction on pellet
oonetal., content,hammer mill screen size and die size (3.2-6.5 mm) and thicker die size (31.8- |properties and optimization. Pellet
2011 thickness on bulk density, true density, and [44.5 mm) resulted in decreased bulk density, |standards. 2&4
durability of the pellets. true density & durability.
10{XU et al, 2018 |Studied energy consumption, relaxed Energy used in forming binder-free cornstalks |LLDPE binder not tested and post-
density, compressive strength, durability, was the lowest at 4.5N per 20MPa pelletization processes.
moisture absorption and surface structure of |increase.Diatomite has a significant effect on 2&4
pellets. the relaxation density test and the compressive
strength test
11|Obiora etal, |Study of the effect of different binders on Combining organic and inorganic binders Emissions and optimizations.
2018 different biomass materials pellets. improves pellet quality. Each binder results in 184
unique physical characteristics when applied
with different biomass.
12|Jamradloedluk |Production and investigation of pellet Mixing ratio had no obvious influence on Torrefaction and optimization. Pellet
I, & properties from mixing ratio of eucalyptus  [density and mechanical properties of the standards. > &4
Lertsatitthanak |bark: mangosteen shell: papaya peel and pellets. Binders had strong effect on
orn, C. (2017) |binder. performances of the combustion system.
13|Thapa, S., & |Investigation of Moisture, binders, blending |Sawdust blended pellets have larger bulk Review on post pelletization
Engelken, R. |ratio, particle size, and principle feedstock |density, durability, diametrical compressive processes and pellet quality 5
(2020) material on the effect of physical and strength (hardness), and heating value. standards. LLDPE binder not used.

thermochemical characteristics of pellets.
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14|Harun, N. Y., [Single unit pelletizer and temperature Pellets made from feedstock with lower No study on pollutant emissions and
& Afzal, M. T. |controlled die was employed to produce a [particle size (150-300 pum) and blends optimizations. 3&4
(2016) blended pellet. exhibited improved qualities.
15|Gil et al, 2010 [Pellet blends from pine, chestnut and Chestnut and pine sawdust pellets exhibited the |No study on pollutant emissions and
eucalyptus sawdust, cellulose residue, highest durability. optimizations. Binder.
coffee husks and grape waste and from 3485
blends of biomass with two coals, ?
bituminous and semianthracite, were
produced from bench-top single pelletizer.
16| Tursi, 2019 Biomass classification, chemical Four major classes of biomass and thermo- Proximate and ultimate analysis and
characterization and conversion to usefull chemical, biochemical, and physicochemical |conversion of biomass to solid fuels 1
energy products. conversion methods. not discussed.
17|Adeleke A et |Torrefaction, torrefaction technologies. The |Torrefaction as pretreatment process improves |Post pelletization processes and
al 2021 influence of temperature, residence time, energy density, hydrophobic,moisture content |pellet standards. Binder. 3
particle sizes and gas flow rates on torrefied [and grindability. Torrefaction temperature on mass
biomass. yield of pellets.
18|Djatkov et al., |Particle size, moisture content, wood share, |5% extrusion ratio and 40% wood resulted in |Torrefaction. LLDPE.
2018 additives and pressing intensity studied. maximum quality thresholds. Moisture content 3
influenced bulk density and mechanical
durability of cornstover.
19|Younis et al, [Studied pre-pelletization, pelletization and |Optimum moisture content was 8-12%, particle | Torrefaction as post-pelletization
2018 post-pelletization techniques. Also study of |size less than Smm on pellet strength, process. Emissions. LLDPE.
different feedstock conditions on pellet durability and bulk density. Binders was
quality and discussion of various binders. varied. 2&3
20|Pradhan P et al|Review on pellet production procedure, Pre-processing techniques are size reduction, |Post-pelletization techniques and
2018 pelletization process parameters and torrefaction, steam explosion, hydrothermal evaluation against commercial
utilization. carbonation and biological treatment. Pellet standards. LLDPE binder not studied. 3.4&5

process parameters are moisture content,
particle size, feedstock composition and
machine specific parameters.




213

Appendix 3: Using cone and quarter sampling method described above at KIRDI

in preparation for proximate analysis




Appendix 5 (a): Pellet particle density results (Y1)

214

RUN Trials Mean Y1 STDEV
NO.: {Pellet particle density (kg/m?)}

1 2 3
1 966.2581 966.9817 965.3484 966.1961 0.8184
2 938.8534 938.2148 937.8088 938.2923 0.5266
3 933.4631 932.6910 931.7443 932.6328 0.8609
4 945.0816 944.5560 942.2722 943.9699 1.4936
5 985.2603 081.4728 982.5067 983.0799 1.9577
6 963.2021 963.1457 961.1717 962.5065 1.1563
7 945.5948 945.1444 944.4802 945.0731 0.5607
8 930.5273 931.1708 932.6396 931.4459 1.0827
9 928.6016 929.9248 926.6761 928.4008 1.6336
10 956.5375 955.7111 953.4356 955.2281 1.6064
11 943.2912 946.0681 945.3272 944.8955 1.4379
12 894.5304 892.4771 890.8672 892.6249 1.8360
13 833.2010 833.9387 831.1101 832.7499 1.4673
14 832.6210 831.9800 834.9621 833.1877 1.5697
15 826.9100 824.3432 825.9457 825.7330 1.2965
16 960.8576 957.5433 959.1130 959.1713 1.6579
17 951.8005 949.5208 948.7564 950.0259 1.5837
18 865.9221 865.5982 862.3887 864.6363 1.9533
19 866.1009 866.7499 868.2763 867.0424 1.1168
20 859.8909 860.1361 860.5187 860.1819 0.3164
21 993.5583 996.4260 995.4748 995.1530 1.4607
22 946.5011 947.8719 946.9773 947.1168 0.6960
23 901.5746 903.4728 902.9954 902.6809 0.9874
24 891.9513 890.8594 892.2636 891.6915 0.7373
25 892.5911 893.2742 895.7567 893.8740 1.6658
Mean 917.9036
Minimum 825.7330
Maximum 995.1530
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Appendix 5 (b): Response Table for Signal to Noise Ratios for pellet particle

density

Larger is better

Level X1 X2 X3
59.58 | 59.69 | 59.20
59.50 | 59.41 | 59.06
58.74 1 59.01 | 59.22
59.08 | 59.01 | 59.31
5 59.33 1 59.10 | 59.43
Delta | 0.84 | 0.69| 0.36
Rank 1 2 3

AW IN|[—

Appendix 5 (c): Response Table for Means for pellet particle density

Level X1 X2 X3
952.8 1 965.6 | 913.3
944.5 | 934.6 | 899.3
865.8 | 892.8 | 914.9
900.2 | 892.9 | 924.2
926.1 | 903.6 | 937.9
Delta | 87.0| 72.8| 38.6
Rank 1 2 3

N[N =




Appendix 6 (a): Bulk density results (Y2)

RUN Trials Mean Y2 STDEV
NO.: | {Bulk density (kg/m?)}
1 2

1 626.0060 | 628.3312 | 627.1686 1.6442
2 476.7428 | 477.8770 | 477.3099 0.8020
3 603.2196 | 602.9136 | 603.0666 0.2164
4 486.5724 | 488.6895 | 487.6310 1.4970
5 607.1388 | 605.5931 | 606.3660 1.0930
6 584.9800 | 587.2371 | 586.1086 1.5960
7 625.6924 | 623.8801 | 624.7863 1.2815
8 576.8684 | 574.2795 | 575.5740 1.8306
9 551.8400 | 552.4529 | 552.1465 0.4334
10 546.7308 | 547.3475 | 547.0392 0.4361
11 606.0120 | 605.1329 | 605.5725 0.6216
12 543.6620 | 542.6920 | 543.1770 0.6859
13 505.3408 | 505.9753 | 505.6581 0.4487
14 570.2756 | 569.9490 | 570.1123 0.2309
15 501.3324 | 504.0088 | 502.6706 1.8925
16 596.0396 | 596.7720 | 596.4058 0.5179
17 613.5032 | 611.1013 | 612.3023 1.6984
18 606.0840 | 603.9908 | 605.0374 1.4801
19 565.0908 | 566.5670 | 565.8289 1.0438
20 570.6096 | 572.1208 | 571.3652 1.0686
21 612.2892 | 611.9247 | 612.1070 0.2577
22 660.9312 | 662.3032 | 661.6172 0.9702
23 626.0872 | 625.9457 | 626.0165 0.1001
24 608.1916 | 610.0025 | 609.0971 1.2805
25 551.2708 | 549.9220 | 550.5964 0.9537
Mean 576.9904

Minimum 477.3099

Maximum 661.6172

216
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Appendix 6 (b): Response Table for Signal to Noise Ratios for pellet bulk density

Larger is better

Response Table for Means for pellet bulk density

Level X1 X2 X3
1 54.91 | 55.64 | 55.58
2 55.22 | 55.27 | 54.79
3 54.71 | 55.29 | 55.60
4 55.42 | 54.89 | 54.80
5 55.72 | 54.88 | 55.21
Delta | 1.01 | 0.76 | 0.81
Rank 1 3 2
Appendix 6 (¢):
Level X1 X2 X3
1 560.3 | 605.5 | 602.2
2 577.1 | 583.8 | 551.6
3 545.4 | 583.1 | 602.8
4 590.2 | 557.0 | 550.7
5 6119 | 555.6 | 577.7
Delta | 664 | 499 | 52.1
Rank 1 3 2




Appendix 7 (a): Pellet durability index results (Y3)

RUN Trials Mean Y3 | STDEV
NO.: {Pellet durability index (%)}
1 2 3
11]97.0700 | 96.1289 | 97.6976 | 96.9655 | 0.7896
21947396 | 94.0928 | 93.9000 | 94.2441 | 0.4398
3196.2096 | 95.4918 | 96.2096 | 95.9704 | 0.4145
4196.2944 | 96.1965 | 97.4197 | 96.6369 | 0.6797
51957734 | 97.0734 | 97.0350 | 96.6273 | 0.7397
6 | 93.8559 | 95.0360 | 94.5962 | 94.4960 | 0.5964
7 1973367 | 97.0351 | 97.2132 | 97.1950 | 0.1516
8 196.6924 | 96.7375 | 96.3788 | 96.6029 | 0.1954
9 |97.8353|97.5228 | 97.1601 | 97.5060 | 0.3379
10 | 98.2317 | 97.3986 | 98.8712 | 98.1672 | 0.7384
11 | 97.7454 | 96.5077 | 97.9906 | 97.4146 | 0.7949
12 | 98.2213 | 97.1965 | 97.5171 | 97.6450 | 0.5243
13 | 95.9307 | 96.3199 | 95.1261 | 95.7922 | 0.6089
14 | 98.5843 | 97.3529 | 97.4000 | 97.7791 | 0.6978
15| 97.2056 | 95.8022 | 95.9000 | 96.3026 | 0.7835
16 | 89.7629 | 88.0401 | 87.9748 | 88.5926 | 1.0141
17 | 98.7460 | 98.0025 | 97.5943 | 98.1143 | 0.5839
18 | 95.6288 | 96.4794 | 96.5326 | 96.2136 | 0.5071
19 | 96.5745 | 97.2630 | 97.1389 | 96.9921 | 0.3669
20 | 97.6391 | 97.9133 | 97.9534 | 97.8352 | 0.1711
21 | 97.8385 | 98.0819 | 97.3757 | 97.7654 | 0.3587
22 1 97.8017 | 98.9942 | 97.9173 | 98.2377 | 0.6577
23 1 97.7902 | 98.2938 | 97.8262 | 97.9701 | 0.2809
24 | 98.6868 | 97.5326 | 97.8104 | 98.0099 | 0.6024
251 96.5294 | 97.6838 | 97.5479 | 97.2537 | 0.6309
Mean 96.6532
Minimum 88.5926
Maximum 98.2377

218
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Appendix 7 (b): Response Table for Signal to Noise Ratios for pellet durability

index

Larger is better

Response Table for Means for pellet durability index

Level X1 X2 X3
1 39.65 | 39.55 | 39.78
2 39.72 | 39.74 | 39.64
3 39.73 | 39.69 | 39.76
4 39.60 | 39.77 | 39.58
5 39.81 | 39.76 | 39.75
Delta | 021 | 0.22| 0.20
Rank 2 1 3
Appendix 7 (¢):
Level X1 X2 X3
1 96.09 | 95.05 | 97.47
2 96.79 | 97.09 | 96.00
3 96.99 | 96.51 | 97.29
4 95.55 | 97.38 | 95.35
5 97.85197.24 | 97.16
Delta | 230 | 2.34| 2.13
Rank 2 1 3




Appendix 8 (a): Pellet hardness results (Y4)

RUN Trials Mean Y4 STDEV
NO.: {Pellet hardness (N)}
1 2 3

1| 996.1610 996.2959 996.3232 996.2601 0.0869

2| 577.9680 577.2179 579.8605 578.3488 1.3618

3| 586.8555 586.4504 588.1221 587.1427 0.8721

4| 627.4675 628.3960 628.4980 628.1205 0.5678

51 918.6295 918.1396 919.7787 918.8493 0.8413

6| 922.0315 923.8931 923.4243 923.1163 0.9682

7| 747.7440 749.2010 748.6796 748.5415 0.7382

8 | 754.4240 755.1751 753.4661 754.3551 0.8566

9| 7049215 704.8109 705.2414 704.9913 0.2235

10 | 595.7515 597.1943 595.8638 596.2699 0.8025

11| 696.1635 695.6106 695.2117 695.6619 0.4780

12 | 590.7655 590.1133 592.0681 590.9823 0.9953

13| 586.6720 586.4794 587.4886 586.8800 0.5358

14 | 541.8075 541.9227 541.7081 541.8128 0.1074

15| 571.2485 572.1190 572.9887 572.1187 0.8701

16 | 560.3115 559.6094 561.9898 560.6369 1.2231

17 | 586.5295 586.3540 585.8734 586.2523 0.3397

18 | 740.0345 739.5445 740.9731 740.1840 0.7259

19 | 598.2620 598.0782 600.2208 598.8537 1.1875

20 | 574.8390 575.7677 573.9903 574.8656 0.8890

21 | 915.3270 916.8740 916.9643 916.3884 0.9203

22 | 954.1270 953.6911 954.6776 954.1652 0.4944

23 | 771.1235 770.8598 771.5395 771.1743 0.3427

24 | 734.7135 736.2959 734.7741 735.2612 0.8966

25| 631.2915 631.3548 631.6074 631.4179 0.1672
Mean 699.7060
Minimum 541.8128
Maximum 996.2601
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Appendix 8 (b): Response Table for Signal to Noise Ratios for pellet hardness

Larger is better

Level X1] X2| X3
1 57.16/58.07|57.43
2 57.36/56.62|56.60
3 55.50[56.69(56.45
4

5

55.69(56.10|55.98
57.98|56.22|57.24
Delta| 2.49| 1.97| 1.44
Rank 1 2 3

Appendix 8 (c¢): Response Table for Means for pellet hardness

Level] XI1| X2| X3
1 741.7|818.4|765.7
2 745.5/691.7|688.7
3 597.5|687.9|668.3
4
5

612.2/641.8|633.1
801.7(658.7|742.7
Delta|204.2{176.6{132.6
Rank 1 2 3




Appendix 9 (a): Pellet mass yield results (Y5)

RUN Trials Mean STDEV
NO.: {Mass yield (%)} Y5
1 2 3
1 |53.3410 | 55.2760 | 54.8740 | 54.4970 | 1.0211
2197.8623 | 97.1237 | 99.2741 | 98.0867 | 1.0926
3 195.7317 | 97.4511 | 96.9369 | 96.7066 | 0.8826
4 | 83.3627 | 84.2858 | 84.2522 | 83.9669 | 0.5236
5 (43.8539 | 44.2625 | 44.0137 | 44.0434 | 0.2059
6 | 86.3828 | 86.8261 | 85.4523 | 86.2204 | 0.7011
7 (72.1879 | 72.4109 | 72.5432 | 72.3807 | 0.1795
8 79.5278 | 79.7307 | 78.6627 | 79.3071 | 0.5672
9 (62.8274 | 63.0942 | 64.2136 | 63.3784 | 0.7355
10 | 74.9523 | 74.9724 | 74.1839 | 74.7029 | 0.4495
11 | 41.2955 | 40.2994 | 43.2601 | 41.6183 | 1.5065
12 | 55.2949 | 55.3803 | 56.0246 | 55.5666 | 0.3989
13 | 59.9853 | 61.7820 | 59.0714 | 60.2796 | 1.3790
14 | 48.8212 | 47.8392 | 49.1459 | 48.6021 | 0.6803
15| 72.0988 | 72.4995 | 73.3144 | 72.6376 | 0.6194
16 | 61.1594 | 61.7675 | 61.6341 | 61.5204 | 0.3196
17 | 58.7249 | 58.4429 | 59.3336 | 58.8338 | 0.4552
18 | 67.3046 | 69.2427 | 66.3722 | 67.6398 | 1.4643
19 | 64.1187 | 65.0504 | 64.8555 | 64.6749 | 0.4914
20 | 57.5900 | 56.9240 | 58.1383 | 57.5508 | 0.6081
21| 50.1872 | 49.3567 | 50.1500 | 49.8980 | 0.4691
22 | 48.7076 | 49.7349 | 50.0406 | 49.4944 | 0.6983
23 | 56.4649 | 58.4383 | 57.8859 | 57.5964 | 1.0180
24 | 53.0069 | 52.0535 | 54.3064 | 53.1223 | 1.1308
25| 56.2828 | 56.5178 | 55.4590 | 56.0865 | 0.5560
Mean 64.3365
Minimum 41.6183
Maximum 98.0867
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Appendix 9 (b): Response Table for Signal to Noise Ratios for mass yield

Larger is better

Level

X1

X2

X3

37.13

35.11

35.28

37.48

36.24

37.44

34.77

37.02

35.80

AW IN|[—

35.84

35.79

36.42

34.51

35.55

34.77

Delta

2.97

1.91

2.66

Rank

1

Appendix 9 (¢):

Response Table for Means for mass yield

Level

X1

X2

X3

75.46

58.75

58.99

75.20

66.87

75.84

55.74

72.31

64.28

62.04

62.75

67.29

DN |[WIIN|[—

53.24

61.00

55.29

Delta

22.22

13.56

20.56

Rank

1

3

2
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Appendix 10 (a): Pellet’s higher heating values results (Y6)

Trials
RUN {Higher heating values (MJ/kg)} | Mean
NO.: 1 2 3/Y6 STDEV
1 29.649 28.666 | 30.088 29.468 | 0.728
2 24.082 23.832 | 25.144 24.353 | 0.697
3 28.784 29.938 | 28.624 29.115 | 0.717
4 27.701 27.394 | 27.450 27.515 | 0.164
5 29.110 29.272 | 30.453 29.612 | 0.733
6 21.708 23.207 | 22.488 22.468 | 0.750
7 22.398 21.510 | 21.920 21.943 | 0.445
8 25.698 26.059 | 27.588 26.448 | 1.003
9 23.889 24.705 | 24.080 24.225 | 0.427
10 24.741 24.515 | 25.559 24.939 | 0.549
11 23.905 25.482 | 23.233 24.207 | 1.155
12 28.863 28.112 | 30.311 29.095 | 1.118
13 21.106 20.373 | 21.751 21.077 | 0.690
14 29.296 29.049 | 29.789 29.378 | 0.377
15 29.524 30.583 | 31.121 30.409 | 0.812
16 23.175 22.972 | 24.372 23.506 | 0.756
17 27.245 27.029 | 26.761 27.012 | 0.243
18 28.699 27.852 | 29.088 28.546 | 0.632
19 28.170 29.887 | 29.506 29.188 | 0.902
20 27.477 27.731 | 28.029 27.746 | 0.276
21 27.291 29.124 | 28.245 28.220 | 0917
22 22.712 22.984 | 23.629 23.108 | 0.471
23 26.903 28.230 | 28.140 27.758 | 0.742
24 30.502 31.691 | 31.163 31.119 | 0.596
25 27.828 28.528 |29.076 28.478 | 0.626
Mean 26.757
Minimum 21.077
Maximum 31.119
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Appendix 10 (c): Response Table for Signal to Noise Ratios for HHV(MJ/kg)

Larger is better

Level X1] X2| X3
1 28.92|28.11/28.61
2 27.59|27.95|28.52
3 28.49|28.44/28.50
4

5

28.67|29.00(28.61
28.82|29.00/128.25
Delta| 1.34| 1.05| 0.37
Rank 1 2 3

Appendix 10 (c¢): Response Table for Means for HHV(MJ/kg)

Level| X1| X2/ X3
1 28.01{25.57(27.09
2 24.00(25.10(26.83
3 26.83|26.59(26.83
4
5

27.20]28.28|27.01
27.74|28.24/126.03
Delta| 4.01| 3.18| 1.06
Rank 1 2 3




Appendix 11 (a): Carbon dioxide emissions results (Y7)

Trials
RUN Carbon dioxide (%vol)
NO. 1 2 Mean Y7 | STDEV
1 2.96 3.02 2.99 0.04
2 1.58 1.70 1.64 0.08
3 2.48 2.52 2.50 0.03
4 1.38 1.44 1.41 0.04
5 1.68 1.81 1.75 0.09
6 1.34 1.46 1.40 0.08
7 1.07 1.22 1.15 0.11
8 5.02 6.37 5.70 0.95
9 6.55 6.97 6.76 0.30
10 6.38 7.44 6.91 0.75
11 0.97 2.99 1.98 1.43
12 1.58 3.14 2.36 1.10
13 2.03 2.16 2.10 0.09
14 1.80 1.92 1.86 0.08
15 1.46 422 2.84 1.95
16 3.16 3.46 3.31 0.21
17 2.68 3.24 2.96 0.40
18 2.81 3.33 3.07 0.37
19 3.18 3.67 3.43 0.35
20 1.90 2.44 2.17 0.38
21 3.38 3.47 3.43 0.06
22 1.55 2.50 2.03 0.67
23 4.85 4.89 4.87 0.03
24 3.87 432 4.10 0.32
25 4.12 4.18 4.15 0.04
Mean 3.07
Minimum 1.15
Maximum 6.91
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Appendix 11 (b): Response Table for Signal to Noise Ratios for carbon dioxide

emissions

Smaller is better

Level X1 X2 X3
-5.918| -7.892(-9.513

-10.519] -5.697|-8.146
-6.854(-10.597|-6.808
-9.398| -9.582(-9.662

-11.036] -9.956|-9.596

Delta | 5.118] 4.900] 2.854

Rank 1 2 3

NIRKR|[WIN|—

Appendix 11 (c): Response Table for Means for carbon dioxide emissions

Level] XI1| X2| X3
1 2.057|2.621|3.371
2 4.382|2.026/2.835
3 2.227|3.646(2.378
4
5

2.987|3.510/3.385
3.713|3.563|3.397
Delta |2.325(1.620({1.019
Rank 1 2 3
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Appendix 12: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCj;) for pellet particle density (Y1)

SR
NO.:

Trials

2

S/N

Zij

A

GCij

966.26

966.98

965.35

59.7013

0.8418

0.1582

0.8634

938.85

938.21

937.81

59.44676

0.6847

0.3153

0.7603

933.46

932.69

931.74

59.39421

0.6523

0.3477

0.7420

945.08

944.56

942.27

59.49914

0.7171

0.2829

0.7795

985.26

981.47

982.51

59.85174

0.9346

0.0654

0.9386

963.20

963.15

961.17

59.66806

0.8213

0.1787

0.8484

945.59

945.14

944.48

59.50931

0.7233

0.2767

0.7833

R (AN N[ |W[N|—

930.53

931.17

932.64

59.38314

0.6455

0.3545

0.7383

O

928.60

929.92

926.68

59.35468

0.6279

0.3721

0.7288

[S—
el

956.54

955.71

953.44

59.60212

0.7806

0.2194

0.8201

—_
—_

943.29

946.07

945.33

59.50766

0.7223

0.2777

0.7827

[S—
\]

894.53

892.48

890.87

59.01334

0.4174

0.5826

0.6319

[S—
(8]

833.20

833.94

831.11

58.41027

0.0453

0.9547

0.5116

—
B

832.62

831.98

834.96

58.41483

0.0481

0.9519

0.5123

—
()}

826.91

824.34

825.95

58.33677

0.0000

1.0000

0.5000

—_
(o)

960.86

957.54

959.11

59.6379

0.8027

0.1973

0.8352

—_
3

951.80

949.52

948.76

59.55469

0.7513

0.2487

0.8008

—
o0

865.92

865.60

862.39

58.73663

0.2467

0.7533

0.5703

—_
O

866.10

866.75

868.28

58.76079

0.2616

0.7384

0.5752

\®}
S

859.89

860.14

860.52

58.6918

0.2190

0.7810

0.5615

(\]
[—

993.56

996.43

995.47

59.95778

1.0000

0.0000

1.0000

[\
\9]

946.50

947.87

946.98

59.52807

0.7349

0.2651

0.7904

\S]
(98]

901.57

903.47

903.00

59.11067

0.4774

0.5226

0.6568

\S]
I

891.95

890.86

892.26

59.00429

0.4118

0.5882

0.6296

[\
(V)]

892.59

893.27

895.76

59.0255

0.4249

0.5751

0.6349

max

59.9578

min

58.3368
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Appendix 13: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCi;) for bulk density (Y2).

Trials

SR NO.: 1 2| S/N Zij A GCjj

1 626.01 | 628.33 | 559476 | 0.8362 | 0.1638 | 0.8593
2 476.74 | 477.88 | 53.5760 | 0.0000 | 1.0000 | 0.5000
3 603.22 | 60291 | 55.6073 | 0.7162 | 0.2838 | 0.7790
4 486.57 | 488.69 | 53.7618 | 0.0655| 0.9345 | 0.5169
5 607.14 | 605.59 | 55.6547 | 0.7329 | 0.2671 | 0.7892
6 58498 | 587.24 | 55.3595| 0.6289 | 0.3711 | 0.7293
7 625.69 | 623.88 | 559146 | 0.8246 | 0.1754 | 0.8508
8 576.87 | 57428 | 55.2020 | 0.5733 | 0.4267 | 0.7009
9 551.84 | 55245 | 54.8411 | 0.4461 | 0.5539 | 0.6435
10 546.73 | 54735 | 547604 | 0.4176 | 0.5824 | 0.6320
11 606.01 | 605.13 | 55.6433 | 0.7289 | 0.2711 | 0.7867
12 543.66 | 542.69 | 54.6988 | 0.3959 | 0.6041 | 0.6234
13 505.34 | 50598 | 54.0771 | 0.1767 | 0.8233 | 0.5485
14 570.28 | 569.95| 55.1192 | 0.5441 | 0.4559 | 0.6869
15 501.33 | 504.01 | 54.0256 | 0.1585| 0.8415 | 0.5430
16 596.04 | 596.77 | 55.5108 | 0.6822 | 0.3178 | 0.7588
17 613.50 | 611.10 | 55.7393 | 0.7628 | 0.2372 | 0.8083
18 606.08 | 603.99 | 55.6356 | 0.7262 | 0.2738 | 0.7851
19 565.09 | 566.57 | 55.0537 | 0.5210 | 0.4790 | 0.6761
20 570.61 | 572.12 | 55.1383 | 0.5508 | 0.4492 | 0.6901
21 61229 | 61192 | 557365 | 0.7618 | 0.2382 | 0.8076
22 66093 | 66230 | 56.4121 | 1.0000 | 0.0000 | 1.0000
23 626.09 | 62595 | 559317 | 0.8306 | 0.1694 | 0.8552
24 608.19 | 610.00 | 55.6937 | 0.7467 | 0.2533 | 0.7979
25 551.27 | 54992 | 548166 | 0.4374 | 0.5626 | 0.6400

Max 56.4121
Min 53.5760
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Appendix 14: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCij) for pellet durability index

(Y3).
SR Trials S/N VA A GCij
NO.: 1 2 3
1 97.07 96.13 97.70 | 39.7318 | 0.8738 | 0.1262 | 0.8879
2 94.74 94.09 93.90 | 39.4849 | 0.5990 | 0.4010| 0.7138
3 96.21 95.49 96.21 | 39.6426 | 0.7745 | 0.2255 0.8160
4 96.29 96.20 97.42 | 39.7024 | 0.8411 | 0.1589 | 0.8629
5 95.77 97.07 97.04 | 39.7015 | 0.8400 | 0.1600 | 0.8621
6 93.86 95.04 94.60 | 39.5079 | 0.6246 | 0.3754 | 0.7271
7 97.34 97.04 97.21 | 39.7529 | 0.8972 | 0.1028 0.9068
8 96.69 96.74 96.38 | 39.6998 | 0.8381 | 0.1619 | 0.8607
9 97.84 97.52 97.16 | 39.7805 | 0.9280 | 0.0720 | 0.9329
10 08.23 97.40 98.87 | 39.8388 | 0.9929 | 0.0071 0.9930
11 97.75 96.51 97.99 | 39.7719 | 09184 | 0.0816 | 0.9246
12 08.22 97.20 97.52 1 39.7927 | 0.9416 | 0.0584 | 0.9449
13 95.93 96.32 95.13 1 39.6263 | 0.7563 | 0.2437 | 0.8041
14 08.58 97.35 97.40 | 39.8045 | 0.9547 | 0.0453 0.9567
15 97.21 95.80 95.90 | 39.6722 | 0.8074 | 0.1926 | 0.8385
16 89.76 88.04 87.97 | 38.9468 | 0.0000 | 1.0000 | 0.5000
17 98.75 98.00 97.59 | 39.8343 | 0.9879 | 0.0121 0.9881
18 95.63 96.48 96.53 | 39.6645 | 0.7989 | 0.2011 0.8325
19 96.57 97.26 97.14 | 39.7346 | 0.8769 | 0.1231 0.8904
20 97.64 97.91 97.95 | 39.8099 | 0.9607 | 0.0393 0.9622
21 97.84 98.08 97.38 | 39.8036 | 0.9537 | 0.0463 0.9557
22 97.80 98.99 97.92 | 39.8452 | 1.0000 | 0.0000 1.0000
23 97.79 98.29 97.83 | 39.8218 | 0.9740 | 0.0260 | 0.9746
24 98.69 97.53 97.81 | 39.8251 | 0.9776 | 0.0224 | 0.9781
25 96.53 97.68 97.55 | 39.7578 | 0.9027 | 0.0973 0.9113
max 39.8452
min 38.9468
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Appendix 15: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCi;) for pellet hardness (Y4).

SR NO.: Trials S/N Zjj A GCij
1 2 3
1] .996.1610 | 996.2959 | 996.3232 59.9675 1.0000 0.0000 1.0000
2 | 577.9680 | 577.2179 | 579.8605 55.2437 0.1071 0.8929 0.5283
3 | 586.8555 | 586.4504 | 588.1221 55.3749 0.1319 0.8681 0.5353
4] 627.4675 | 628.3960 | 628.4980 55.9609 0.2427 0.7573 0.5690
51 918.6295 | 918.1396 | 919.7787 59.2649 0.8672 0.1328 0.8828
6 | 922.0315 | 923.8931 | 923.4243 59.3051 0.8748 0.1252 0.8887
7 | 747.7440 | 749.2010 | 748.6796 57.4843 0.5306 0.4694 0.6806
8 | 754.4240 | 755.1751 | 753.4661 57.5515 0.5433 0.4567 0.6865
9 1 704.9215 | 704.8109 | 705.2414 56.9637 0.4322 0.5678 0.6378
10 | 595.7515 | 597.1943 | 595.8638 55.5088 0.1572 0.8428 0.5427
11 ] 696.1635 | 695.6106 | 695.2117 56.8480 0.4104 0.5896 0.6291
12 | 590.7655 | 590.1133 | 592.0681 55.4315 0.1426 0.8574 0.5384
13 | 586.6720 | 586.4794 | 587.4886 55.3710 0.1312 0.8688 0.5351
14 | 541.8075 | 541.9227 | 541.7081 54.6770 0.0000 1.0000 0.5000
15 | 571.2485 | 572.1190 | 572.9887 55.1497 0.0894 0.9106 0.5234
16 | 560.3115 | 559.6094 | 561.9898 54.9736 0.0561 0.9439 0.5144
17 | 586.5295 | 586.3540 | 585.8734 55.3617 0.1294 0.8706 0.5346
18 | 740.0345 | 739.5445 | 740.9731 57.3868 0.5122 0.4878 0.6721
19 | 598.2620 | 598.0782 | 600.2208 55.5464 0.1643 0.8357 0.5448
20 | 574.8390 | 575.7677 | 573.9903 55.1913 0.0972 0.9028 0.5255
21 | 915.3270 | 916.8740 | 916.9643 59.2416 0.8628 0.1372 0.8794
22 | 954.1270 | 953.6911 | 954.6776 59.5925 0.9291 0.0709 0.9338
23 | 771.1235 | 770.8598 | 771.5395 57.7430 0.5795 0.4205 0.7040
24 | 734.7135 | 736.2959 | 734.7741 57.3288 0.5012 0.4988 0.6672
25 | 631.2915 | 631.3548 | 631.6074 56.0063 0.2513 0.7487 0.5718

max 59.9675
min 54.6770




232

Appendix 16: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCi;j) for mass yield (Y5).

SR Trials S/N Zjj A GCijj
NO.: 1 2 3
1 53.34 55.28 54.87 | 34.7244 | 0.3151 | 0.6849 | 0.5935
2 97.86 97.12 99.27 | 39.8311 | 1.0000 | 0.0000 | 1.0000
3 95.73 97.45 96.94 | 39.7084 | 0.9835 | 0.0165| 0.9838
4 83.36 84.29 84.25 | 38.4818 | 0.8190 | 0.1810 | 0.8468
5 43.85 44.26 44,01 | 32.8774 | 0.0674 | 0.9326 | 0.5175
6 86.38 86.83 85.45 | 38.7116 | 0.8499 | 0.1501 | 0.8695
7 72.19 72.41 72.54 | 37.1924 | 0.6461 | 0.3539 | 0.7386
8 79.53 79.73 78.66 | 37.9858 | 0.7525| 0.2475 | 0.8016
9 62.83 63.09 64.21 | 36.0377 | 0.4913 | 0.5087 | 0.6628
10 74.95 74.97 74.18 | 37.4664 | 0.6829 | 0.3171 | 0.7592
11 41.30 40.30 4326 | 32.3745 | 0.0000 | 1.0000 | 0.5000
12 55.29 55.38 56.02 | 34.8958 | 0.3381 | 0.6619 | 0.6017
13 59.99 61.78 59.07 | 35.5989 | 0.4324 | 0.5676 | 0.6379
14 48.82 47.84 49.15 | 33.7314 | 0.1820 | 0.8180 | 0.5500
15 72.10 72.50 73.31 | 37.2226 | 0.6502 | 0.3498 | 0.7408
16 61.16 61.77 61.63 | 35.7801 | 0.4567 | 0.5433 | 0.6480
17 58.72 58.44 59.33 | 35.3920 | 0.4047 | 0.5953 | 0.6268
18 67.30 69.24 66.37 | 36.6000 | 0.5667 | 0.4333 | 0.6977
19 64.12 65.05 64.86 | 36.2142 | 0.5149 | 0.4851 | 0.6734
20 57.59 56.92 58.14 | 35.2001 | 0.3789 | 0.6211 | 0.6169
21 50.19 49.36 50.15 | 33.9609 | 0.2128 | 0.7872 | 0.5595
22 48.71 49.73 50.04 | 33.8894 | 0.2032 | 0.7968 | 0.5565
23 56.46 58.44 57.89 | 35.2052 | 0.3796 | 0.6204 | 0.6171
24 53.01 52.05 54.31 | 34.5016 | 0.2853 | 0.7147 | 0.5832
25 56.28 56.52 55.46 | 34.9763 | 0.3489 | 0.6511 | 0.6057
max 39.8311
min 32.3745
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Appendix 17: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCjj) for pellet’s higher heating

value (Y6).

SR

Trials

NO.:

1

2

3

S/N

Zij

GCij

29.6490

28.6660

30.0877

29.3815

0.8597

0.1403

0.8769

24.0820

23.8319

25.1442

27.7240

0.3708

0.6292

0.6138

28.7840

29.9383

28.6240

29.2773

0.8289

0.1711

0.8539

27.7010

27.3936

27.4497

28.7910

0.6855

0.3145

0.7608

29.1100

29.2721

30.4525

29.4240

0.8722

0.1278

0.8867

21.7080

23.2066

22.4882

27.0214

0.1636

0.8364

0.5445

22.3980

21.5095

21.9203

26.8222

0.1049

0.8951

0.5277

R (AN N[ |W[N|—

25.6980

26.0586

27.5880

28.4357

0.5807

0.4193

0.7046

O

23.8890

24.7054

24.0803

27.6826

0.3586

0.6414

0.6092

[S—
el

24.7410

24.5153

25.5594

27.9333

0.4325

0.5675

0.6380

—_
—_

23.9050

25.4825

23.2327

27.6594

0.3518

0.6482

0.6067

[S—
\]

28.8630

28.1124

30.3109

29.2639

0.8250

0.1750

0.8511

[S—
(8]

21.1060

20.3728

21.7512

26.4667

0.0000

1.0000

0.5000

—
B

29.2960

29.0488

29.7895

29.3590

0.8531

0.1469

0.8719

—
()}

29.5240

30.5828

31.1208

29.6538

0.9400

0.0600

0.9434

—_
(o)

23.1750

22.9722

24.3720

27.4149

0.2797

0.7203

0.5813

—_
3

27.2450

27.0292

26.7605

28.6303

0.6381

0.3619

0.7343

—
o0

28.6990

27.8523

29.0880

29.1067

0.7786

0.2214

0.8188

[S—
\O

28.1700

29.8872

29.5056

29.2955

0.8343

0.1657

0.8579

o}
S

27.4770

27.7313

28.0289

28.8631

0.7068

0.2932

0.7733

(\]
[—

27.2910

29.1242

28.2454

29.0020

0.7478

0.2522

0.7986

[\
\9]

22.7120

22.9843

23.6286

27.2718

0.2374

0.7626

0.5674

\S]
(98]

26.9030

28.2302

28.1397

28.8613

0.7063

0.2937

0.7730

\S]
I

30.5020

31.6911

31.1634

29.8573

1.0000

0.0000

1.0000

[\
(V)]

27.8280

28.5285

29.0762

29.0858

0.7725

0.2275

0.8147

max

29.8573

min

26.4667




234

Appendix 18: Computation of signal to noise ratios (S/N), Normalized data (Zj),

quality loss (A) and grey relational coefficient (GCij) for pellet’s carbon dioxide

emissions (Y7).

RUN NO. Trials S/N Zij GCij
1 2
1 2.96 3.02] -95139] 0.5326| 0.4674] 0.6815
2 1.58 1.7] -43027] 0.1990| 0.8010 | 0.5552
3 2.48 252 -7.9591| 04331 05669  0.6382
4 1.38 144 29863| 0.1147| 0.8853| 0.5304
5 1.68 1.81 | -4.8419] 0.2335] 0.7665| 0.5661
6 1.34 146 | -2.9305| 0.1111] 0.8889| 0.5294
7 1.07 122  -1.1947]  0.0000 | 1.0000 |  0.5000
8 5.02 6.37| -15.1705| 0.8947| 0.1053 |  0.9047
9 6.55 697 | -16.6031| 09864| 0.0136] 0.9866
10 6.38 744 -168150| 1.0000| 0.0000 |  1.0000
11 0.97 299 -69377] 03677] 0.6323] 0.6126
12 1.58 3.4  -7.9085| 04298 | 0.5702|  0.6369
13 2.03 216 | -64279] 03350| 0.6650 |  0.6006
14 1.8 1.92] 53948  0.2689| 0.7311| 0.5777
15 1.46 422 99870 05629 04371  0.6958
16 3.16 346 | -10.4055| 05897 0.4103] 0.7091
17 2.68 324  -9.4645| 05294 0.4706|  0.6800
18 2.81 333 97738 | 05492 0.4508| 0.6893
19 3.18 3.67| -10.7154]  0.6095| 0.3905| 0.7192
20 1.9 244 -67959| 03586 0.6414]  0.6092
21 3.38 347 -10.6940 | 0.6081| 0.3919] 0.7185
22 1.55 25| -63611] 03308 0.6692| 0.5991
23 4.85 489 | -13.7507| 0.8038| 0.1962] 0.8360
24 3.87 432 -122582] 07083 0.2917| 0.7742
25 4.12 418 | -123612] 07149 02851 0.7781
-1.1947
-16.8150
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Appendix 19: Computation and ranking of grey relational grade from grey

relational coefficient of responses

RUN S/N for | Rank
NO.: GCijY2 | GCijY3 GCijY1 GCijY5 GCijY4 | GCijY6 | GCijY7 | Gi Gi

1 0.8593 0.8879 0.8634 0.5935 1.0000 0.8769 0.6815 0.8232 1.6897 | 1
2 0.5000 0.7138 0.7603 1.0000 0.5283 0.6138 0.5552 0.6673 [ -3.5130 | 22
3 0.7790 0.8160 0.7420 0.9838 0.5353 0.8539 0.6382 0.7640 | -2.3378 | 9
4 0.5169 0.8629 0.7795 0.8468 0.5690 0.7608 0.5304 0.6952 [ -3.1580 | 17
5 0.7892 0.8621 0.9386 0.5175 0.8828 0.8867 0.5661 0.7776 | -2.1853 | 4
6 0.7293 0.7271 0.8484 0.8695 0.8887 0.5445 0.5294 0.7338 | -2.6879 | 12
7 0.8508 0.9068 0.7833 0.7386 0.6806 0.5277 0.5000 0.7125 | -2.9439 | 14
8 0.7009 0.8607 0.7383 0.8016 0.6865 0.7046 0.9047 0.7710 | -2.2584 | 7
9 0.6435 0.9329 0.7288 0.6628 0.6378 0.6092 0.9866 0.7431 -2.5790 | 10
10 0.6320 0.9930 0.8201 0.7592 0.5427 0.6380 1.0000 0.7693 | -2.2785 | 8
11 0.7867 0.9246 0.7827 0.5000 0.6291 0.6067 0.6126 0.6918 [ -3.2008 | 18
12 0.6234 0.9449 0.6319 0.6017 0.5384 0.8511 0.6369 0.6897 | -3.2263 | 19
13 0.5485 0.8041 0.5116 0.6379 0.5351 0.5000 0.6006 0.5911 -4.5667 | 25
14 0.6869 0.9567 0.5123 0.5500 0.5000 0.8719 0.5777 0.6651 -3.5427 | 23
15 0.5430 0.8385 0.5000 0.7408 0.5234 0.9434 0.6958 0.6836 | -3.3043 | 20
16 0.7588 0.5000 0.8352 0.6480 0.5144 0.5813 0.7091 0.6495 | -3.7479 | 24
17 0.8083 0.9881 0.8008 0.6268 0.5346 0.7343 0.6800 0.7390 | -2.6273 | 11
18 0.7851 0.8325 0.5703 0.6977 0.6721 0.8188 0.6893 0.7237 [ -2.8090 | 13
19 0.6761 0.8904 0.5752 0.6734 0.5448 0.8579 0.7192 0.7053 [ -3.0328 | 16
20 0.6901 0.9622 0.5615 0.6169 0.5255 0.7733 0.6092 0.6769 | -3.3889 | 21
21 0.8076 0.9557 1.0000 0.5595 0.8794 0.7986 0.7185 0.8170 [ -1.7552 | 2
22 1.0000 1.0000 0.7904 0.5565 0.9338 0.5674 0.5991 0.7782 | -2.1785 | 3
23 0.8552 0.9746 0.6568 0.6171 0.7040 0.7730 0.8360 0.7738 | -2.2274 | 6
24 0.7979 0.9781 0.6296 0.5832 0.6672 1.0000 0.7742 0.7757 | -2.2057 | 5
25 0.6400 09113 0.6349 0.6057 0.5718 0.8147 0.7781 0.7081 -2.9985 | 15

Abbreviations: GCijY1 - grey relational coefficient for computed pellet particle

density.

index.

emissions.

GCijY2-grey relational coefficient for computed pellet bulk density.

GCijY3 - grey relational coefficient for computed pellet durability

GCijY4 - grey relational coefficient for computed pellet hardness.

GCijYS5 - grey relational coefficient for computed mass yield.

GCijY6 — grey relational coefficient for higher heating values.

GCijY7 - grey relational coefficient for computed carbon dioxide

Gi — grey relational grade
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Appendix 20 (a): Computed grey relational grade (Gi) and their signal to noise

ratios (S/N)

SRNO. |Gi S/N

1 0.8232 -1.6897
2 0.6673 -3.5130
3 0.7640 -2.3378
4 0.6952 -3.1580
5 0.7776 -2.1853
6 0.7338 -2.6879
7 0.7125 -2.9439
8 0.7710 -2.2584
9 0.7431 -2.5790
10 0.7693 -2.2785
11 0.6918 -3.2008
12 0.6897 -3.2263
13 0.5911 -4.5667
14 0.6651 -3.5427
15 0.6836 -3.3043
16 0.6495 -3.7479
17 0.7390 -2.6273
18 0.7237 -2.8090
19 0.7053 -3.0328
20 0.6769 -3.3889
21 0.8170 -1.7552
22 0.7782 -2.1785
23 0.7738 -2.2274
24 0.7757 -2.2057
25 0.7081 -2.9985




Appendix 20 (b): Response Table for Signal to Noise Ratios for Gi

Larger is better

Level X1 X2 X3
1 -2.577| -2.616] -2.500
2 -2.550| -2.898| -2.953
3 -3.568| -2.840| -2.815
4 -3.121] -2.904| -3.078
5 -2.273| -2.831| -2.743
Delta 1.295| 0.287| 0.578
Rank 1 3 2

Appendix 20 (¢): Response Table for Means for Gi

Level X1 X2 X3
1 0.7455|0.7431(0.7519
2 0.7460(0.7174|0.7128
3 0.6642|0.7247)0.7242
4 0.6989|0.7169(0.7027
5 0.7706|0.7231|0.7336
Delta|0.1063(0.0262(0.0492
Rank 1 3 2
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Appendix 21: Experimental set-up of emissions testing at LEMS
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Appendix 22: Combustion of optimized blended pellet in a pellet stove
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The following articles were as a result of this thesis:

Lazarus Kiprop Limo, Diana Starovoytova Madara, Obadiah Maube

Enhancing herbaceous biomass pellets quality by blending with woody biomass and
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A review. https://doi.org/10.7176/jetp/14-2-02

Lazarus Kiprop Limo i -, Diana Starovoytova Madara :, and Jerry Ochola
sCharacterization of Corn Stover and Eucalyptus Sawdust for Pellet
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