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ABSTRACT

The co-combustion of coal with biomass is one of the promising technologies that can offer cleaner
and sustainable electricity. This option is attractive as it holds the potential to reduce CO,, NOx
and SOy emissions from coal combustion, which are associated with climate change. As emission
standards and regulations become stricter, existing coal power stations will struggle to comply as
various technologies like Flue Gas Desulfurization (FGD) are too expensive to be integrated with
an existing power plant. The co-firing of coal with biomass would be a suitable approach for South
Africawhich is largely dependent on coal, as the country continue using its available coal resources
to meet its energy demand, while complying with the stipulated environmental regulations.
However, with the poor physicochemical properties of many biomass sources, it is important to
investigate the suitability of each biomass species in order to determine their co-firing potential

before being used.

Two indigenous South African trees, Searsia lancea and Tamarix usneoides were planted to
control Acid Mine Drainage (AMD) in mining areas. The trees were planted as part of the
AngloGold Ashanti (AGA) mine rehabilitation program in collaboration with the University of the
Witwatersrand. The tree species were chosen because of their ability to absorb toxic minerals in
their different parts, particularly in the leaves. Different parts of the trees were evaluated for their
combustion and co-combustion potential with two South African coals, a discard and a run of mine
coal. The physicochemical characteristics and thermal properties of the coals, raw biomass and
their blends were investigated using a thermogravimetric analyzer (TGA), a bomb calorimeter, and
an elemental analyzer (Elementar vario EL cube analyser). The oxides of major and minor
elements present in the biomass, coal and their blends were obtained from X-ray Fluorescence
(XRF) techniques. The emissions of CO2, NOx and SOy during biomass, coal and coal-biomass

co-combustion were monitored using Multi Gas Analyzer (MGA 11).

Significant differences in fuel characteristics were found between both tree species and their
divided plant COMPONENTS and the coals used in the co-firing tests. Searsia lancea’s leaves
possessed a calorific value of 19.21 MJ/kg compared to 16.73 MJ/kg from the discard coal utilized.

All the Searsia lancea blends, irrespective of trial site location, possessed lower ash contents (3.77



to 6.60%) relative to Tamarix usneoides plant blends which were found to have ash contents of
7.48 to 8.98%. The leaves of both tree species were found with the highest ash content and
concentrations of alkali elements leading to higher slagging and fouling ratios. The coals utilized
were seen to ignite and burnout completely at higher temperatures than biomass. Searsia lancea
and Tamarix usneoides displayed higher combustion reactivity than discard coal and run of mine
coal. Searsia lancea harvested from the Mispah site and Tamarix usneoides harvested from the
Madala site are better fuels, in terms of reactivity compared to all other samples. A decrease in
ignition temperature was noted for the discard coal when co-fired with both Searsia lancea and
Tamarix usneoides. There was also an increase in the coal reactivity as the percentage of biomass

in the blend increased.

The activation energies for the 100% biomass were found to be lower than the activation energies
for the coals utilized in this study, indicating that less energy is required for biomass combustion
than for coal combustion. The activation energy for the first stage combustion of Searsia lancea
was 32.98 kJ/mol, and 24.94 kJ/mol for its second stage combustion reaction. Tamarix usneoides
had an activation energy of 37.39 and 26.23 kJ/mol in its first and second stage combustion,
respectively. The biomass used were found with higher amounts of Na,O and KO than discard
coal, indicating that the use of biomass alone for power generation might be detrimental to boilers.
The addition of coal to the biomass was found to reduce the concentrations of Na.O and KO,
thereby lowering the slagging and fouling potential of the biomass. The emitted gases, that is, CO»,
SOy and NOy from the discard coal were reduced by the blending and co-firing of the biomass with
coal. This study has demonstrated that both indigenous tree species used for the phytoremediation
of contaminated mine sites, could serve as a suitable and compatible valuable source of biomass

for combustion and co-combustion with South African high ash coal.
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CHAPTER 1: INTRODUCTION

1.1 Background and motivation

In recent years, South Africa's economy has been damaged by sustained power cuts caused by
under-investment in electricity and shortage of generating capacity (Hedden, 2015). Poor people
are also suffering from the exorbitant electricity tariffs that increase almost every year. Clearly,
there is an energy crisis in South Africa. According to Export.gov. (2019), coal accounts for
approximately 85% of South Africa’s electricity production. This is likely to remain the same for
the next few years. The quality of coal has been deteriorating leading to a decline in the combustion
efficiency (Taole, 2014). Climate change and global warming are at their all-time high (Nunez,
2019). Many researchers have indicated that the emissions from coal combustion are a huge
contributor to the ongoing environmental problems. Coal combustion releases CO2 and SOy that
are deemed harmful to the environment (Keating, 2011). Consequently, there is a great need to
move to cleaner electricity generating technologies to curb the emissions and climate change (Gil
etal., 2010).

Many renewable and clean energy alternatives have proved to be inefficient in South Africa
(Slabbert, 2017). For example, solar energy is intermittent as it depends on weather conditions.
This means that the solar energy should be stored for it to be used efficiently. However, the cost
of storing solar energy is very high (Williams, 2013). Similarly, wind energy cannot be depended
on since wind power is not guaranteed daily and is hard to store (Johnson, 2014). Lately, a lot of
attention has shifted to biomass as an alternative source for energy production (Sahu et al., 2014).
Biomass is considered to be a clean energy source as it is carbon neutral, as long as the trees are
replanted (Gil et al., 2010). Plants use CO> during photosynthesis, and the CO» emitted from the
combustion of these materials makes no net contribution to the accumulation of CO> in the
atmosphere or to the greenhouse effect (Gil et al., 2010). Exclusive biomass combustion would
require new, decentralized power plants to be constructed (Heim and Bemptgen, 1998). This would
require huge capital investments as well as large storage capacity due to seasonal fuel availability

and will also be time-consuming to build the plants (Heim and Bemptgen, 1998).



With large coal reserves still available, the South African government is reluctant to abandon coal
as a major energy source (Energy Advocacy, 2015). However, it is determined to find cleaner
technologies that will reduce the adverse environmental impact associated with greenhouse gas
emissions from coal combustion (Energy Advocacy, 2015). Co-combustion of coal with biomass
is one of the promising clean coal technologies (Gil et al., 2010). Environmental benefits of co-
combustion include reduction of CO, emissions by saving on fossil fuel, lower NOx and SOx
emissions as biomass contains less nitrogen fuel and sulfur (VGB PowerTech, 2008). The main
benefit of co-firing is that the traditional or existing coal boilers can be adapted and used for the
combustion of the new fuel (biomass-coal blend). This means that power plants that are failing to
comply with the emission regulations can lower their emission to an acceptable standard by
combusting a blend of biomass with coal (VGB PowerTech, 2008). With the utilization of this
new fuel (biomass-coal blend), the lifespan of traditional coal power stations can be increased
through co-firing (Bada et al., 2015). Varol et al. (2010), performed an investigation on the co-
combustion characteristics of low-quality lignite coals with biomass using thermogravimetric
analysis. The authors reported that the combustion characteristics of the low-quality lignite coal

utilized were improved by the addition of biomass while CO2 emissions were reduced.

South Africa is one of the global leading gold producers, while the Witwatersrand basin contains
the richest gold deposits and low-grade uranium (Kumar, 1995; Weiersbye et al., 2006b). Acid
mine drainage (AMD) is a global and national problem that has been ongoing for decades. It is
one of the most severe mine pollutions, which occur in abandoned mine waste rock or tailings
containing sulphide minerals such as pyrite (Akcil et al., 2006). According to Brodie et al. (1992),
mine rehabilitation objectives are to ensure physical and chemical stability of the environment and
to promote land use for the economy and social upliftment of the community. A mine rehabilitation
method is chosen based on the above-mentioned objectives. For the rehabilitation of a gold mine
in the Witwatersrand basin of South Africa, two indigenous tree species “Tamarix usneoides and
Searsia lancea”, among other trees, were planted to control and treat the AMD water from the
mine (Weiersbye et al., 2006). The process utilized is known as phytoremediation, which involves
using plants and soil microflora as well as non-living biomass to improve the quality of a substrate
(Weiersbye, 2008). The investigation conducted by Dye and Weiersbye (2010) had shown that

both the Searsia lancea and Tamarix usneoides trees used as co-fired fuels in this study have the



capability to absorb toxic minerals and trace elements from the contaminated water in their deep

roots and leave the land in a better condition.

A lot of tree species including Searsia lancea and Tamarix usneoides were planted for
phytoremediation, and between 2003 and 2008 an estimated 320 hectares of trees were planted
(Dye and Weiershye, 2010). According to Mosito, (2016), some of these trees are being used as
firewood by the community, but combusting solely or co-firing of these trees with coal or other
fossil fuels might be of a greater economic value. Apparently, co-combustion of biomass with coal
may extend the lifetime span of an existing power plant and also wipe out the need for retrofitting
a power plant with a flue gas desulfurizer (FGD). Therefore, the potential and suitability of these
trees, i.e. the wood, roots, twigs, leaves, and their blends were investigated for combustion and co-
combustion with coal in this research. In addition, the extent to which both tree species can reduce

emissions was also investigated.

1.2 Problem Statement

The problems expected in this research are as follows:

e Many coal-fired power stations emit CO,, NOx and SOy that are above the regulated
emission standards (Vhathvarothai etal., 2013). As a result, the lifespan of many coal-fired
power stations is threatened as the need to produce clean energy is rising. Co-combustion
of coal with biomass is one of the recent technologies that can be used to increase the
lifespan of coal-fired power stations without infringing on environmental policies (Gil et
al., 2010).

e The combustion of biomass alone in coal boilers may cause slagging and fouling (Bada et
al., 2014). “The high inorganic content of the biomass such as the alkalis, sodium and
potassium, sulphates, chlorides and carbonates in the ash is believed to be the cause for
slagging and fouling” (Li et al., 2012; Febrero et al., 2015). The blending of coal with the
biomass might reduce the slagging propensity of the fuel and lower the concentration of
the gases emitted (Li et al., 2012; Bada et al., 2015).



The utilization of Searsia lancea and Tamarix usneoides for combustion and co-
combustion might have a negative impact for energy production due to the heavy metals

reported in their ash. This needs to be tested.

The alkali and chloride contents in biomass have been recognized as being the sources of
corrosion in boilers. The co-firing of these raw biomass forms with different proportions
of coal might reduce the alkali content of the biomass and thereby reduce corrosion and
improve on burning compatibility with coal. NB: Both tree species are noted to
hyperaccumulate salts in their leaves, but not in their wood. The leaves contain salts at
levels ranging from 2 to 10%. The plants excrete these salts via salt glands, primarily in
the form of CaSO4 and NaCl, with lesser amounts of other metal sulphates and chlorides
depending upon the severity of the AMD water. The blending of these leaves with the roots,
twigs and wood could have a negative impact on the combustion of the biomass. This needs

to be investigated.

The presence of NaCl in the leaves might cause emission problems. A study carried out by
Lin and Hsieh (1985) during the combustion of oil, showed that NaCl presence in the air
enhances the formation of excess Oz, CO and SOz. In contrast, the authors noted that the
emission of CO, was reduced. This study will also investigate if the combustion of the
leaves with high NacCl, solely or with coal will reduce the CO, emission and enhance the
formation of CO and SO as stated in the study by Lin and Hsieh (1985) on oil combustion.

1.3 Aim and objectives
The aim of this research is to evaluate the suitability of Searsia lancea and Tamarix usneoides

used for AMD control as a fuel for combustion and co-combustion.

The objectives are to:

e Determine the physico-chemical properties of the roots, branches, leaves and wood of the

two tree species and their blends.



Determine the combustion and co-combustion reaction kinetics when combusting the two

tree species with and without coal in various proportions.
Evaluate trace elements in the feed materials and ash of the combusted trees and their parts.

Investigate CO2, SOx and NOy emissions when increasing biomass proportions during co-

combustion with coal.

1.4 Research questions

Can Searsia lancea and Tamarix usneoides planted for AMD control be used as a fuel for

combustion and co-combustion?
Which tree parts are most suitable for combustion and co-combustion?

How do combustion properties of Searsia lancea and Tamarix usneoides differ across
different AMD affected sites?

How do the chemical and thermal properties of Tamarix usneoides and Searsia lancea

compare with those of run of mine and discard coals?

Can discard coal lower the slagging and fouling potential of Searsia lancea and Tamarix

usneoides?

Will increasing biomass proportion during co-combustion lower the CO, and SOXx

emissions?

1.5 Hypothesis

Searsia lancea and Tamarix usneoides planted to control AMD will improve combustion

characteristics of coal when co-fired and lower the emissions of GHG from coal combustion.



1.6 Dissertation Outline

This dissertation has 5 chapters which cover various aspects of the research. The background and
motivation for this study, along with the aim and objectives together with the hypothesis are
presented in Chapter 1. The focus of Chapter 2 was on the literature review, the knowledge and
background on coal, biomass, combustion technologies and co-combustion fundamentals.
Furthermore, some of the research done in co-combustion are reviewed. Chapter 3 provides the
materials and experimental techniques used in this research. Chapter 4 outlined the discussion of
results obtained from this research. Lastly, the conclusions drawn from the results in Chapter 4 are

presented in Chapter 5. Additionally, Chapter 5 also offer recommendations for future studies.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This section provides an outline of different investigations previously carried out in the field of
combustion and co-combustion. A brief background on coal, biomass, the tree species used in this
research and co-combustion is provided. The results from published articles that are in line with
the co-combustion of biomass are reviewed in detail. The main experimental technique, i.e.
thermogravimetric analysis (TGA) used in determining the coal/biomass combustion reactivity,

along with the theory behind combustion reaction kinetics were presented in this chapter.

2.2 Coal

2.2.1 Coal type, rank and grade

Coal is a chemically and physically heterogenous sedimentary rock that consists of both organic
and inorganic materials (Miller, 2011). The major organic components of coal are carbon,
hydrogen and oxygen. Sulfur and nitrogen make up for the remainder of the organic coal
components. Apart from the organic compounds, coal also contains inorganic ash-forming
minerals. Radenovic (2006) stated that more than one hundred different minerals and almost every
element in the periodic table has been found in coal. Figure 2.1 below shows the make-up of coal’s

inorganic compounds.

Inorganic coal
components

Major element Minor element Trace element

quarts, pyrite, clay and
carbonates

Figure 2. 1: Coal’s inorganic compounds (Radenovic, 2006)



Coal is formed from plant remains or materials buried in swamps, which are exposed to the effects
of time, temperature and pressure. The geological process that transforms plant remains into coal
is called coalification (Miller, 2011). The northern hemisphere (Europe and North America) coal
were formed in equatorial conditions during carboniferous times 300 to 350 million years ago
(Falcon, 2013). Contrastingly, coal in the southern hemisphere was formed in cold to cool
temperature conditions during Persian times, 280 to 300 million years ago. The following factors
as outlined below, are responsible for the difference in the quality of Southern African coals from

most other coals (Falcon, 2013);

e Between coal basins (age, sedimentary environment, vegetation)
e Between coal fields (rank, type and grade)
e Between seams (climate, vegetation, sedimentary environment)

e Laterally and vertically within one seam.

The main technique for studying the organic and inorganic components of coal is known as
petrographic analysis. This technique identifies the reactive capabilities of each material within
the coal matrix, and their related industrial applications (Falcon, 1977b). Falcon and Ham (1988)
stated that due to differences in the coal organic constituents, coals of similar chemical nature can
be found to have significantly different performances under similar operating conditions. These
different organic components are referred to as, macerals. Three groups of macerals exist, viz,
liptinite, vitrinite, and inertinite. Falcon (1992) and Falcon (1977b) studied the properties of these

macerals in different Southern African coals, and the author’s findings are summarized below;

e Liptinite
This maceral has a low reflectance (dark in reflected light), it contains high percentage of
aliphatic substances, volatile matter, and hydrogen contents. Liptinite produces heavy tars,

bitumens and other hydrocarbon products.

e Vitrinite
This type of maceral contains moderate volatile matter and moderate to high hydrogen

content compared to the inertinite group. On heating, it devolatilizes quickly, becomes

8



plastic and swells. This maceral group (vitrinite), which is determined by the proportion of
light reflecting off the surface of the coal, is used in ranking coal. The rank of coal and its
reflectivity denote coal maturity. The reflectivity and coal carbon content increase with

coalification whereas volatile matter decreases.

e Inertinite
This is a maceral with the lowest volatile matter and hydrogen contents relative to the other
two maceral groups. However, it has a higher oxygen content. This carbon rich, relatively
dense component burns with an intense heat and for longer periods of time than its more

porous vitrinite counterpart.

The rank of a coal is a measure of its degree of metamorphism (Shrilekha and Soni, 2015). Coal
is classified into three major ranks, namely anthracite, bituminous, and lignite. However, the
distinction between the three groups is not clear and coal is also further classified as semi-
anthracite, semi-bituminous, and sub-bituminous. Anthracite is the oldest coal from a geological
perspective (Shrilekha and Soni, 2015). It is a hard coal composed mainly of carbon with little
volatile matter content and virtually no moisture. Contrastingly, lignite is the youngest coal from
a geological view. It is a soft coal composed largely of volatile matter and moisture content, but
with a low fixed carbon content (Falcon, 1977a). Figure 2.2 below shows how the rank of coal

varies. From left to right, the variation is with increasing age.

Swamp > Peat > Lignite >Bituminous> Anthracite>

Figure 2. 2: Variation in coal rank (Falcon, 2013)

The following remarks are made by Falcon, (1977b) on the rank of coal;

e High volatile bituminous coals are ranked according to their moisture content and calorific

value (>30% volatile matter on European standards).



e Medium to low volatile bituminous coals are best measured by volatile matter and
reflectance of vitrinite (<30% volatile matter on European standards).

¢ Anthracite are ranked according to the hydrogen content of the coal (8% volatile matter on
European standards).

¢ Rank is important in determining the properties and potential behavior of coal.

e Low rank coals with high volatile matter, oxygen and hydrogen contents, and low carbon
content are used for hydrogenation purposes. While coal of different ranks down to
medium-bituminous coals can be used for liquefaction. For gasification purposes, coals of

different ranks can be utilized depending on the gasification route or process technology.

The grade of coal is a measure of impurities in the coal (Falcon, 2013). In defining “low quality”
coal, rank is of little importance (Dong, 2011). There is no single universally accepted definition
of low rank or low-grade coal (Mills, 2016). However, a coal can be classified as a low rank or
low-grade coal if it possesses high mineral matters, which might limit its application (Mills, 2016).
Low rank coals such as sub-bituminous and lignite coals are generally considered to be low grade
as they possess high moisture content and low heating value (Mills, 2011). Anthracites and semi-
anthracites are sometimes thought to be a low-grade coal due to their delay in ignition and long
residence burnout time during combustion. It is difficult to classify bituminous coals as high grade
or low-grade coal, but with the characteristics stated below, bituminous coal can be classified as a

low-grade coal (Mills, 2016), based on;

e Low heating value implying low efficiency;

¢ High moisture content, also translating to low efficiency;

e Low volatile matter related to low flame stability;

¢ High ash content, causing ash-related problems and reducing efficiency;

e High sulfur content, implying high SO2 emissions and high abatement cost;
e Low ash fusibility, having potential for slagging;

e High alkaline content, having potential for slagging, fouling or corrosion;

e Low Hardgrove Grindability Index, implying high milling power consumption.
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Generally, coal is classified as “low grade” or “low quality” if it has properties that are undesirable
for its intended end application, especially for power generation (Mills, 2011). A large proportion
of low-grade coals are used in power plants that are designed specifically for these kinds of coals,

and this is more applicable to the South African coal power plants (Mills, 2016).

2.2.2 Coal utilization

The use of coal dates back to ancient times, although it was only during the industrial revolution
that it rose to prominence as a major resource (Miller, 2011). Coal is arguably the most important
energy source to drive the first industrial revolution. The use of coal in England grew between
1750 and 1850 due to transport revolution, the iron-industrial revolution and the forest decline
(FERC, 2010). Coal is mainly utilized for electricity generation and in the iron and steel production
industries (Miller, 2010). Secondary coal use includes locomotives for transport, household heat,
and chemicals such as dyes, ammonia and explosives. The four major coal utilization processes
are combustion, carbonization, gasification and liquefaction (Miller, 2011). Since this study was
based on the combustion of coal and biomass, a thorough literature review was provided on

combustion in the next sub-section, while the other three processes are discussed below.

The carbonization of coal, biomass or any organic matter is a process by which these materials are
heated up, under a specific condition, and volatile products are driven off both in gaseous and
liquid forms, leaving a solid porous residue called char or coke (Miller, 2011). Carbonization can
be classified either as a low or high temperature carbonization. Carbonization processes that take
place at a temperature greater than 900°C are classified as high temperature carbonization while
those occurring below 730°C are known as low temperature carbonization (Satyendra, 2014). High
temperature carbonization is mainly applied in the production of metallurgical coke for use in blast
furnaces and foundries (Hazra, 2002). Additionally, coke is also used for the manufacture of
calcium carbide and electrode carbons, as reductant in ferrous and non-ferrous open-hearth
operations, and in foundries to produce cast iron (Miller, 2011). Low temperature carbonization
on the other hand is used to provide town gas for residential and street lighting, tars for use in
chemical production, and smokeless fuels for domestic and industrial heating (Miller, 2011). The

ability of coal to melt upon heating and to form a coherent residue on heating is called caking. This
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is a prerequisite for all coking coals. Low rank coals such as lignites and high rank coals such as
anthracites do not cake (Tanggara et al., 2018). Therefore, these coals are not capable of producing

coke.

Gasification is another process used in the upgrading of coal and other carbon solid feedstocks
which are difficult to handle by removing unwanted impurities and converting them into gases that
can be purified and used directly as a fuel or further processed into other gaseous or liquid products
(Miller, 2011). The interest in gasification stems from its attractiveness. Firstly, liquids and gases
are easier to handle and use than coal, whether for heating, cooking, or for power generation
(Miller,2017; Luo, 2017). Secondly, impurities in coal can be removed easily through gasification,
and with a high carbon conversion ratio rather than through direct combustion (Luo, 2017). Lastly,
it is important to note that, synthetic fuels burn more cleanly than coal, releasing less emissions of
NOx and SOx (Miller, 2011). Carbon dioxide can also be removed readily from the gas stream
before gasification products are used or fed into the gas turbine. Gasification is very attractive to
countries like South Africa that have coal reserves but lack oil and gas reserves (Zheng et al.,
2019). The use of this technology is currently limited (Rycroft, 2019). However, it is expected to
rise and be used for future production of electricity, steam, chemicals, and fuels such as hydrogen
(MRFR, 2019).

With liquefaction, coal and other feedstocks are converted into liquid products through this
approach (Speight, 2017). There are three processes that are used in extracting liquids from coal,
these processes are pyrolysis, indirect liquefaction and direct liquefaction. Pyrolysis is not
classified under liquefaction although it produces liquid products (Miller, 2011). This is because
the liquids in pyrolysis are by-products during coke production and biomass carbonization. By
definition, liquefaction is referred to as a process for the conversion of organic solids such as coal,
where the primary product is a liquid. In indirect liquefaction, the coal is gasified into a mixture
of carbon monoxide and hydrogen (together known as syngas) (de Klerk, 2014; Luque and
Speight, 2015). Subsequently, syngas is processed into liquid products using Fischer-Tropsch
synthesis. In direct liquefaction, also known as coal hydrogenation, coal is combined with a

hydrogen donor solvent and reacted with hydrogen or syngas under elevated pressures and
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temperatures to produce a liquid fuel (NETL, 2019). The Fischer-Tropsch process is extensively
used in South Africa by Sasol (Speight, 2016; Sasol, 2019).

2.2.3 Influence of coal quality on combustion

Coal quality plays a significant role in the operation and effectiveness of coal-fired power plants
(Nalbandian, 2011). In power generation, coal quality affects many operational aspects. The choice
of coal plays a major role in the success and economic-viability of a power plant (Mills, 2016).
Tables 2.1, 2.2 and 2.3 below show how coal quality affects several aspects of operational and

plant design for both new and existing power plants alike.

Table 2. 1: Impact of fuel constituents on combustion (Saxena, 2013; Sharma, 2015)

Fuel constituent Impact

C, H, Sand N content eChange in fuel composition can affect
combustion process as boilers are designed
for specific fuel compositions.

eHigh C, N or S increase CO2, NOx and SO
emissions.

Cl content A high CI content increases corrosion risk.

Table 2. 2: Impact on emission control systems (Saxena, 2013; Sharma, 2015)

Component Impact

Particulate e Selection of control equipment is affected by fuel characteristics,
boiler type, ash properties, plus particle loading and size.
e High ash level can impair effective Electroscopic Precipitation

(ESP) operation.
NOx e Thermal NOx might be controlled by reducing combustion zone
temperature.
e Fuel containing less nitrogen will generate less overall NOx.
SO, e SO;can be controlled by switching to low sulfur coal or deploying

post-combustion systems such as FGD.
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Table 2. 3: Influence of coal quality on variation of power plants (Saxena, 2013; Sharma, 2015)

Property

New plant

Existing plant

High moisture content

o Bigger boiler and pulveriser needed.

o Lower boiler efficiency and higher
fuel requirement per Megawatt
(MW) of output.

o Difficulty in maintaining steam and
reheat temperatures.

¢ Reduced boiler efficiency.

¢ Reduced pulveriser capacity.

¢ Reduced outlet temperature.

High ash content

¢ Increased boiler and pulveriser size.

e Higher power requirement.

¢ May require more support oil.

e Higher fuel requirement per MW of
output.

o Large amount of ash for disposal.

e Increased erosion, slagging and
fouling of pressure parts and draught
fans.

o May require more support oil.

¢ Reduced ESP performance.

¢ Overloading of draught fans.

¢ Large amount of ash for disposal.

Volatile Matter (VM)
content

o Low volatile matter content may
require special boiler design (down-
shot).

e Impact on boiler turndown ratio and
fuel residence time in boiler.

e A sudden decrease in volatile matter
can affect flame stability, requiring
secondary fuel oil support to manage
part-load operations.

Calorific value (CV)

o Low calorific value can impact on
size and design of boiler, mills, ESP,
draught fans, air and flue gas ducts,
fuel handling system, and auxiliary
power consumption.

o Lower calorific value means that a
greater volume of coal will be needed,
as will higher heat transfer into
convective surfaces.

e Increased de-superheating spray will
be required to maintain main steam
temperature.

o Lower efficiency of boiler, mills, and
ESP.

Hardgrove Grindability
Index (HGI)

e Mills must be designed to
accommodate  extreme  values,
resulting in high equipment costs.

¢ Coal fineness is affected if HGI value
is less than design value.

eIncreased mill maintenance and
downtime.

e Reduced boiler efficiency and
performance.

2.2.4 Status quo of coal in South Africa

Internationally, coal is currently the most widely used primary fuel, accounting for approximately

27% of global primary energy and 38% of the world's electricity production (IEA, 2018). In South

Africa, coal has been a major energy supplier, dating back to the 19™ century, when coal from the
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Vereeniging area was supplied to the Kimberly diamond fields (Eskom, 2019). Currently, coal
accounts for an estimated 77% of South Africa’s primary energy needs (Chamber of mines, 2018).
This figure is not expected to change significantly in the next decade, as there are no suitable
alternative energy sources to coal (Eskom, 2019). Coal’s dominance in South Africa’s electricity

production is highlighted in Figure 2.3 below.
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Figure 2. 3: South Africa’s fuel contribution to electricity generation in 2017 (Eskom, 2017).

South Africa produces an average of 224 million tonnes of marketable coal annually, making it
the 7™ largest coal producing country in the world (Coyne, 2018; Eskom, 2019). In 2017 alone,
the country produced 252 million metric tonnes of coal, directly contributing 3.3% to the global
coal production (Coyne, 2018). South Africa is the 6" largest global coal exporter, with an
approximately 5.9% of the total global coal export dollar value in 2018 (Workman, 2019). The
remainder of South Africa's coal production feeds the various local industries, with 53% used for
electricity generation (Eskom, 2019). The key role played by the country’s coal reserves in the
economy is illustrated by the fact that Eskom is the 7™ largest electricity generator in the world,

while Sasol is the biggest coal-to-chemicals producer globally (Eskom, 2019). Figure 2.4 below
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shows how coal utilization is distributed in South Africa while the summary of South Africa’s

contribution to the global coal production is presented in Table 2.4:

= Electricity = Petrochemicals = Metallurgical Domestic

Figure 2.4: Coal utilization in South Africa (Eskom, 2019)

Table 2.4: Summary of coal productions and utilization in South Africa in numbers

Category Global rank
Production 7
Export 6
Electricity generator (Eskom) 7

There are contrasting reports on the coal reserves in South Africa. Eskom reported an estimated
53 billion tonnes of coal reserves as of July 2019 and further stated that this reserve can supply
electricity for the next 200 years at the current production rate of 90 million tonnes per year
(Eskom, 2019). The Chamber of Mines on the other hand, reported in their 2018 National Coal
Strategy for South Africa that the country is blessed with 30 billion tonnes of coal, accounting for
3.5% of global coal reserves. With the contradiction in the actual reserve number, there is a need

for a new study to be conducted in determining the present South Africa’s coal reserve and its
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quality. Most of the coal mined in the country for domestic and export market has traditionally
been from the Witbank and Highveld coalfields (DMR, 2009). The depletion in the coal reserve
and quality in this region, and non-ideal mining conditions in the Free State and Springbok Flats
has led to exploration and shift by the mining houses to Waterberg coalfield (Jeffrey, 2005; DMR,
2009). The Waterberg coalfield has one of the largest open-cast coal mining fields in the world
(Hancox and Gotz, 2014). Grootegeluk mine, situated in the region is one of the most efficient
mining operations globally and runs the world’s largest coal beneficiation complex (Exxaro,
2018). It is also the only coal producing mine in the coal-rich Waterberg, adjacent to Eskom’s
existing Matimba and new Medupi power stations (Exxaro, 2018). In 2018, Exxaro produced 47.8

mega tonnes (Mt) of coal, a large portion coming from Grootegeluk mine (Exxaro, 2018).

The average sulfur content in South African coal is approximately 0.9% (Pretorius et al., 2015).
Coal is known to contain a significant amount of sulfur leading to SOx emissions (Makgato and
Chirwa, 2017), and the SO, produced during combustion is one of the most notorious
environmental pollutants (Cheng, 2003). Most of the existing power plants in Eskom fleet are not
designed to meet the present SO, emission standards, as SO, emissions were not regulated in the
past (Makgato and Chirwa, 2017). Hendrina power station in Mpumalanga, shown in Figure 2.5
below, is one of the Eskom power plants commissioned when SO; emission standard was yet to

be regulated.

The designing of a new power plant with a desulfurization technology (FGD) and retro-fitting
existing power stations to accommodate the technology is one of the options available in reducing
the emission of SOy into the atmosphere. Studies have shown that the FGD scrubber has the
potential to reduce SO emitted from the power plant by 99%, along with the associated gaseous
chloride and fluoride present in the flue gases (Srivastava and Jozewicz, 2011; Chandrasekaran,
2017; Lisnic and Jinga, 2018). According to Section 21 of the National Environment Management:
Air Quality Act (Act No 39 of 2004), existing South African coal-fired power stations should not
exceed 9460 ppm in SO, emissions while new power stations’ emissions are limited to 1350 ppm
(NEMA, 2010). However, there are two major problems with FGDs. One downfall of the

technology is that it produces a high concentration of chlorides, magnesium, calcium, and heavy
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metals in the effluent which prevents re-use of the effluent (Makgato and Chirwa, 2017). Secondly,

the technology is very expensive (RMR, 2019).

The majority of the coal mined at present in South Africa are of very high ash content (Mills,
2016). A recent investigation by Makgato and Chirwa (2017), on the characteristics of the
Waterberg coal, shows some coal with an ash content ranging from 29 to 34%. The utilization of
these coals for different applications will require it to be beneficiated, in order to improve its
quality for domestic application and as an export market product. With beneficiation these coals,
different grades of clean coal products are produced, along with coal middlings and discard, which
are of poor quality (high ash and sulfur contents). Thus, these middlings and discards, are being

utilized by Eskom for electricity generation (Eberhard, 2011).

Figure 2.5: Hendrina Power Station in Mpumalanga, South Africa (Eskom)

According to Mills (2011), bituminous coal is the most abundant energy resource in South Africa.
Coal production in South Africa is dominated by five major companies which share more than
80% of the country’s annual saleable coal production (DMR, 2014). The companies are: Anglo

American Thermal Coal, Exxaro Resources, Sasol Mining, BHP Billiton Energy Coal South Africa
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and Xstrata (DMR, 2014). Compared to coals from other regions (international), many South
African coals are shallow with thick seams making them easier and cheaper to mine (Mills, 2016).
Coals used for electricity generation are amongst the cheapest in the world. These are usually high
ash coals with lower calorific value in the case of South Africa than export grades (Mills, 2016).
An example of this is the Majuba power station which uses a combination of colliery discards and
run of mine coals from several opencast and deep mined sites. The coal as delivered has a nominal
calorific value of 21.5 MJ/kg and the properties shown in Table 2.5 below are the average
properties of coal used at the Majuba power plant. Some of the coals used in the South African
coal power plants and Sasol’s coal to liquids operations are from the middlings fraction of the
washed export coal (Mills, 2016). This is as a result of the decline in the quality of the South

African premium coal, as the high-quality coals have been mined out.

Table 2.5: Average properties of coal used in Majuba power station (Mills, 2016).

Parameters Average (%) Range (%)
Ash 35 19-40
Moisture 3.1 1.7-4.4
Sulfur 0.8 0.7-7

2.3 Combustion

2.3.1 Conventional combustion technologies

Almost all the coal mined in the world is used for combustion purposes, for heat and electricity
generation (Miller, 2011). The combustion of coal for electricity requires the use of boilers.
Harnessing steam for power generation is arguably the most significant technology in the
advancement of industrial nations (EIA, 2009). Coal can be burnt in the following three ways
(USEA, 2002);

e As large pieces in a fixed bed (stoker)

e As crushed pieces in fluidized bed

e Asfine particles in suspension (pulverized coal combustion)
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The combustion of coal occurs in multiple steps or stages. Firstly, moisture is driven off as the
coal particles are heated up. Subsequently, volatile matter components are driven off in a process
called devolatilization, with the combustion of volatile matters occurring in the gas phase. This
homogeneous process takes place before or simultaneously with the char combustion
(heterogenous reaction), the last step in the process. For most part, these reactions are sequential
with the slowest one being the rate-determining reaction (Miller, 2011). The designing of a boiler
and furnaces is largely influenced by the volatile matter released by the coal as it is heated (DOE,
2001), while its rate of devolatilization is influenced by temperature and particle size. The final
temperature at which the devolatilization is completed is associated with the coal particle size and
highest volatile yield. Volatiles yield can also vary with coal rank (Miller, 2011). The
devolatilization process is a very fast process measured in milliseconds (Miller, 2011). In contrast,
char combustion is much slower, hence it determines the time for complete combustion or burnout
(Mills, 2008).

The combustion of coal and the design of boilers or reactors in which it is burnt are determined by
the coal type, quality and capacity (Miller, 2011). Fixed-bed combustion includes domestic space
heaters, grate furnaces and industrial stokers. Of all the applications of fixed-bed combustion,
stokers are of the most interest (Miller, 2011). Generally, stokers are classified into three groups,
depending on how the fuel enters the grate of the stoker for burning. The three groups are:
underfeed, overfeed and spreader design. In the underfeed stokers, coal is introduced beneath the
active fuel bed and is moved from the storage hopper by means of screw or ram into a retort. The
underfeed stokers are mainly used for coal in small boilers and are suitable for bituminous and
anthracite coals (Eastman, 2003). While the overfeed stokers, also known as mass-burning stokers
convey coal from the fuel hopper located at the front of the stoker. These are suitable for burning
all ranks of coal. Similarly, spreader stokers can also burn all coal ranks as well as many waste
fuels (Prairie State Energy Campus, 2010). It takes fuel from feeders located across the front of
the furnace and distribute it uniformly over the grate surface (Eastman, 2003). It can be designed

in a wide range of “boiler” sizes and is the most popular of the three stoker types (Miller, 2011).

The most popular combustion system for the past century for large industrial boilers and coal-fired

electric generators has largely been pulverized coal combustion (PCC) (Barnes, 2012; Tillman et
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al., 2012; Zhang et al., 2013; Hurskainen and Vainikka, 2016). This is partly because pulverized
coal combustors can be constructed to massive sizes (Sarkar, 2015). Pulverized coal combustors
have the capacity to produce outputs of between 50 and 1300 MW at efficiencies of 30-36% (IEA,
2018). Furthermore, unlike stoker units which have coal restrictions, pulverized coal combustors
can accommodate a wide range of coal quality provided it is designed for such coal specifications
(Miller, 2017). However, this technology is not always appropriate for high ash coal (IEA, 2018),
but Eskom do utilize this technology in combusting coal of 30 to 35% ash. In pulverized coal
combustion, coal is ground to fine powder such that less than 2% is bigger than 300um and 70-
75% is below 75um for bituminous coal (IEA, 2018). Two types of pulverized coal-fired units
exist, based on the furnace design for ash removal: dry-bottom and wet-bottom firing (USEA,
2002). In dry-bottom furnaces, ash is removed from the system in the dry form while in wet-bottom
units, ash is removed in a molten form. Dry-bottom furnaces are the most popular of the two types
(Miller, 2017). Dry-bottom furnaces are preferred because they are simpler to operate, can
accommodate a wider range of fuel properties, and are more reliable than the wet-bottom furnaces
(USEA, 2002).

The fluidized bed combustion (FBC) is one of the emerging technologies and also a clean coal
technology process for combustion of fossil fuels and other fuels (Sarkar, 2015). This technology
is attractive as it holds advantages such as fuel flexibility, low NOy emissions, co-firing potential,
particle size within 1-5 cm and in-situ control of SOy emissions over conventional pulverized coal
combustion (Sarkar, 2015; Miller, 2017). In a fluidized bed combustor, solid, liquid or gaseous
fuel, and an inert material such as sand or ash, and limestone are kept suspended through the action
of air distributed below the combustor flow (Kaplan, 2010). This action lead to the combustion of
the coal or other materials fed into the boiler and the separation of the unburnt carbon from the
sand. Fluidized bed combustors can be divided into bubbling fluidized bed combustors (BFB) and
circulating fluidized bed combustors (CFB) (Sarkar, 2015). BFB have lower fluidization velocity,
which prevent solids elutriating from the bed into convective passes while CFB apply higher
velocities to promote solids elutriation (Eastman, 2003). Recently, a lot of interest has shifted to
CFBs as this technology is considered the future of coal and biomass combustion (Nuortimo,
2015). The technology is now available in large scale sizes of up to 800 MW (Nuortimo, 2015).

With the advancement in CFB technologies, such as the Samcheok Green Power Plant project, the
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largest CFB technology-based power plant in the world (4x550 MW), CFB will match pulverized

coal combustors in terms of capacity in the near future (Nuortimo, 2015). CFBs can accommodate

a wide range of fuels including but not limited to bituminous coal, anthracite, lignite, peat, and

biomass (Cai et al., 2017). Advantages of this technology over the BFB includes; low bed density,

Sub-to Super-critical steam conditions, higher commercial operating scale and extended fuel
recirculation (Lyu et al., 2017; Eriksson et al., 2018). Based on the attributes of the CFB

technology, the users can choose the most effective fuel at any given point in time (Nuortimo,

2015). Table 2.6 below shows some of the global projects employing CFB technology.

Table 2.6: Global CFB projects (Nuortimo, 2015; Sumitomo; 2017)

Project

Capacity (MWe)

Facts

GDF Suez Energia
Polska, Poland

205

e The world’s largest CFB firing 100% biomass.

MGT Teesside Ltd, 299 o [t will be the world’s largest and most efficient
UK biomass (wood chips & pellets) CFB plant.
¢ Operation planned for 2020.
Dainjing, South Korea 105 e Fires coal, palm kernel shell and wood pellets.
¢ Has been in commercial operation since August 2015.
Lahti Energia, Finland 70 e Commercial operation expected in 2020.
Igelsta, Sweden 85 e Started commercial operation in January 2009.
WTE CFB, Sweden 30 e Has been operational since 2011.
e Fires refuse derived fuel.
Lagisza, Poland 460 e Started operating in 2009.
e Fires Polish bituminous coal.
Novocherkasskaya, 330 e Has been operational since 2015.
Russia e Fires Russian anthracite and bituminous coal.
Samcheok, South 4x550 o Started operating in 2015.
Korea e Fires Indonesian sub-bituminous coal and biomass.

MWe: Mega Watt electric

2.3.2 Clean coal technologies

There are three main approaches used to reduce emissions and improve air quality in power

generation (Morrison, 2012). The first approach aims to reduce emissions of air pollutants and

greenhouse gases by increasing the energy efficiency of existing thermal cycles and developing
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advanced higher efficiency cycles (Obe, 2017). A higher energy efficiency means less amount of
fuel is used to produce electricity, hence less emissions. A second approach involves changing to
less carbon-intensive fuels such as natural gas, nuclear power and renewable resources. Under this
approach, coal can also be co-fired with fuels containing less carbon and sulfur such as biomass
or refuse derived fuel (Miller, 2011). The third approach is the capture, utilization and storage of
carbon dioxide from fossil fuel fired power plants (Obe, 2017). There are three technological
pathways for CO, capture, namely; post combustion capture, oxy-fuel combustion and pre-

combustion capture, known as integrated gasification combined cycle (IGCC) (Miller, 2011).

HELE (High Efficiency Low Emission)

In pulverized coal combustion, an increase in the maximum temperature of the steam cycle
increases electrical efficiency which lowers both coal consumption and emissions (Barnes, 2018).
However, the maximum steam temperature is limited by the materials in which the superheater
and heat exchanger tubes can operate on without failure (Barnes, 2018). The HELE combustion
technologies are classified as sub-critical, super-critical (SC), ultra-supercritical (USC) or
advanced ultra-supercritical (AUSC). These technologies are commercially available and actively
deployed in countries such as China, Germany, Japan and Korea (Obe, 2017). Large unit sizes
such as 800 MWe and more are the most efficient HELE plants. Efficiencies of HELE plants reach
47% while the global average combustion efficiency is at 35% (Barnes, 2018). The global USC
power capacities are summarized in Table 2.7 below. The distinction between these coal
combustion technologies is based on the conditions summarized in Table 2.8, and the technologies

hold the following advantages over sub-critical units (Barnes, 2018);

e They produce electricity more efficiently by operating at higher temperatures and
pressures;

e They provide a significant lifetime operating cost savings despite high initial capital cost
as they require less coal per unit of electricity produced;

e New SC and USC units emit 13% and 19% less CO2 than new sub-critical units,

respectively and up to 40% less CO> than older sub-critical plants.
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Table 2.7: USC coal power capacity worldwide (Barnes, 2018)

Region In Operation (MWe) Under construction (MWe)
Asia 201 413 94 575
Europe 24 133 6 045
Middle East 0 3786
Eurasia 300 0
North America 665 0

Table 2.8: Steam parameters in plant steam cycles (IEA, 2012)

Type of Unit Superheater Superheater Materials in high Efficiency
temperature (°C) | pressure (MPa) temperature (%)
components
Sub-critical <540 <22.1 Low alloy CMn and <35
Mo ferritic steels
Super-critical 540-580 22.1-25 Low alloy CrMo 35-40
steels and 9-12% Cr
martensitic steels
Ultra- 580-620 22-25 Improved 9-12% Cr 40-45
supercritical martensitic steels
and austenitic steels
Advanced 700-725 25-35 Advanced 10-12% 45-52
ultra- Cr steels and nickel
supercritical alloy

HELE coal power plants have ultra-modern emission control devices to remove particulates, NOx

and SO». Flue gas desulfurization (FGD) is one of the most common emission control technologies

employed by the new coal power plants (Eskom, 2018). FGD processes are classified as wet, dry

or semi-dry (KC Cottrel, 2016). Limestone is the major reagent used in FGD processes (KC

Cottrel, 2016). Figure 2.6 and Figure 2.7 below show the contribution of each FGD process and

reagent as applied to the power plants, respectively. Table 2.9 lists the characteristics of each FGD

process.
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Figure 2.6: Distribution of FGD process per type (KC Cottrel, 2016)
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Figure 2.7: Reagent use in FGD processes (KC Cottrel, 2016)



Table 2.9: Summary of FGD processes (Lisnic and Jinga, 2018)

Dry Semi-dry Wet
Characteristics Dry powder-Reactor- | Slurry/Solution- Slurry/Solution-
Dry powder Reactor-Dry powder | Reactor-
Slurry/Solution
Main reactor Dry injector Semi-dry reactor Wet scrubber
Application Small or medium scale Large scale
Agents Magnesium, Calcium and Sodium compounds
Coal %  Sulfur | <3% >3%
preference
Removal efficiency | Up to 95% Up to 98% Up to 99%
Water usage Minimum Medium High
Waste water | Unnecessary Necessary
treatment
By-product Calcium sulfite and sulfate Gypsum, Ammonium
sulfate and Sodium
bisulfate
Operation cost High | Medium Low

2.3.3 Fundamentals of co-combustion

Power generation from co-combustion of coal/biomass blends is considered a clean coal
technology and has gained increasing interest and support, as biomass is considered renewable and
carbon neutral (Sahu et al., 2014). Biomass co-firing consists of burning biomass along with coal
in coal fired power plants (IEA-ETSAP, 2013). Co-firing technologies include: (i) Direct co-firing,
using a single boiler with either common or separate burners, (ii) Indirect co-firing, where a
gasifier is used in converting solid biomass into a gaseous fuel, and (iii) Parallel co-firing, where
a separate boiler is used for combusting the biomass, and the steam generated is then mixed with
the steam from the conventional coal boilers (IEA-ETSAP, 2013). Based on the growing need to
utilize biomass for co-firing, it is imperative to evaluate the compatibility of a biomass/coal blend,
and the possibility of using such blend in an existing boiler. The co-firing of biomass with coal has
proven to reduce the pollutant emissions (Bhuiyan et al., 2016), and Table 2.10 below shows some

of the existing combustion technologies available for biomass co-firing.
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Table 2.10: Common coal combustion technologies available in biomass co-firing systems
(Tillman et al., 2012; Sayigh, 2013)

Co-combustion Operation requirements Co-firing Technical features
system percentage (%
heat)
Pulverized Fuel type: Coal, sawdust and 1-40% e It can decrease NOx
combustion fine shavings. significantly.
Particle type: < 10-20 mm Limited by biomass
Moisture content: < 2% particle  size and
moisture content.
Fluidized bed | Fuel type: Better suited for | CFB: 60-93.5% Most suitable boiler
combustion woody than herbaceous fuel. BFB: 80% for biomass co-firing.
Particle type: < 80 mm (BFB) The soot formation is
<40 mm (CFB) problematic,
Temperature: <900°C especially in CFB.
Packed bed | Fuel type: wide range of fuels 3-70% Not suitable for direct
combustion including coal, peat, straw and co-firing, although can
woody residue. be used for parallel or
Particle type: Fairly large in-direct co-firing.
pieces < 30 mm
Cyclone Ash content: > 6% 10-15% Suitable for co-firing
combustion Volatiles: > 15% as minimal
Moisture content: > 20% modifications are
needed.

A recent report from International Energy Agency (IEA) has shown that bioenergy accounts for
about 9% of the world’s primary energy supply (IEA, 2017). However, more than half of this
biomass is rarely commercialized and is used in a more traditional sense. Developing countries,
primarily use biomass for cooking and heating, using inefficient open fires or simple cookstoves
which impacts negatively on health and the environment (IEA, 2017). In 2016, about 62 countries
globally were producing electricity from biomass (Bhuiyan et al., 2016). The biggest producer of
electricity using biomass is the USA, accounting for 26% of the world’s total production. Germany
is second with 15%, while Brazil and Japan are tied third with 7% (Bhuiyan et al., 2016). In 2015,
about 230 combined heat and power (CHP) plants were using co-firing, mostly in northern Europe
and the United States, with a capacity of 50 to 700 MW (Rycroft, 2015). Figure 2.8 below shows
the capacities of biomass power plants in selected countries. Some of the countries generating

power through co-firing in Asia-Pacific are: Australia, China, Indonesia and Thailand. In Europe,
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countries such as Denmark, Finland, Germany, Italy, Norway, Spain, Sweden and United
Kingdom (UK) are also utilizing this approach. Whilst in Africa, South Africa is the only nation
experimenting with the technology (Sahu et al., 2014). In the UK, Drax power plant is the largest
biomass combustion and co-fired utility in the world. This plant is the cleanest and most efficient
coal-fired power station in the UK. It produces 40 000 Mega Watts hour (MWh), and accounts for
7% of Britain’s energy production (Power Technology, 2019). Table 2.11 presents a summary of

some of the existing co-fired plants in the world.
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Figure 2.8: Capacities of biomass power plants in selected countries and worldwide (Statista,
2018).

The co-combustion of biomass with coal is cheap, renewable and sustainable (Roni et al., 2017).
The overall cost of co-firing depends on the plant location and is largely influenced by the
availability of biomass (Sahu et al., 2014). The cost of biomass depends on biomass type, quantity
and geographical location (IEA-ETSAP, 2013). The cost of purchasing biomass pellets globally is
more than that of coal, and this is one of the disadvantages of using biomass for power generation.
With the upgrade and modification of biomass structure through pelletization and torrefaction, the
energy density of biomass can be improved, leading to lower transportation cost (IEA-ETSAP,
2013). The combustion of biomass has been found to lead to the net reduction of CO2, SOy, and

often NOx emissions (Roni et al., 2017). In addition, the anaerobic release of CH4, NH3, H>S,
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amides, volatile organic acids, mercaptans, esters and other chemicals has also been found to be
reduced, resulting in several benefits to the environment and the utility (Tillman, 2000). Studies
have also shown that biomass co-combustion with coal can reduce the SO, emissions by up to 75%
(Sahu et al., 2014), and traditional pollutants such as NOx and SOx (Roni et al., 2017). The
concentration of NOx emissions has been found to depend on the biomass type, combustion and
co-combustion operating conditions (Baxter, 2005). In the study conducted by Saidur et al. (2011),
most of the nitrogen present in the biomass was found to be converted to ammonia (NH3) during

combustion.
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Table 2.11: Summary of biomass co-firing plants in some selected countries (Roni et al., 2017)

Country Number of | Average co- Co-firing Boiler type Primary
plants co- | firing mixing methods feedstock
firing rates (%
biomass)
Netherlands 10 5-34% Direct and PCC, FBC, Imported wood
indirect Grate pellets, palm
kernel shells,
waste wood and
cocoa shells.
Denmark 7 5-100% Direct and PCC, FBC Straw, wood
indirect pellets, wood
chips and waste
wood.
UK 14 3% by heat Direct PCC Wood pellets,
input miscanthus, short
rotation coppice,
olive and palm
residues.
Japan 9 3% by mass Direct PCC, FBC, Wood pellets
IGCC
Brazil 0 Expected to NA Test run in Rice straw
be around pulverized
30% boiler
USA 86 Around 5% Direct Stoker, PCC, Wood pellets,
FBC and wood chips,
Cyclones wood waste and
railroad ties.
Germany 31 5-20% Direct Stoker, PCC | Sewage sludge,
and FBC straw, wood
waste and
organic residue.

The main functional groups present in biomass or biomass-derived waste are hemicellulose,
cellulose and lignin (Mohan et al., 2006). During the devolatilization process, hemicellulose
usually decomposes at lower temperatures and release more volatiles, less tar and char. Whilst,
lignin does produce more char after devolatilization than that of cellulose or hemicellulose due its
amorphous cross-linked resin (Mohan et al., 2006). The devolatilization behaviors of coal and
biomass differs because of structural differences (Sahu et al., 2014). Biomass devolatilization

occurs at a much lower temperature than that of coal and releases light hydrocarbons, gases and
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tar. Numerous researchers have studied mutual interactions between coal and biomass during
devolatilization using thermogravimetric analyzer, fixed bed and an entrained bed reactor (Biagini
et al., 2002; Kastanaki et al., 2002; Tchapda and Pisupati, 2014; Quan and Gao, 2016). A lot of
these investigations claimed that interactions between coal and biomass during devolatilization are
very insignificant (Sahu et al., 2014). Investigation has shown that the devolatilization and thermal
degradation of organics in the solid fuels or biomass leads to the production of CO2, CO, H20, Hy,
CH, and other light hydrocarbons, tar, soot and char (Kabakci, 2017). In the case of lower rank
coals, light gases are produced during primary devolatilization due to their lower aromatic carbon

and large number of aliphatic groups.

The ignition and flame stability of a solid fuel is pivotal to its carbon burnout and the pollutant
formation during combustion (Niksa et al., 2003; Taniguchi, 2012). The ignition behavior of solid
fuel particles follows two mechanisms, viz, homogenous ignition and heterogenous ignition (Sun
and Zhang, 1998). The ignition of the fuel’s volatile matters is called homogenous ignition (Riaza
et al., 2017). However, the direct interaction of oxygen with char or solid fuel resulted into a
heterogenous ignition. Factors such as fuel particle size, temperature, heating rate, particle number
density, gas composition and fluid flow, do influence the ignition behavior of solid fuel particles
(Sun and Zhang, 1998). During the combustion of pulverized coal and biomass, the biomass
particles are usually larger than the coal particles (Pederson et al., 1996; Grammelis et al, 2010).
This is due to the difficulty in grinding and milling raw biomass to the same size with coal (Baxter,
2011). The ignition performance of both fuels is expected to be different as a result of the
dissimilarity in their physical and chemical properties, which also influences their flame
characteristics during co-combustion. The highly volatile matter content in biomass is known to
favor the ignition and decomposition of biomass at lower temperatures, thereby generating an

intense flame than the coal flame (Gani et al., 2005).

In a pulverized coal combustion, the carbon burnout influences the thermal efficiency of the plant
and the quality of the fly ash produced (Hurt, 1998). The degree of the carbon burnout depends on
the reactivity of the fuel particles, i.e. the fraction of combustible matter available for conversion.
This reactivity is influenced by factors such as fuel characteristics, heating rate, temperature and

pressure (Hurt, 1998). Many studies have indicated that the reactivity of biomass chars is greater
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than that of coal chars (Zolin et al., 2002; Lang and Hurt, 2002; Campbell et al., 2002; Strydom et
al., 2015). In a study conducted by Hurt (1998), the catalytic effect of biomass inorganic elements
and its porous structure have been found to be responsible for its higher reactivity over coal. In
addition, the non-spherical nature of biomass char also influences its aspect ratios, thereby, favors
heat transfer and residence time compared to coal particles (Gera et al., 2002). Many researchers
have shown that the addition of biomass with coal for co-firing can reduce burnout during co-
combustion, even in a dedicated coal boiler (Sahu et al., 2014; Sung et al., 2016; Oladejo et al.,
2019). The selection of biomass of an ideal particle size and moisture, along with volatile matter
and carbon content is of fundamental importance in obtaining a satisfactory burnout in the coal-
biomass co-combustion (Splienthoff and Hein, 1998). These fuel characteristics and combustion

environment may either increase or decrease the burnout time (Zolin et al., 2002).

Several studies have been carried out on the co-combustion behavior of coal/biomass blends in
various scales to evaluate resultant combustion characteristics, heat release patterns, and reaction
Kinetics among others (Splienthoff and Hein, 1998; Munir et al., 2009; Barbanera et al., 2018).
Thermogravimetric analyzer (TGA) has been used for basic combustion studies, while bench-scale
experiments were conducted in a drop tube furnace. TGA is one of the most widely used techniques
to investigate and compare thermal characteristics and reaction Kinetics of solid fuels during
combustion and pyrolysis (Wang et al., 2009). The knowledge of the fuel’s attributes is required
in modelling combustion furnaces for industrial scale application, for both co-firing of biomass
with coal and firing of biomass alone (Munir et al., 2009). This knowledge is also essential for the

design and operation of combustion systems (Cai et al., 2008).

A study conducted by Chen and Wu (2009), on the combustion behavior of blends of rice husks
and pulverized coal in a TGA showed a three-stage reaction, with a linear relationship found
existing between the char yield and the biomass blending ratio. A study by Riaza et al. (2017)
found that a high volatile matter content in biomass accounted for the lowering of burnout and
ignition temperatures during co-combustion. Gil et al. (2010) conducted an investigation on the
thermal behavior and kinetics of coal/biomass blends during co-combustion. The results obtained
by the authors showed that the first order chemical reaction mechanism was responsible for the

first stage of biomass oxidation and coal combustion. Several researchers have studied the

32



activation energy and pre-exponential factor of individual fuels and their blends (Muthuraman et
al., 2010; Gil et al., 2010; Kok and Ozgur, 2012; Alvarez et al., 2016). Some of the studies in the
literature had shown that the activation energy and pre-exponential factor do decrease with an
increase in biomass proportion (Wang et al., 2009; Muthuraman et al., 2010). This trend indicates
a positive influence of biomass on the blends during co-firing. The weak chemical bond existing
in the biomass compared to the more complex bond in the coal might be responsible for the high

reactivity of the biomass.

The influence of thermal treatment on the physicochemical property of bamboo “Bambusa
balcooa” and its co-firing potential with a South African high ash coal using a thermogravimetric
analyzer was conducted by Bada et al. (2015). The bamboo species utilized “Bambusa balcooa”
was pre-treated under torrefaction and low temperature carbonization. The calorific value of the
raw bamboo was found increased from 18.53 MJ/kg to 24.02 MJ/kg and 28.20 MJ/kg, under
torrefaction and low temperature carbonization, respectively. The ash content in the raw bamboo
was found to be 0.49%, and its sulfur content was found undetectable. The activation energies of
the raw bamboo ranged from 11.24 to 31.60 kJ/mol across the three reaction stages, while the coal
used in the study had an activation energy of 64.12 kJ/mol. Both carbonization and torrefaction
was found to have increased the activation energy for the raw bamboo within the range of (67.33-
71.71) kJ/mol and (43.70-44.70) kJ/mol, respectively. The authors found that the most effective
mechanisms for controlling the combustion process in all samples under stage 3 “carbon

combustion” was the chemical reaction models (01, 02 and 03).

The derivative thermogravimetric curves (DTG) also provides the means of identifying the various
functional groups in the biomass, in terms of the functional group’s response to heat. In a study
reported by Bada et al. (2015), the authors noted that two peaks were observed as raw bamboo
was combusted, while a single peak was noted for the high ash coal. These peaks denote the
degradation of hemicellulose at lower temperature and lignin at a higher temperature. A similar
observation was made by Park and Jang (2012), Gil et al. (2010) and Varol et al. (2010) with two
peaks obtained from different biomasses. In contrast, one peak was observed for coal combustion.

The authors attributed the first of the two peaks, to the decomposition of the hemicellulose and
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partial cellulose, while the second peak was attributed to the degradation of the lignin (Mock et
al., 2018; Hu et al., 2019).

2.3.4 Derivative thermogravimetric profiles

In this study, the DTG curve, known as the derivative thermogravimetric curve, obtained from the
combustion and co-combustion of biomass, coal and their blends was used in determining the
combustion performance of all the fuels utilized. It is a thermal analytical means of predicting the
relative combustion characteristics of fuels proposed as an energy source in a boiler (Norton,
1992). The burning profile of a sample (coal or biomass) is obtained in a TGA after heating the
sample at a constant heating rate to 700-900°C in an air environment (Norton, 1992). The weight
of the sample (or, alternately, the percentage of the original sample weight) is measured and plotted
as a function of either heating time or temperature. This plot is known as a TGA curve. A derivative
thermogravimetric (DTG) curve is obtained by plotting the first derivative of the TGA data against
temperature, thereby depicting the rate of weight loss as a function of temperature (Norton, 1992).
For a fair comparison to be made between different samples, factors such as sample quantity,
heating rate, and air flow rate should be the same between the tests. Of these, the air flow rate has

the least effect on burning profiles (Norton, 1992).

There are different events observed as the sample temperature increases when burning coal or
biomass. The first peak noted, typically at about 100°C or below, is as a result of moisture being
released (Norton, 1992). After moisture loss, a negative deflection (weight gain) may be seen,
which occurs as a result of the oxidation of the organic matter in the fuel (Cumming and
McLaughlin, 1982). With a further increase in temperature, the curve crosses the zero line on the
X axis, thereby leading to further weight loss known as “volatile matter initiation temperature”
(Cumming and McLaughlin, 1982). Further increase in temperature lead to the initiation of the

fixed carbon and char burning, with a rise in the profile curve.

The maximum intensity of the curve (peak), is denoted as the temperature at which the maximum
combustion rate occurs (Norton, 1992). This peak temperature (PT) reflects relative reactivities of

the fuels and is generally considered to be the most important feature of the DTG curve (Norton,
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1992). Solid fuel with its peak temperature occurring at a lower temperature region is expected to
ignite first, and start burning at the lower section of the boiler. Whilst, sample with peak
temperature occurring at a higher temperature region would require longer residence times or
higher temperatures for complete combustion (Wagoner and Winegartner, 1973). The peak height
is proportional to burning intensity and the area under the peak is approximately proportional to
the total heat liberated (Wagoner and Winegartner, 1973).

The height of the DTG peak is related to reactivity based on the equation below;

R—_ 1 2.1)

dw
Wi(E)max

where R is the reactivity, Wi is the initial weight of dry, ash-free (DAF) coal (mg), and ‘i—:’, is the

maximum rate of weight loss (mg/min) (Ghetti, 1986).

Figures 2.9 and 2.10 below show the stages of coal combustion for a fuel with a single peak and
another fuel with a multiple peak respectively. Studies have shown that some low-rank coals, such
as lignites, can have two or more major burning peaks. This has been termed “false ignition”
because it implies that the coal is ignitable at a relatively low temperature, even though it may not
burn completely until higher temperatures are reached (Cumming and McLaughlin, 1982). The
double peak seen in Figure 2.10 are well noted in a case of burning biomass alone or biomass co-
fired with coal (Gil et al., 2010).
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Figure 2.9: A simple burning profile showing moisture loss, sample oxidation, volatile matter
initiation temperature (ITvm), fixed carbon initiation temperature (ITm), peak temperature (PT)
and burnout temperature (BT) (Norton, 1992).
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Figure 2.10: Burning profile with multiple combustion peaks due to sample ignition (Norton,
1992).
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The burning profiles of fuels provide a detailed information about a fuel from the onset of oxidation
to complete burnout (Rostom-Abadi et al., 1990). The technique is particularly useful for
evaluating unusual fuels in which sample quantities are insufficient for full-scale burning tests
(Wagoner and Winegartner, 1973). The DTG profiles of the coals can be used to provide a clear
indication of the combustion behavior of coal in a large boiler, even if the physicochemical
properties are the same (Norton, 1992). In addition, with the information obtained from the thermal
characteristics of the fuels, the prediction of the furnace size, along with the residence time or

height of the boiler and auxiliary fuel requirements can be made (Rostom-Abadi et al., 1990).

2.3.5 Environmental aspects of co-combustion

Emissions

Biomass is considered carbon-neutral as it does not lead to a net increase in the amount of CO> in
the atmosphere. This claim was made because the CO> released during biomass combustion was
believed to be used by plants in their growth process (Hughes, 2000). In addition, the declaration
that biomass is a neutral fuel in regard to emission is only valid if we do not include emissions
related to biomass harvesting, transportation, pre-treatment etc., and when the total carbon
sequestrated in the atmosphere remains constant (Bracmort, 2016; Harvey and Heikkinen, 2018).
The use of dedicated energy crops, which include, short-rotation woody crops (hard wood trees)
and herbaceous crops like switch grass would go a long way in curbing emissions. Furthermore,
with the use of biomass residues rather than these dedicated energy crops, a further mitigation of
greenhouse gases could be achieved by avoiding the release of CH4 from the otherwise landfilled
biomass (EPA, 2011). According to many climate experts, CH4 is believed to be approximately 84
times more potent over two decades than CO2 when it comes to global warming impact (National
Geographic, 2019). The remaining part of this section provide information on the previous studies

available in the literature on the use of biomass for the reduction of greenhouse gases.

An investigation conducted by Sahu et al. (2014) on switching a power plant fuel from a hard coal
to biomass, has shown that that CO, emissions can be reduced by up to 93%. Baxter (2005), also

presented a report on the increase in the efficiency of power plant co-fired with waste, and the
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reduction in the emission of the plant. The retrofitting of existing coal-fired power station for co-
combustion has been found to be less expensive, rather than building a new power plant dedicated
to pure biomass or waste combustion (IEA-ETSAP, 2013; Rycroft, 2015; Ko and Lautala, 2018).
Some attributes of biomass had made it possible for its co-firing potential in the old power plants,
of such properties is its high volatile matter content and oxygen content which act as a catalyst in
the ignition of the hard coal (Biagini et al., 2005; Riaza et al., 2017).

From a study conducted by Liu et al. (2002) in a bench scale fluidized bed reactor, the authors
found that the co-combustion of coal and biomass can reduce NOx and N2O emissions, as the
proportion of biomass in the coal-biomass blend increases. Similar study conducted by Pederson
etal. (1997) in a pilot scale 250 MW utility boiler, using a straw as a fuel, also shows a reduction
in the emission of NO and SO; as the percentage ratio of the straw increases in the blend. Despite
the current feasibility of biomass for reducing emission, it is also important that the ratio of
biomass to be added to a specific biomass-coal blend should be investigated. A higher biomass
share have been found to indicate lower greenhouse gas emissions, and with the exclusion of an
upstream biomass, a 10% biomass share can reduce CO2 emissions by tenfold (Sahu et al., 2014).
However, burning of a biomass solely or with a high share poses a potential technical risk such as,

slagging, fouling and corrosion (Melissari, 2014; Febrero et al., 2015).

In a study conducted by Saleh et al. (2014), several wood samples were found to release sulfur
dioxide at a different concentration. The concentration of SO, emission was found by Ren et al.
(2016) to be influenced by the amount of sulfur and alkali present in the fuel. A high composition
of sulfur in the fuel is expected to lead to a high SOy emission. However, this does not always
hold, as some biomasses contain alkali metals like sodium, calcium and potassium which combine
with sulfur to form sulphates, which inhibit SOx emissions (Rokni et al., 2018). Ren et al. (2016)
investigated emissions of carbon, sulfur and nitrogen from the combustion of pulverized raw and
torrefied biomass. The results obtained showed that torrefied biomass had a lower SOy emission
than the raw biomass. This is because a lot of organic sulfur is driven off during low temperature
torrefaction. Most of the biomass (raw and torrefied) utilized by the authors were found with sulfur

emission below 50 ppm compared to the sub-bituminous coal with an emission level of 180 ppm.
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The nitrogen content in biomass is found to vary over a wide range while in coal, it only varies
within a narrow range (Flagan and Seinfield, 1998; Rokni et al., 2018). Although for most fuels,
coal has the highest nitrogen content, but there are cases when the opposite is the case (Rokni et
al., 2018). A fuel with high nitrogen content implies a higher NOx emission (Flagan and Seinfeld,
2012; Ren et al., 2016). In the study conducted by Ren et al. (2016), all fuels converted less than
40% of their nitrogen content to NOy. Studies have shown that NOx emissions decrease strongly
with an increase in the fuel volatility, hence, addition of biomass to coal blend has a huge potential
to reduce NOyx emissions (Munir et al., 2011; Guo and Zhong, 2018).

Ash formation and deposition

Biomass is known to contain two kinds of ash agents (Sahu et al., 2014). Firstly, ash-forming
elements, also known as inherent ash, which are present as salts bound within the structure of the
biomass (Sahu et al., 2014). Secondly, ash-forming minerals, particles of dirt or clay, introduced
to the biomass fuel during harvesting or transportation. These are known as entrained ash
(Kleinhans et al., 2018). The compounds in inherent ash are homogeneously dispersed in the fuel
and are much more mobile than the compounds in the entrained ash (Kleinhans et al., 2018).
Therefore, inherent ash is readily volatile and available for reactions in burning char (Obernberger
etal., 1999). A fraction of the ash-forming compounds in the fuel is volatilized and released to the
gas phase during combustion (Obernberger et al., 1999). Potassium originating from the inherent

ash is the most abundant volatile element in biomass (Van Loo and Koppejan, 2008).

A major concern in co-combustion is ash-related issues such as slagging, fouling, corrosion, and
particulate emissions (Singh et al., 2017; Ma et al., 2018). The primary reason for this is that the
secondary fuels applied in co-combustion, generally possess a large amount of alkalis and chlorine
that may be easily released to gas phase during combustion and create ash deposition (Sahu et al.,
2014). Fouling of combustor surfaces plays a huge role in the design and operation of combustion
equipment (Demirbas, 2007). Inorganic materials in the fuel are the main contributors to fouling
(Febrero etal., 2015). The behavior of these inorganic materials is much less understood than those
of their organic counterparts (Easterly and Burnham, 1996). Biomass contains a larger variety of

inorganic materials than coal (Sahu et al., 2014). Hence, issues of slagging, fouling, corrosion, and
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pollutant emissions need to be explored. This is important for some agricultural residues, and new
tree growth where ash can have relatively high alkaline metal contents, particularly sodium and
potassium (Easterly and Burnham, 1996; Caillat and Vakkilainen, 2012). Both potassium and
sodium are found to lower the melting point of ash and, thus can increase ash deposition and
fouling of boiler tubes (Melissari, 2014). In an investigation conducted by Texeira et al. (2012) on
fouling and slagging tendency of biomass co-fired with coal in a fluidized bed reactor, the authors
found that woody biomass can be successfully used as co-fired fuel without significant slagging

and fouling problems.

2.4 Biomass

2.4.1 Overview of biomass and bio-energy

Biomass is any organic material that originates from plants, animals, or any other living organism
and it is a renewable energy source (EIA, 2018). Plants contain stored energy from the sun, which
is absorbed through a process called photosynthesis. The energy absorbed by plants is therefore
used in converting CO, from the atmosphere into chemical energy. Biomass can be burned directly
or converted to liquid biofuels (ethanol and biodiesel) or biogas that can be used as an energy
source. Solid biomass, such as wood and garbage, can be burned directly to produce heat. Biogas
is produced from paper, food scraps, and other organic waste which has decomposed over many
years in a landfill. It can also be produced from sewage and animal manure in special vessels called
digesters. Ethanol is made from crops such as corn and sugar cane that are fermented to produce
fuel ethanol for use in vehicles. Biodiesel is produced from vegetable oils and animal fats and can
be used in vehicles and as heating oil (EIA, 2018). In this study, the overview of the indigenous

biomass “Tamarix usneoides and Searsia lancea ” utilized are presented from section 2.4.2 below.

2.4.2 Biomass utilized in the study

Biomass source and plantation
The plant species utilized in this study were harvested from the Witwatersrand Basin Goldfields
(WBG), which was highly polluted by tailings storage facilities (TSFs) that are hazardous to the

environment and the public (Joubert, 2017). The TSFs is estimated to cover about 400 km? within
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the WBG. This area was estimated by Weiersbye et al. (2006) to be contaminated with about 6
billion tonnes of gold and uranium tailings, and 430 000 tonnes of uranium and 30 million tonnes
of sulfur contaminants. The different beneficiation techniques applied in the processing of gold
over the years had led to the generation of large volumes of tailings from gold mining activities,
since gold only forms a small fraction of the conglomerates that were mined. As the reserve of
gold in some of these fields has depleted, these TSFs remained unused and untreated for over a
century (Arendze, 2015). Since the TSFs are prone to erosion, generation of acid mine drainage
(AMD) and soil contamination, a study was initiated by AngloGold and the University of the
Witwatersrand, which required the planting of indigenous tree species between 2003 and 2008 on

an estimated 320 hectares of land to address the above-mentioned issues.

In this rehabilitation project, two indigenous tree species “Tamarix usneoides and Searsia lancea”,
were amongst other trees planted to control and treat the AMD water from the mine (Weiersbye et
al., 2006). It is imperative to evaluate the suitability and compatibility of these tree species for co-

combustion with coal, as these trees may prove to be a valuable source of biomass.

Tamarix usneoides

Tamarix is native to the Mediterranean countries, former Soviet Union, China, India, North Africa,
and Southern Africa (Baum, 1978; Heywood et al., 2007). However, there are various species of
Tamarix in South Africa such as Tamarix aphylla (L.) Karst., Tamarix ramosissima Ledeb.,
Tamarix chinensis Lour., and Tamarix parviflora DC (Bredenkamp, 2003). The Tamarix utilized
in this investigation is Tamarix usneoides (T. usneoides), also known as Tamaricaceae or “The
Salt Cider”, which was planted on Tailing Storage Facilities (TSFs) and mine waste dumps in the
Gauteng, North West and Free State provinces of South Africa (Weiersbye et al., 2006). This
species is native to Southern Africa and is currently being used in the mines for treating acid mine
drainage (AMD), through phytoremediation (Mayonde et al., 2013). It is a perennial shrub, that
can grow up to 6 m in height (SANBI, 2019). Its leaves are scale-like, about 1.25 mm in length
(SANBI, 2019) and typically contain salt glands (Bredenkamp and Phepho, 2008). The fact that it
discharges salts enables it to grow in and tolerate soils with high salt concentrations, ranging from
650 to 36000 ppm (Brotherson and Field, 1987).
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Studies conducted in South Africa, have shown that Tamarix usneoides has the potential for
treating waste water generated from the gold mines (Weiersbye et al., 2006), as well as treating
multiple pollutants such as heavy metals in ground water (Dennis, 2008). Tamarix usneoides has
been found to lower the concentration of acid mine drainage (AMD) from a South African mine
tailing storage facilities (TSFs), and also has the potential to hyper-accumulate NaCl, sulphates,
other halogens, and some heavy metals from polluted water and soils (Weiersbye et al., 2006;
Weiersbye, 2007). The species is likewise known to excrete a range of ions from specialized

glandular structures on its leaves (Wilson et al., 2017).

Searsia lancea

The second plant species utilized in this study is Searsia lancea, formerly known as Rhus lancea,
and referred to as Karee tree in English and Rooikaree in Afrikaans language (Wanenge, 2009).
Searsia lancea is an indigenous tree species with the ability to maintain a high leaf-area throughout
the year (Dye et al., 2008). It is a multi-stemmed species of bush and tree form with a dense,
evergreen canopy, and can grow up to 8 m tall and may be single or multi-stemmed (Plantinfo,
2019). This species was found to tolerate AMD polluted groundwater, the harsh conditions on
Highveld mines (fires, frost, wind, drought and AMD polluted soils), and competition from
neighboring trees (Joubert, 2017). In addition, it can accumulate high concentrations of sulfur in
its leaves, of approximately 1.46-2.83% compared to 0.1-5% from other plants (Wanenge, 2009)
which also makes it a good candidate for hydraulic control of seepage from TSFs (Dye et al., 2009)

and in turn phytoextraction.

The Searsia lancea used in this investigation as biomass for coal/biomass co-combustion was
planted adjacent to TSFs for phytostabilisation and hydrological control (Dye et al., 2008; Dye
and Weiersbye, 2010). Studies conducted by Joubert (2017), had shown that Searsia lancea is an
accumulator of sulfur, chlorine, and calcium with levels of 2 509, 2 501 and 16 733 mg/kg,
respectively. An investigation conducted by Lange et al. (2012) also established that Searsia
lancea is a perfect pioneer tree species for quickening the recovery of disturbed vegetation sites.
In addition to the ecological value offered by Searsia lancea, the tree also boasts of countless

traditional uses, ranging from building material to using the fruits for beer brewing (Venter and
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Venter 1996; Palgrave, 2002). The use of this species on previously disturbed sites is expected to

be of commercial and social value to the community.

2.5 Kinetic analysis

For non-isothermal experiments, the change in the sample mass is recorded against temperature
and time. Mathematically, the rate of conversion dx/dt can be seen in equation 2.2 (Gil et al.,
2010);

d.

2 = k()f () (22)

The single step kinetic is represented in equation (2.2) above, and this defines the kinetic analysis
in combustion reactions. In this equation, t is the time, T is the absolute temperature, x is the
extent of conversion, K (T) is the temperature dependent rate constantand f'(x) isthe temperature-
independent reaction model. With the use of a suitable reaction model, the kinetic parameters of
the thermal decomposition process can be obtained from TGA data/profiles (Ozawa, 1965; Gil et
al., 2010; El May et al., 2011). In an Arrhenius equation, k as a function of temperature can be

written as:

k(T) = Ae D (2.3)

Where A is the pre-exponential or frequency factor, E is noted as the reaction activation energy
and R is the universal gas constant (8.314 J/ (mol K)). The pre-exponential factor, the activation
energy and the reaction model f (x) are collectively known as the kinetic triplet. The characteristics

of combustion are defined using these three parameters. The function f(x) is expressed as:
fGO=1-0)" (2.4)

The reaction order is represented as n, while the sample conversion, x can be seen in equation 2.5

as previously expressed by Agrawal and Chakraborty (2013) and Meng et al. (2013):
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o= KiTEe 2.5)

Xi—Xoo

The x; is noted as the initial mass of the sample, x; is the mass of the sample at atime t and x, is

the final mass of the sample after the reaction. The combination of equation (2.3) to (2.5) gives:

% = Ae(_:_T)(l —x)" (2.6)

At a constant heating rate,

ar

B= (2.7)

Equation (2.5) can be written as:

dx A
= — (_E/RT)
el L dT (2.8)

The integration from of equation (2.8) is shown in equation (2.9) as:

d AT (-E
GO = Jy 705 =5 J, e FPdT (2.9)
T =T, +pT (2.10)

According to Chen et al. (2013), T, is noted as the starting temperature.

The methods for determining the kinetic parameters involved in a reaction can be grouped into
two; model-free methods also known as iso-conversion kinetic methods and model-fitting methods
which depend on kinetic models (Vyazovkin and Wight, 1999; Wang et al, 2005). The model-free
methods can be used to determine the activation energy of a reaction without the knowledge of the

reaction model f (x) (Yao et al., 2008) whilst the model-fitting methods can be used for predicting
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activation energy without the knowledge of the reaction mechanism (Agrawal and Chakraborty,
2013). As stated by Meng et al. (2013), the model-free method has the advantage of determining
activation energy without prior knowledge of the G (x) function. In contrast, model-fitting methods
are used in calculating the activation energy by fitting non-isothermal TGA data to a hypothetical
reaction model. The difference in the two approaches for the kinetic analysis of isothermal and
non-isothermal data have been reported by many researchers. A study by Vyazovkin and Wight
(1999) noted that model-fitting approaches give accurate fits for both isothermal and non-
isothermal data, but the Arrhenius parameters yielded by this approach are extremely ambiguous
when applied to non-isothermal data. This is because x and T change simultaneously during non-
isothermal experiment and model-fitting fails to obtain clean separation between the temperature
dependency of K(x) and the reaction model f (x). According to Vyazovkin and Wight (1999),
with the iso-conversional approach these shortcomings can be avoided, and this why the approach
can be used to obtain reliable and consistent kinetic information for both isothermal and non-

isothermal data.
Application of iso-conversional approaches is based on either applied differential methods or
integral methods. Differential methods are thought to be the worst of the model-free methods, even

though they do not assume any approximations (Bai et al., 2015). For differential iso-conversion

method, equation 2.6 is linearized by taking logarithms, resulting in equation 2.11:

dx -E
In (%) == —In(f(x)) (2.11)
By considering a constant heating rate 3, equation (2.11) can be transformed to:

dx

In () = — - In(f(x) (2.12)

The activation energy can be derived from equation (2.11) by plotting In (Z—; ,8) versus 1/T which

is a straight-line plot with a slope —E /R. Friedman method is a perfect example of this differential

45



iso-conversional method (Wang et al., 2005 and Bai et al., 2015). The integral method is derived

by rearranging equation 2.6 for constant heating rate leading to the integral equation below:

INCOEE fT:eCTf) dr (2.13)
From equation 2.13, the integral methods like the Coats-Redfern method (Coats and Redfern,
1964) or Flynn-Wall-Ozawa method could be applied to integrate the expression and determine
the activation energy (Yao et al, 2008). Although, the iso-conversional methods can determine the
activation energy E for the reaction independent of the reaction model but cannot determine the
pre-exponential factor and the reaction model. Several researchers had proposed different reaction
mechanisms for the modelling of biomass and biomass-coal blends, with many proposing first
order reactions (Nassar, 1999; Zhou et al, 2006; and Gil et al, 2010).

The kinetic reactions of biomass and biomass-coal blends are heterogeneous. In the investigation
conducted on the pyrolysis of different biomasses, more than one thermal event was identified by
Zhou et al. (2006). Similarly, Gil et al. (2010) identified two thermal events using the same
approach. The authors demonstrated that the first order reaction is the most effective mechanism
for the devolatilization stage, and diffusion was found to be responsible for the biomass char
reaction. Ozawa (1992), also found that the conversion at the maximum rate is constant and
autonomous of the heating rate and in the case where heating is linear the rate constant follows the
Arrhenius law. Following this, it is assumed that the dominating reaction is at a conversion
conforming to the maximum rate of decomposition for a single first order reaction when the

material is heated up at a constant rate.

A two-stage reaction Kkinetics scheme consisting of two independent reactions was proposed for
the thermal decomposition of biomass under an oxidative atmosphere by Liu et al. (2002) and

Shen et al. (2009). The kinetic scheme includes two separate reactions:

A(solid) - B(char) + C1(gas) (First stage) (2.14)
B(char) — C2(gas) + D(ash) (Second stage) (2.15)
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2.5.1 Coats-Redfern method
The kinetic model applied in this study was derived from equation (2.9), which was integrated to
obtain the Coats-Redfern method:

n(42) = n (4 (1 -21)) - £ 219

Since it can be proved that for most values of E and for the temperature range of combustion, the

expression In <B (1 — ﬂ)) in Eq. (2.9) is essentially constant (Zhou et al., 2006), a straight

line should be obtained by plotting In (g( )) versus 1/T. Furthermore, if the correct g(x) is used,

the plot of In (g( )) versus 1/T should result in a straight line with a high correlation coefficient

of linear regression analysis, from which the values of E and A can be calculated. Firstly, the
activation energy can be derived from the slope of the line —E/R. Additionally, the pre-
exponential factor can also be calculated by taking the temperature m, = (m; + ms)/2 as the

intercept of equation 2.16, (Zhou et al., 2006).

The function g(x)/f (x) is dependent on the mechanism controlling the reaction, the size and
shape of the reacting particle (Gil et al., 2010). With these functions, it is possible to estimate the
reaction mechanisms controlling the thermal degradation of the samples from the TGA curves.
The form of g(x) that gives a straight line with the highest correlation coefficient will be
considered the function of the model that best represents the kinetics of mass loss for each separate
reaction (Gil et al., 2010). Most dynamic studies conducted using TGA frequently use the first-
order chemical reaction assumption (O1 model). Additionally, other chemical reaction (O2 and
03 models), boundary-controlled reactions (R2 and R3 models) and diffusion mechanisms (D1,
D2, D3 and D4 models) are commonly applied to describe the combustion reactions of biomass.
The results obtained by Gil et al. (2010) indicated that the first order chemical reaction is the most
effective mechanism for the first step of biomass oxidation and for coal combustion. However,

diffusion mechanisms were found to be responsible for the second step of biomass combustion.
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Table 2.12 below shows expressions of g(x) for the kinetic models employed in solid-state

reactions.

Table 2.12: Expressions of the function g(x) for the kinetic models employed in solid-state

reactions
Mechanism and model | g(x)

Reaction order

01 —In (1 —x)

02 (1-x)"1

03 (1—x)"2

Phase boundary-controlled reactions

R2 1—(1-x)/?

R3 1—(1—x)'/3

Diffusion

D1 x?

D2 A1-x)In(1-x)+x

D3 1,
(1-(1-x)3)

D4 1—2x/3—(1—x)?/3
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CHAPTER 3: RESEARCH METHODOLOGY

In this chapter, the materials used in this study, their properties and sample preparation standards
utilized are presented. The analytical methods and instruments used to achieve the research
objectives outlined are also reported. Figure 3.1 below summarizes the research methodology as

applied to this research.

» Biomass: Searsia lancea harvested from
4 low and high AMD affected sites.

; » Tamarix usneoides harvested from 4
Materials low and high AMD affected sites.

+ Coal: ROM and discard
* Mill and pulverize to - 212 um

 Proximate analysis

Characterization * Ultimate analysis
 Calorific value

* Ash chemistry

Combustion and « ROM and discard coal

: » Biomass blended with coal at different
co-combustion weight percentage ratios

» Determine emission characteristics of
raw biomass, coal and their blends

Kinetic modelling « Coats-Redfern model

Figure 3.1: Overview of research methodology
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3.1 Material

3.1.1 Biomass

The two tree species used in this study are Searsia lancea and Tamarix usneoides. The two tree
species were 12 years old when harvested from four different trial test sites in the Vaal and Wits
gold mines of South Africa. The locations of the sites are AngloGold Ashanti’s (AGA) West Wits
mine operation near Carletonville (26°26' 12"S 27°21' 12"E) and AGA's Vaal River mine
operation near Klerksdorp (26°59'57"S 26°46'28"E). The Vaal River (VR) and West Wits (WW)
mine sites are located 112 km apart. Figure 3.2 shows the location of the Vaal River and the West
Wits mining operations. From the Carletonville (WW) mine, trees were harvested from the Red
soil and Madala sites, while from the Klerksdorp (VR) mine, trees planted on the Mispah and West

complex sites were also harvested as the source fuels.

From each site, two trees of both Searsia lancea and Tamarix usneoides were harvested (8 trees
for each species and 16 trees in total), and divided into different plant sections representing the
leaves, roots, twigs, wood, stump and rootball, as depicted in Figure 3.3a to 3.3g. After dividing
the trees into different sections, all the tree sections were dried, and cut into different sections using
a band saw. The sections were further reduced in a Retch 200 SM mill manufactured in Germany
before being pulverized to about 70% passing -212 um. The Retsch 200 SM mill is shown in Figure

3.4 while Tables 3.1 and 3.2 below show different parts of the tree that were collected per sample.

NOTE: The sites from which the trees were taken were noted to contain different levels of AMD
concentration, soil nutrient levels and micro-organisms. In addition, investigation conducted by
Weiersbye and Witkowski (2006) have shown that the Tamarix usneoides leaves contain high
levels of salt (NaCl) ranging from 2 to 10%, therefore such high salt concentrations would be
detrimental in any combustion situation. For the combustion test conducted in this study, the leaves

were excluded from the blends of coal with biomass.
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Surface operations
A 'est Wits and Vaal River]
Northern Province ¥ )
. " + Mine Waste Solutions
West Wits operations « Nufcor
(Merafong) « Hard Rock

+ Mponeng mine « Environmental Management

« Savuka mine
+ TauTona mine

Vaal River operations \ § M |
(Merafong) Ga.t 0 S
y { uteng
+ Great Noligwa mine North West cam.omme ’

« Kopanang mine
« Moab Khotsong mine

KwaZulu-Natal

Lesotho

Northern Cape Durban

Mthatha ©

Eastern Cape

Western Cape
Cape Town o

Figure 3.2: Location of Vaal River and West Wits Mining Operations (Mining Weekly, 2016)
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Figure 3.3: Different biomass parts for Searsia lancea and Tamarix usneoides

Figure 3.3a: Leaves Figure 3.3b: Twigs

Figure 3.3c: Wood Figure 3.3d: Dry biomass
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Figure 3.3f: Rootball

Figure 3.3g: Stump
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Figure 3.4: Retsch SM 200 (Retsch, n.d.)
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Table 3.1: Tree parts collected from West Wits mining sites

Site Tree identity Parts collected
T1 e Leaves
e Twigs
e Wood
e Dry biomass
e Roots
T3 e Leaves
e Twigs
e Dry biomass
Madala e Stump
S1 e Leaves
e Twigs
e Wood
e Dry biomass
e Stump
S3 e Leaves
e Twigs
e Wood
e Dry biomass
e Roots
T4 e Twigs
e Wood
e Roots
T6 e Wood
e Dry biomass
Red soil e Roots
S4 e Leaves
e Twigs
e Dry biomass
e Roots
S5 e Leaves
e Twigs
e Wood
e Dry biomass
e Stump

T: Tamarix usneoides; S: Searsia lancea
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Table 3.2: Tree parts collected from Vaal River mining sites

Site

Tree identity

Parts collected

West Complex

T7

Leaves
Twigs
Wood
Roots
Rootball

T9

Leaves
Twigs
Wood

S7

Leaves
Twigs
Wood

Dry biomass
Root
Rootball

S8

Leaves
Twigs
Wood

Dry biomass
Roots

Mispah

T11

Leaves
Twigs
Wood
Roots
Rootball

T12

Leaves
Twigs
Wood
Roots
Rootball

S11

Leaves
Twigs
Wood

Dry biomass
Roots

S12

Leaves

Twigs

Wood

Dry biomass
Stump

Roots and Rootball

T: Tamarix usneoides; S: Searsia lancea

56




3.1.2 Coal

The two South African coals utilized in this study were sourced from a coal mine located within
the Witbank coal field. The samples are run of mine (ROM) coal and discard coal. The samples
were first milled in a hammer mill and then pulverized to -212 um. Representative fractions of
these samples were prepared for different analyses such as proximate, ultimate analysis, emission

test, and combustion and co-combustion tests.

3.2 Analytical methods

The proximate analyses for all samples were conducted in accordance with the ASTM D-5142
(ASMT International, 2019), with approximately 1 g used in determining the inherent moisture,
ash content and volatile matter present. The calorific value was determined for both tree species
and coal using a Leco AC 500 calorimeter in accordance with ASTM D5865-04 (ASMT
International, 2019). The system uses an electronic thermometer with an accuracy of 0.0001°C to
measure the temperature every six seconds, with the results obtained within 4.5 to 7.5 minutes.
The ultimate and sulfur analyses of all samples were performed according to ASTM D 5373-02
and ASTM D 4239-05 for CHN and sulfur content, in an Elementar vario EL cube analyser, with
approximately 5 mg for each sample (ASMT International, 2019). The XRF analysis for the
selected ash samples were conducted using an Ametek SPECTRO XEPOS HE analyser with about
5 g of each ash sample loaded into a sample cup for this analysis. The particle size of the samples
was measured using a laser-based particle size analyzer, namely a Mastersizer (2000) of Malvern
Instruments Ltd. The emission was measured using MGA 11 mobile gas analyzer, manufactured

by Dr Fodisch, Germany. Analytical instruments used are listed in Figures 3.5 to 3.9 below.
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Figure 3.5: Leco AC 500 oxygen bomb calorimeter (LECO, n.d.)

Figure 3.6: The Elementar vario EL cube (Elementar, n.d.)
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Figure 3.7: Ametek SPECTRO XEPOS HE analyser (SPECTRO XEPOS HE, n.d.)

Figure 3.8: Malvern Mastersizer 2000 particle size analyser (MalvernPanalytical, n.d.)
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Figure 3.9: Multi Gas Analyser (MGA) 11 (Oy Anatek Instrument Ab, n.d.)

3.3 Ash Oxide Analyses

The coal samples were ashed in an atmosphere of air according to the 1SO standard 1171:2010 for
'Solid mineral fuels - Determination of ash' (1SO, 2019), and the compositional analysis of the
major elements in the coal ash was determined using Ametek Spectro X-lab pro. The collection of
oxides analyzed include: SiO,, Al,03, CaO, K20, Na;0, Fe;03, MgO, TiO2, SO3* and P,0s. The
biomass samples, along with their coal blends were ashed in accordance with the CEN/TS
14775:2009 standard for 'Solid biofuels - Determination of ash content' (BSI group, 2019) and
major elements in the ash determined using the same procedure above. In terms of application,
the ash analyses indicate the likelihood of abrasion, wear in mills and ducts, and the slagging or

fouling potential of the coal on heating.

The fouling index, F,, which was used to determine the fouling potential of the coal and biomass

was calculated based on the base to acid ratio according to equation (3.1) as follows:
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Fu = RB/A X (N20 + Kzo) (31)

The base to acid ratio was determined by equation (3.2) as follows:

__ (Fe;03+Ca0+MgO0+K,0+Na,0)

Rpja = (Si0+ TiO,+ Al,03) -

Low fouling potential, when F, < 0.6, medium for 0.6 < F, <1.6, high for 1.6 < F, < 40, and

extremely high with tendency to deposits sintering when F, > 40 (Texeira et al., 2012).

The slag ratio was determined according to equation (3.3) as follows:

_ Sio,
Si0,+Fe,05+Ca0+Mgo

Sk x 100 (3.3)

Low slagging if Sz > 72, medium if 65 < S <72 and high when S, < 65 (Febrero et al., 2014).

3.4 Differential Thermogravimetry (DTG) and Emission Test

The thermogravimetric analysis (TG) and DTG test was conducted ina TGA, in an air atmosphere,
ratio of 21% oxygen and 79% nitrogen. A 100 mg representative sample was feed into the TGA
for each combustion test at a heating rate of 6°C/min, from 25°C to 850°C and held until there is
constancy in weight loss. All the samples tested were subjected to these step parameters. The
combustion characteristics of the raw fuels and their blends with coal at three different ratios of
coal to biomass (3:1, 1:1 and 1:3) were determined from the DTG curves generated. Table 3.3

below explicitly shows all the samples used for combustion and co-combustion. All the samples
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were tested twice for reproducibility, also note in Table 3.3, that 100% discard and 100% ROM

appear only in one block as they do not change with site.

Table 3.3: Samples for combustion and co-combustion tests

50% S + 50% ROM
25% S + 75% ROM

Sample ID
Site Searsia lancea Tamarix usneoides
100% S 100% T
75% S + 25% D 75% T+ 25% D
50% S + 50% D 50% T + 50% D
25% S+ 75% D 25% T+ 75% D
Madala 100% D 100% D
75% S + 25% ROM 75% T + 25% ROM
50% S + 50% ROM 50% T + 50% ROM
25% S + 75% ROM 25% T + 75% ROM
100% ROM 100% ROM
100% S 100% T
75% S + 25% D 75% T + 25% D
50% S + 50% D 50% T + 50% D
25% S+ 75% D 25% T+ 75% D
Red soil 75% S + 25% ROM 75% T + 25% ROM

50% T + 50% ROM
25% T + 75% ROM

West complex

100% S

75% S +25% D
50% S + 50% D
25% S + 75% D
75% S + 25% ROM
50% S + 50% ROM
25% S + 75% ROM

100% T

75% T +25% D
50% T + 50% D
25% T+ 75% D
75% T + 25% ROM
50% T + 50% ROM
25% T + 75% ROM

Mispah

100% S

75% S +25% D
50% S + 50% D
25% S+ 75% D
75% S + 25% ROM
50% S + 50% ROM
25% S + 75% ROM

100% T

75% T+ 25% D
50% T +50% D
25% T+ 75% D
75% T + 25% ROM
50% T + 50% ROM
25% T + 75% ROM

S: Searsia lancea; T: Tamarix usneoides; D: Discard; ROM: Run of mine

These thermographs provided information on the sample weight loss, key temperatures at which

ignition, devolatilization and peak temperature stages were reached, and changes in reaction time
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for both species, coal and coal-biomass blends. A Leco TGA 701 can be seen in Figure 3.10

below.

Figure 3.10: The Leco TGA 701 (MARC, n.d.)

The schematic diagram of combustion experimental system is displayed in Figure 3.11. The
experiments were carried out in a stainless-steel reactor inserted in an Elite 1200°C, horizontal
tube furnace (TSH12/38/500), mullite work tube with an internal diameter of 40 mm and a length
of 750 mm. The tube furnace was heated from room temperature to the targeted temperature of
850°C for the combustion and co-combustion test, with the furnace temperature monitored with
an EUROTHERM 2216e temperature controller. The experiment was conducted in air atmosphere
(21% oxygen/79% nitrogen) with an air flow rate of 300 ml/min. The air, with a purity of 99.9%
was purchased from Afrox. Once the tube furnace was heated up to the targeted temperature, blank
test was conducted three times with an empty alumina crucible and MGA 11 mobile gas analyzer
connected online at 1 scan per second. This was to ascertain the repeatability of the analyzer and
the batch test procedure. A test sample of coal, biomass and their blends (0.1) g was fed through
port 9 as shown in Figure 3.11, into the tube furnace (11), as a batch test, rather than feeding the

sample continuously through the screw feeder (7). Since the experiment was conducted using a
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batch test, the reactor gas inlet pipe (10), flush gas inlet port (15) and flush gas outlet port (16)

were not utilized.

S02,NOx,
COy 02 & CO

Figure 3.11: The schematic diagram of combustion and co-combution experimental system.

3.5 Kinetic analysis

In this work, the approach used to calculate kinetic parameters was based on Arrhenius equation,
which has been used extensively by researchers to obtain kinetic parameters of thermal events
under combustion conditions (Gil et al., 2010). For non-isothermal experiments, the change in the
sample mass is recorded against temperature and time. Mathematically, the rate of conversion

dx /dt can be seen in equation 3.4:

dx

— =k(T)f(x) (3.4)

dat
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Where, t is the time, T is the absolute temperature, x is the extent of conversion, K(T) is the
temperature dependent rate constant and f(x) is the temperature-independent reaction model. The
sample conversion, x can be seen in equation 3.5 as previously expressed by Agrawal and
Chakraborty (2013) and Meng et al. (2013):

x = X (3.5)

Xi—Xoo

The x; is noted as the initial mass of the sample, x; is the mass of the sample at atime t and x, IS

the final mass of the sample after the reaction.

In an Arrhenius equation, k as a function of temperature can be written as:

k(T) = Aex7) (3.6)

Where A is the pre-exponential or frequency factor, E is noted as the reaction activation energy

and R is the universal gas constant (8.314 J/ (mol K). The function f(x) is expressed as:
f) =1 -x)" 3.7)
The reaction order is represented as n. The combination of equations (3.4) to (3.7) gives:

% = Ae(_:_T)(l —x)" (3.8)

At a constant heating rate (8),

p== (3.9)

Equation (3.8) can be written as:
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dx A
— 4 ,(-E/RT)
T = 3¢ ar (3.10)

The integral form of equation (3.10) is shown in equation (3.11) as:

x dx A T (-E
G(x) =Jo % = EfToe( RT)dT (311)

TGA technique consists of pre-heating a sample to a given temperature (T,), and then starting the
experiment at a fixed nominal heating rate (f). Theoretically, temperature (T, can be expressed

as a function of heating rate and time as follows:
T=T,+ Bt (3.12)
According to Chen et al. (2011), T, is noted as the starting temperature.

The kinetic model applied in this study was derived from equation (3.11), which was integrated to

obtain the Coats-Redfern method:

n(42) = (2 (1-2)) - £ (3.13)

Since it can be proved that for most values of E and for the temperature range of combustion, the

AR 2RT

expression In <BE (1 - T)) in Eq. (3.13) is essentially constant (Zhou et al., 2006), a straight

gx)
T2

line should be obtained by plotting In ( ) versus 1/T. Furthermore, if the correct g(x) is used,

the plot of In (gT(’ZC)) versus 1/T should result in a straight line with a high correlation coefficient
of linear regression analysis, from which the values of E and A can be calculated. Firstly, the
activation energy can be derived from the slope of the line —E/R. Additionally, the pre-
exponential factor can also be calculated by taking the temperature at which m, = (m; + my)/2

as the intercept of equation (3.13) (Zhou et al., 2006).
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CHAPTER 4: RESULTS AND DISCUSSIONS

This chapter presents and discusses results of the tests and analysis outlined in Chapter 3. The
identities of the sites in which the trees were planted and harvested, the individual trees milled and

analyzed are depicted in Figure 4.1 below.

(" Madalasitt )  RedSoil )

Tl T4
T3 T6
S1 S4
S3 S5
\ NG
/West complex\ 4 Mispah )
T7 T11
T9 T12
S7 S11
S8 S12
- NG

Figure 4.1: Identities of biomass samples tested

4.1 Fuel characterization

4.1.1 Variation of ash content in different tree parts

Proximate analysis was conducted on two trees of both Searsia lancea and Tamarix usneoides
harvested from four sites (Figure 4.1). The sixteen individual trees (two from each sites) were
divided into different plant sections representing the leaves, roots, twigs, wood, stump and rootball.
Figure 4.2 shows the results from the physicochemical properties of both species with different

ash content.
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Figure 4.2: Ash content of different tree parts (T av and S av are the average ash contents in the

tree part for Tamarix usneoides and Searsia lancea, respectively).

As shown in Figure 4.2, the root, root ball and leaves from both Searsia lancea and Tamarix
usneoides harvested from the AMD affected sites (Madala, Red soil, West complex and Mispah)
are noted to contain high ash compared to the other tree sections. The wood and twigs had the least
ash content, i.e. inorganic mineral residue, indicating that these tree compartments might be the
most suited for co-firing, in terms of lower propensity to slagging and fouling. Searsia lancea was
found to have a lower ash content than Tamarix usneoides in all the tree compartments as seen in
Table 4.1. Its leaves have an average ash content of 4.87% at a range of 3.96 to 5.87% compared
to an average of 14.81% for Tamarix usneoides leaves from a range of 13.35-15.64%. The high
ash noted in Tamarix leaves as seen in Table 4.1 was expected, since this was the same species
reported by Weiersbye and Witkowski (2007), as having a high level of salt (NaCl) ranging from
2 t0 10%.
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Table 4.1: Range and average ash content for different tree compartments of Searsia and

Tamarix

Tamarix usneoides Searsia lancea

Average (%) | Range (%) Average (%) | Range (%)
Leaves 14.81 13.35-15.64 4.87 3.96-5.87
Twigs 6.75 5.16-7.96 3.29 1.94-3.93
Wood 6.00 2.49-8.36 3.16 1.33-6.03
Root 15.60 7.8 -26.87 7.33 2.67-19.57
Rootball 17.09 11.4-23.26 9.43 8.63-10.22
Dry biomass 9.96 6.71-15.78 3.04 1.19-5.21
Stump 10.06 10.06 5.52 2.02-8.01

4.1.2 Fixed carbon variation in different tree compartments

As shown in Figure 4.3, for both Searsia lancea and Tamarix usneoides, the tree compartments
were seen with different fixed carbon content. The Tamarix usneoides wood and twigs sections
had the highest fixed carbon, averaging 17.08 and 15.66%, respectively while its leaves had the
lowest fixed carbon content, averaging 8.93%. Contrastingly, the leaves of Searsia lancea were
found with the highest fixed carbon content of any tree part for both trees, with an average of
23.02%. The high concentration of carbon noted in these leaves might be as a result of the species
being able to sequestrate carbon. A study conducted by Tomimatsu et al. (2014) had shown that
the carbon content in the leaf of Dipterocarpus sublamellatus tree species do increases with high
CO. concentration. In addition, high fixed carbon in leaves is not uncommon as Bhavsar et al.
(2018) also found fixed carbon of 15.9 and 16.9% for mango and cashew trees’ leaves respectively.
The twigs and wood had the second and third most fixed carbon content, averaging 20.59 and
20.36%, respectively for the Searsia lancea species. Table 4.2 below summarizes the range and
average fixed carbon content for all the tree compartments for both Searsia lancea and Tamarix

usneoides.
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Figure 4.3: Fixed carbon content of different tree parts (T av and S av are the average ash contents

in the tree part for Tamarix usneoides and Searsia lancea, respectively).

Table 4.2: Range and average fixed carbon content for different tree compartments

Tamarix usneoides Searsia lancea

Average (%) Range (%) Average (%) Range (%)
Leaves 8.93 7.45-10.08 23.21 20.61-23.31
Twigs 15.66 13.42-17.8 20.59 18.37-22.81
Wood 17.08 15.02-20.47 20.36 19.2-21.34
Root 14.51 11-19.68 20.85 17.99-22.03
Rootball 13.63 11.85-15.53 21.90 19.62-24.18
Dry biomass 15.25 14.41-16.01 18.50 15.45-21.44
Stump 14.23 14.23 21.72 19.13-23.21
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4.1.3 Volatile matter and moisture content variation in different tree compartments

Volatile matter content also varied in different tree compartments for both Searsia lancea and
Tamarix usneoides as seen in Figure 4.4. For Tamarix usneoides, twigs and wood had the highest
volatile matter content while root and rootball had the least. This is in line with the values of
standard biomass as documented by Stahl et al. (2004). The authors found the average volatile
matter in standard biomass to be around 76% while the wood compartment had about 8% more
volatiles. For Searsia lancea, dry biomass, wood and twigs had the most volatile matter content

while the root and rootball had the lowest.
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Figure 4.4: Volatile Matter content in different tree parts
Compared to other physicochemical properties, there was little difference in the moisture content
across the different tree parts for both species. However, the stump was seen with the highest

moisture content in Figure 4.5, as this is the tree part that is least susceptible to losing water as it

is buried underground.
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Figure 4.5: Moisture content in different tree parts

4.1.4 Fuel characterization of different AMD affected sites

The proximate and the calorific values results for all the samples from the four sites in which the
AMD rehabilitation trial test was conducted are shown in Tables 4.3 to 4.6 according to the plant
components for each tree. The sites from which the trees were taken were noted to contain different
levels of AMD concentration, ranging from the pH of 5 to 6.2 (Joubert, 2017). All the four sites
were also found by Joubert (2017) to contain different level of metal concentrations at different
tree compartments. It is expected that there might be a variation in the quality and energy
characteristics of the trees and their plant components, detailed analyses were undertaken for all

plant materials.
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Table 4.3: Proximate analysis and heat content result for Searsia lancea (Redsoil)

Sample Section M (%) VM (%) ASH (%) FC (%) CV (MJ/Kg)
S4 LEAVES 4.18 68.65 4.41 22.77 19.21
TWIGS 7.18 70.50 2.03 20.31 18.20
DB’ 7.25 71.03 2.35 19.38 16.93
ROOTS 7.15 69.54 2.78 20.54 17.21
BLEND 1" 6.09 70.27 2.81 20.84 17.32
BLEND 2° 6.94 70.76 2.49 19.83 17.33
S5 LEAVES 4.98 69.01 3.96 22.05
TWIGS 6.84 69.16 3.29 20.72
WOOD 8.01 67.98 3.49 20.54
DB" 6.06 77.32 1.19 15.45
STUMP 9.09 61.59 6.52 22.81
ROOTS 6.97 67.34 4.55 21.16
BLEND 1" 5.94 70.17 2.94 20.96
BLEND 2° 7.34 69.00 3.64 20.04 17.34
S4+S5 BLEND 3" 8.41 66.77 3.77 21.05 17.31

b
Ad: Air dried basis; VM: Volatile matter; FC: Fixed carbon; M: Moisture; CV: Calorific value; 1 : Blend of all tree sections;
C d C
2 : Blend excluding the leaves; 3 : Blend of 2 S4 & S5; DB: dried biomass and *Redsoil: Less affected AMD site
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Table 4.4: Proximate analysis and heat content result for Searsia lancea (West Complex)

Sample Sections M (%) VM (%) ASH (%) FC (%) CV (MJ/Kg)

S7 LEAVES 6.87 66.43 4,57 22.14 18.66

TWIGS 5.85 68.12 3.93 22.09

WOOD 7.35 69.16 2.16 21.34

DB? 7.47 69.28 3.07 20.19

ROOTS 8.06 62.86 7.06 22.03

ROOTBALL 7.48 59.72 8.63 24.18

BLEND 1° 6.92 65.63 4.94 22.53

BLEND 2¢ 7.22 65.34 5.40 22.05 17.28
S8 LEAVES 5.86 67.18 431 22.65 18.80

TWIGS 7.17 70.34 1.94 20.56

WOOD 6.65 72.17 1.33 19.87

DB? 8.07 67.94 2.57 21.44

ROOTS 7.87 66.20 3.98 21.95

BLEND 1° 7.28 68.06 3.20 21.48

BLEND 2° 7.93 68.52 3.00 20.56 17.29
S7+S8 BLEND 3¢ 8.35 66.45 3.94 21.28 17.27

b -
Ad: Air dried basis; VM: Volatile matter; FC: Fixed carbon; M: Moisture; CV: Calorific value; 1 : Blend of all tree sections;

2C: Blend excluding the leaves; 3d: Blend of 2C S7 & S8; DB: dried biomass and *West Complex: High affected AMD
site.

Table 4.5: Proximate analysis and heat content results for Tamarix usneoides (Madala)

Sample Sections M (%) VM (%) ASH (%) FC (%) CV (MJ/Kg)
T1 LEAVES 8.73 66.99 14.84 9.46 14.10
TWIGS 6.97 69.61 6.63 16.81
WOOD 7.44 70.29 6.32 15.97
DB? 7.86 69.44 7.38 15.32
ROOTS 7.53 69.80 7.80 14.89
BLEND 1° 7.57 68.14 9.13 15.17

BLEND 2° 7.59 69.46 7.25 15.71 16.23
T3 LEAVES 7.61 69.75 15.21 7.45 14.25

TWIGS 5.14 72.56 5.22 17.09

DB? 7.00 71.89 6.71 14.41

STUMP 8.28 67.44 10.06 14.23

BLEND 1° 6.87 69.25 9.87 14.02

BLEND 2° 7.24 69.96 9.12 13.69 15.89
T1+T3 BLEND 3¢ 8.26 68.96 8.18 14.61 16.09

b .

Ad: Air dried basis; VM: Volatile matter; FC: Fixed carbon; M: Moisture; CV: Calorific value; 1 : Blend of all tree sections;
c . d c . . .

2 : Blend excluding the leaves; 3 : Blend of 2 T1 & T3; DB: dried biomass and *Madala: Less affected AMD site
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Table 4.6: Proximate analysis and heat content results for Tamarix usneoides (Mispah)

Sample Sections
M (%) VM (%) ASH (%) FC (%) CV (MJ/KQ)

T11 LEAVES 8.87+ 67.01 15.64 8.48 16.06

TWIGS 7.06 69.94 7.96 15.05

WOOD 8.95 68.66 6.96 15.44

ROOTS 7.52 59.15 21.47 11.86

ROOT BALL 7.83 57.06 23.26 11.85

BLEND 1° 8.20 63.22 15.45 13.15

BLEND 2¢ 7.91 62.84 15.63 13.64 16.31
T12 LEAVES 8.96 66.75 14.24 10.08 15.31

TWIGS 8.05 70.88 7.67 13.42

WOOD 8.20 66.79 8.61 16.42

ROOTS 6.49 55.65 26.87 11.00

ROOT BALL 8.38 61.50 16.62 13.52

BLEND 1° 8.22 63.80 15.06 12.92

BLEND 2¢ 7.31 63.45 15.30 13.95 16.17
T11+T12 BLEND 3¢ 8.37 68.52 7.48 15.64 16.26

b
Ad: Air dried basis; VM: Volatile matter; FC: Fixed carbon; M: Moisture; CV: Calorific value; 1 : Blend of all tree sections;
C d C
2 : Blend excluding the leaves; 3 : Blend of 2 T11 & T12; and *Mispah: High AMD affected site

From the proximate analysis conducted on the two tree species (Table 4.3-4.6), it is apparent that
the trees do indeed have different properties. In Tables 4.3 and 4.4, the moisture contents in the
Searsia lancea samples planted on the Red soil and West complex sites are shown to range from
4.18 to 9.09%. The bottom section of the tree (roots) possesses the highest moisture content. For
the same species (Searsia lancea), the ash content of the sample planted on the West complex
(High AMD affected site) was found to be 7.06 and 8.63% for the root and rootball, respectively.
The root from the Red soil (Less AMD affected site), was found to have a considerably lower ash
content of 2.78%. According to Tables 4.5 and 4.6, the ash content from the leaves of Tamarix
usneoides planted on the Madala and Mispah sites are within the range of 14.24-15.64%. The
rootball and root for this species planted on Mispah (High AMD affected site) was within the range
of 16.62-26.87%. This is much higher than that obtained from the Madala site (Less AMD affected
site). The high ash noted in Tamarix leaves is expected, since this was the same species reported
by Weiersbye and Witkowski (2007), as having a high level of salt (NaCl) ranging from 2 to 10%.

The blend of all sections in Tamarix usneoides trees without leaves added shows an ash content

75



ranging from 7.48-8.98%, while the blend of Searsia lancea components was found with an ash
content within the range of 3.77-3.94% as seen in Tables 4.3-4.6.

A higher ash content noted in Tamarix usneoides, according to Table 4.5 and 4.6 is more likely to
cause slagging and fouling issues than Searsia lancea (Table 4.3 and 4.4). Of the two species,
Tamarix usneoides is a greater hyperaccumulator (Weiersbye et al., 2006; Weiersbye, 2007).
Therefore, itis likely for Tamarix to contain greater composition of elements with a high tendency
for fuel slagging and fouling compared to Searsia or other biomasses that are not planted on an
AMD-rich soil. The ash content from both coals were remarkably greater than that of the biomass,
as seen in Table 4.6. However, according to Sahu et al. (2014) the ash constituents are found to
be more responsible for slagging and fouling, rather than the ash quantity. Hence, it is expected
that coal will have a lower slagging and fouling propensity compared to biomass despite a higher
ash content, and this is due to its lower Fe,O3 + CaO + MgO composition and higher alumina and
silica composition (Texeira et al., 2012; Melissari, 2014; Febrero et al., 2015). Moreover, it is
expected that the addition of coal will reduce the fouling and slagging propensity of biomass

utilized in this study when co-fired with coal.

The calorific values of Searsia lancea blends were higher than those of the blends of Tamarix
usneoides, in line with the higher fixed carbon content in Searsia lancea. The blend of Searsia
lancea in Red soil had a calorific value of 17.31MJ/kg and fixed carbon content of 21.5% while
the blend of Searsia lancea in West complex had a similar calorific value of 17.27MJ/kg and a
fixed carbon content of 21.28%. Meanwhile, the blend of Tamarix usneoides from Madala had a
calorific value of 16.09MJ/kg and a fixed carbon content of 14.96% while Tamarix usneoides from
Mispah had a similar calorific value of 16.26MJ/kg and a fixed carbon content of 15.64%. Detailed
data on the physicochemical properties of Searsia lancea and Tamarix usneoides from the four

sites and the two coals can be seen on Appendix A.
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4.1.5 Physicochemical properties of the tree species and the coal samples

Table 4.7 shows the physicochemical characteristics of Searsia lancea and Tamarix usneoides
blends, discard and run of mine coals. The discard coal utilized as the co-fired fuel has an ash
content of 41.95% and calorific value of 16.73 MJ/kg. All the biomass samples utilized are seen
with lower ash content and similar calorific value relative to this coal. The fixed carbon content
and calorific value of Searsia lancea leaves was found to be higher than other parts in that tree
(Table 4.7). The volatile matter content of the biomass ranged from 63.90 to 69.40% compared to
20.17 and 22.88% obtained from the discard and run of mine coals, respectively. Many studies
have shown the volatile matter content of most biomass species to be greater than 70% (Gil et al.,
2010; Slopiecka et al., 2011; Bada et al., 2015). A higher amount of volatile matter in biomass is
expected to have a positive impact on the devolatilization process during combustion
(Vhathvarothai et al., 2013) while a fuel with a low volatile matter content is associated with low
flame stability (Mills, 2016). The highly volatile matter content in biomass will most likely favor
the ignition and decomposition of biomass at lower temperatures, thereby generating a flame

which is more intense than that of coal at this stage (Gani et al., 2005).

Table 4. 7:Physicochemical properties of Searsia lancea, Tamarix usneoides and coal samples

Samples

Analyse T1+T | T4+T | T7+T | T11+T1 | S1+S | S4+S | S7+S | S11+S1 S1 ROM | Discard

S 3 6 9 2 3 5 8 2 Leave | Coal Coal
S

® Ash 8.18 8.98 8.35 7.48 6.60 3.77 3.94 3.91 454 29.42 41.95
g 2 FC 1461 | 18.69 | 14.95 15.54 20.34 | 21.05 | 21.28 18.41 20.86 | 45.48 35.83
'g % 9\2 VM | 68.96 | 63.90 | 68.53 68.52 64.70 | 66.77 | 66.45 69.40 66.57 22.88 20.17
a5 5 M 8.26 8.45 8.18 8.37 8.37 8.41 8.35 8.30 8.03 2.24 2.06
C 40.92 | 42.39 | 43.55 43.16 45.35 | 45.16 | 45.73 45.12 47.93 58.30 48.90
S| H 5.91 5.80 6.17 6.38 6.18 6.08 6.20 6.35 5.97 3.19 2.67
& 2 <|o 35.35 | 3258 | 31.54 32.31 32.96 | 36.04 | 35.22 35.78 31.83 4.57 1.93
g % SN 0.42 0.99 1.05 0.99 0.40 0.44 0.46 0.44 1.60 1.43 1.15
55 5 S 0.96 0.81 1.16 1.31 0.14 <01 | <01 <0.1 <0.1 0.85 1.34
CV (MJ/Kg) 16.10 | 16.64 | 16.53 16.26 17.07 | 17.31 | 17.27 17.23 17.75 21.72 16.73

Ad: Air dried basis; VM: Volatile matter; FC: Fixed carbon; M: Moisture; H: Hydrogen; N: Nitrogen; S: Total Sulfur; C: Total
carbon; CV: Calorific value and O: Oxygen is by difference [100-(H+C+N+Ash+H20+S)]

From the ultimate analysis test (Table 4.7), Searsia lancea has more total carbon content and
hydrogen composition than Tamarix usneoides which explains a higher heating value for Searsia

lancea. The average carbon content for Searsia lancea is 45.34% while Tamarix usneoides has an
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average total carbon content of 42.51%. The hydrogen content of discard (1.83) and run of mine
(3.36) were lower than those of biomass. Tamarix usneoides had an average oxygen content of
32.95%, while Searsia lancea had an average oxygen content of 35.02%. The coal samples had an
oxygen content of 1.93% for the discard coal and 4.57% for the run of mine coal. A high oxygen
and hydrogen content coupled with low carbon content in biomass compared to coal is responsible
for the lower heating value in the biomass. The energy contained in carbon-oxygen and carbon-
hydrogen bonds is lower than that of carbon-carbon bonds in coal (Munir et al., 2009). Table 4.7
also shows that the Tamarix usneoides had an average volatile matter to fixed carbon (VM/FC)
ratio of 4.28, while Searsia lancea had a VM/FC ratio of 3.31 which are both lower than that of a
typical biomass VM/FC of > 5.0 (Tillman, 2000). Both coal samples had a ratio of 0.50 and 0.56
for the run of mine and discard coal, respectively. It is expected that gas-phase oxidation of volatile
matter species will be the predominant form of combustion for both Searsia lancea and Tamarix
usneoides (Wang et al., 2009). In this study, the leaves were not added to the blends for the
combustion test due to the previous findings from Joubert (2017) which stated that the leaves have

the ability to accumulate up to 3% sulfur.

The two species are likely to reduce emission when co-fired with coal. As seen in Table 4.7, both
species were seen with lower nitrogen and sulfur content compared to coals. The sulfur content in
the Searsia lancea was found to be less than 0.1, and nitrogen content lower than that of Tamarix
usneoides. Based on the elemental composition of the two species, it is expected that more NOx
and SOx will be emitted from the Tamarix usneoides combustion that that from the Searsia lancea.
In addition, it is also expected that the combustion of coal alone will have higher NOx and SOx
emissions than sole biomass combustion. The co-firing of these coals with Tamarix usneoides and

Searsia lancea may reduce the emissions of NOx and SOx.

4.2 Thermal Analysis

4.2.1 Combustion profiles of raw Searsia lancea, Tamarix usneoides and coal samples
The differential thermogravimetric (DTG) and thermogravimetric analysis (TGA) thermographs

for the Searsia lancea, Tamarix usneoides and two different South African coals are depicted in
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Figures 4.6 and 4.7. Both curves provide distinctly different reaction regions, as combustion of
biomass occurred in stages (Gil et al., 2010). Two peaks were observed for biomass combustion
compared to one for coal combustion. Bada et al. (2015) also observed two peaks during the
combustion of raw and thermally treated bamboo. These profiles provide an insight into the

combustion and reactivity of the samples.
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Figure 4.6: DTG curves for Searsia lancea planted on two sites with high ash coals
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Figure 4.7: DTG curves for Tamarix usneoides planted on two sites with high ash coals

The DTG curves in Figures 4.6 and 4.7 show the evaporation of the moisture occurring below the
temperature of 100°C for all samples. The initiation of the volatile matters (ITvm) was also seen
occurring almost at the same temperature. It was observed that all the Searsia lancea samples
(Figure 4.6), irrespective of the site harvested, ignited at the same temperature (235°C). Tamarix
usneoides samples also follow the same trend igniting at a temperature of 233°C. The early ignition
of volatiles seen in both biomasses is as a result of their fuel properties, such as volatile matter and
oxygen content above 60 and 30%, respectively, compared to the oxygen content in the discard
coal at 1.93% (Table 4.7). The Searsia lancea planted on the Red soil reaches its peak temperature
at around 310°C, with a reactivity of 4.83%.°C /min while the Tamarix usneoides samples planted
on the Madala site (Figure 4.7) also reaches its peak at a temperature of 301°C, and with a reactivity
of 5.3%.°C /min. The second peak observed at the temperature of 376.8°C for Searsia lancea
harvested from the West complex (Figure 4.6) was more pronounced, indicating higher quantity
of lignin in the sample compared to the sample harvested from the Reds soil site. A study
conducted by Alvarez et al. (2016) had shown that the first peak seen during the combustion of
biomass can be attributed to the combustion of cellulose and hemicellulose, while the second peak

is related to the combustion of lignin. It can be observed in both Figures (4.6 and 4.7) that the
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biomass had a higher reactivity than coal which is in agreement with the findings of Riaza et al.
(2017).

The coals were ignited at higher temperatures of 410 and 425°C for ROM and discard coal,
respectively. This increase in the coal ignition temperature is due to its higher carbon content and
more mature maceral components, which resulted in the decrease in the initiation of its fixed
carbon (ITec) and delay in char reactivity compared to that of biomass (Sahu et al., 2014). In
addition, the discard coal was also seen to have burnt out completely before the ROM coal, due to
its lower organic maceral proportion versus ash and low total carbon content (Table 4.7). The
difference in the burnout temperatures between the discard coal and both Searsia lancea forms
was about 220°C. In conclusion, it can be seen below that the biomass is the easiest of the fuel
samples to ignite and combust whilst the discard coal is more difficult to combust as it ignites at
higher temperature and has the lowest volatile matter content in relative terms (Table 4.7). These
findings were similar to the results obtained by Sung et al. (2016) and Oladejo et al. (2019), where

coal was found to have a higher ignition temperature than biomass.

4.2.2 Combustion profiles of Searsia lancea and Tamarix usneoides harvested from four
different AMD rich sites

Figure 4.8 shows the combustion profile of Searsia lancea planted and harvested from four
different AMD sites; Madala, Red soil, West complex and Mispah. The four Searsia samples were
seen with similar combustion profiles, similar ignition and burnout temperatures ranging from 511
or 523°C. The Searsia harvested from the Mispah was the most reactive biomass, followed by the
tree harvested from the Red soil sites, while those planted on Madala and West complex had the

least reactivity. All the trees also displayed two combustion peaks as expected of biomass.
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Figure 4.8: Combustion characteristics of Searsia lancea on four AMD rich sites

The combustion profiles of raw Tamarix usneoides harvested from four different AMD sites;
Madala, Red soil, West complex and Mispah are also presented in Figure 4.9. The main critical
temperatures from the thermograph are presented again in Table 4.8. The combustion profiles for
the four samples followed the same trend, with the Tamarix planted on Madala site having the
highest reactivity with the rate of mass change of 5.28%/min. The sample was also seen with a
more pronounced second peak at a temperature of about 400°C. According to Table 4.8, the same
sample was also seen with the lowest burnout temperature out of all Tamarix harvested from the
four sites. The peak temperature for Tamarix in all sites ranged from 300 to 315°C while the
burnout temperature ranged from 548 to 580°C. In summary, it should be noted that the Searsia
lancea harvested from the Mispah site and Tamarix usneoides harvested from the Madala site are

better fuels, in terms of reactivity compared to all other samples.

82



6
5 ‘ ......... madala
L e red soil

4 A west complex
fg ? — —mispah
§ 3
2 2
&

1

0 3 =

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 81%0
-1

Temperature(°C)

Figure 4.9: Combustion characteristics of Tamarix usneoides on four AMD rich sites
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Table 4.8: Ignition, peak and burnout temperatures of 100% Tamarix usneoides and 100% Searsia

lancea from four different sites

Site Tamarix usneoides Searsia lancea
(ITvm) (°C) | PT (°C) BT (°C) (ITvm) (°C) | PT (°C) | BT (°C)
Madala 192 300 548 146 316 523
Red soil 180 308 577 176 304 512
West complex 159 304 568 163 312 519
Mispah 191 315 580 184 308 511

ITvm: Initiation of volatile matter, PT: Peak temperature, BT: Burnout temperature

4.2.3 Co-combustion of Searsia lancea planted on Redsoil and West complex with coal
discard

The DTG curves for the coal discard in Figures 4.10 and 4.11 present a single reaction profile after
the moisture was released compared to other biomass samples with two different and distinctive
reaction stages. The initiation of the fixed carbon (ITrc) for the raw Searsia lancea harvested from
the Redsoil (Figure 4.10), was seen occurring at the lowest temperature of 241°C, similar to the
observation made by Bada et al. (2014) and Makwarela et al. (2017) on the combustion of different
raw bamboo species. The same species harvested from the West complex site (Figure 4.11) has an
ignition temperature of 248.8°C. In Figure 4.10, the raw biomass sample has the highest peak
temperature of 305.3°C, while Searsia lancea (Figure 4.11), has a peak temperature of 312.8°C.
As the coal percentage in the blend increases, the peak for the combustion of biomass/coal discard
decreases, signifying the influence of reducing biomass volatile matter on fuel reactivity. In
addition, this also has an influence on the burn-out temperature, with a decrease in the burnout
temperature between discard coal and raw biomass at 141°C. According to the thermograph in
Figure 4.10, the total decomposition of the hemicellulose, cellulose and lignin in the raw Searsia
lancea occurs between a shorter temperature range, namely between 198.1 to 512°C, compared to

other biomass/coal blend samples.
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Figure 4.10: DTG curves for Searsia lancea planted on Red soil site with discard coal
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Figure 4.11: DTG curves for Searsia lancea planted on West complex site with discard coal
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Similar trends are also observed in Figure 4.11 for Searsia lancea harvested from the West
complex (AMD affected site). The ignition temperature of the raw biomass sample was 246°C
compared to discard coal of 425°C while the peak burning temperatures for biomass and coal were
313 and 550°C, respectively. These reductions in ignition, peak and burnout temperatures observed
in this investigation are obviously due to the co-firing effect of biomass with discard coal. For both
Figures (4.10 and 4.11), the blend of 25% Searsia lancea + 75% coal was seen with the highest
underlying peaks after coal, signifying that the weight ratio of individual fuel in the blend has a
significant influence on the combustion process which in turn, may influence total combustion
efficiency when blended together. In conclusion, both forms of Searsia lancea are found to be
more efficient in combustion than the discard coal, while the thermographs in Figure 4.11 present
Searsia with a higher second combustion peak, indicating a higher solid carbon and therefore
higher lignin decomposition. The latter condition is likely to be linked to the characteristic of the
tree in withstanding contaminants in the soil in which that plant grew and attaining similar/higher

fixed carbon in all compartments (Table 4.4).

Furthermore, as can be seen in Figures 4.10 and 4.11, as the percentage biomass in the blend
increases the initiation of the volatiles and peak burning temperature of the fixed carbon in the
discard coal profile moves lower towards that of the biomass species. It is suggested that, with
volatile matter content greater than 60% in both biomasses, the co-firing of these biomasses with
the discard coal utilized in this study appears to have led to increasingly lower temperatures for
release and combustion of volatiles in the coal discard. It is suggested that this is likely to provide
a more stable flame for the combustion process in a boiler (Ren et al., 2017). The combustion and
co-combustion profiles of Searsia lancea and Tamarix usneoides from all four AMD sites with

discard and run of mine coals can be seen in Appendix B.
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4.2.4 Co-combustion of Tamarix usneoides planted on Mispah and Madala sites with coal
discard

The co-combustion of discard coal and Tamarix usneoides harvested from two different AMD
affected sites, Mispah and Madala, at 25%, 50% and 75% by wt.% was investigated and depicted
in Figures 4.12 and 4.13. These figures provide an insight into the combustibility of the Tamarix
usneoides, coal and their blends. The thermograph in Figure 4.13 shows that the combustion of
100% Tamarix usneoides planted on Madala site has a higher reactivity of 5.3%. °C/min compared
to the same species of Tamarix harvested from the Mispah site (Figure 4.12) with a reactivity of
3.95%. °C /min. It is also noted in the DTG curves from Figure 4.12 and 4.13 that the co-firing of
25%, 50% and 75% biomass samples in the coal blends have higher reactivities occurring at lower

temperature regions than the discard coal sample.

An improvement was made to the combustion characteristics of the discard coal when blended
with both biomass samples. There was a decrease in the devolatilization and ignition temperature
of the blend when discard coal was co-fired with Tamarix usneoides, i.e. from 424°C for the discard
coal to approximately 222°C in the co-fired blend. This decrease in ignition temperature as the
percentage ratio of biomass in the blend increases is once again considered to be due to the higher
quantity of combustible volatiles being emitted from the Tamarix usneoides component in the
blend which would also be likely to have an impact on the earlier ignition of the coal discard
component. Such modifications in the volatilization rate of the different fuels are also reported by
Sahu et al. (2014). It is also of interest to note that three almost equal peaks of maximum
combustion rate exist when 50% biomass is blended with the discard coal. This extends the heat

production rate over time and temperature ranges from 330 to 550°C.
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Figure 4.12: DTG curves for Tamarix usneoides planted on Mispah site with discard coal
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From the TG profiles embedded in the top right corners of both Figures 4.12 and 4.13, it was
observed that as the biomass weight proportion in the blend increases, the percentage weight
residue after combustion decreases. This decrease in combustion residue might be as a result of
the heat released from the modification to the volatilization rate of the blends as biomass ratio
increases, thereby leading to an increase in reactivity at a lower temperature region for the blends.
The 75% Tamarix + 25% coal from Mispah site was seen with a weight loss residue of 19.5%,

while the 75% Tamarix + 25% coal from Madala has a residue of 17.5% after burnout.

The conclusion drawn from these observations is that biomass addition does improve the
combustion efficiency of the high ash discard coal utilized in this study. In addition, the difference
in the AMD concentration between the two sites does not appear to have had an obvious major
effect on the energy and combustion characteristics of the Tamarix usneoides samples utilized in
this study, apart from the fact that the Tamarix usneoides sample planted on Madala was shown to
exhibita 2% higher reactivity and weight loss rate than that grown on the Mispah site. The Tamarix
usneoides sample planted on the Madala site underwent a weight loss of 50.1% compared to 42.5%

from the Tamarix usneoides planted on Mispah site at a peak temperature of 400°C.

4.2.5 Influence of discard coal blend on combustion efficiency of Searsia lancea and
Tamarix usneoides planted on Madala sites

The difference in the combustion efficiency between the two plant species planted on the Madala
site was determined from their thermographs. The aim was to provide an insight into the effective
utilization of these biomass fuels and the discard coal. The combustion efficiency of the raw plant
samples and the coal/biomass blends were determined at four temperatures, namely, at 300°C,
400°C, 500°C and 600°C. The percentage of material combusted (1) from the total combustible
sample in each fuel was calculated from the expression provided in equation 4.2, with the aid of
data obtained from the TGA & DTG analyses.

n= (M) x 100% (4.2)

Myo7— MpT
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Where, M; is the combustible mass available for combustion at any temperature, Mgy is the
residue mass at the burnout temperature for individual fuel, M,,, is the sample dry mass after

moisture released at 107°C.

Combustion efficiency (n) from Equation 4.2 was plotted versus ratio of the coal in the blend on
x-axis, with the ration 0.0 representing 100% raw biomass. The x-axis in Figure 4.14 denotes the
ratio of the coal in the blend, with the ratio of 0.0 representing 100% raw biomass. It can be
observed that at 0.0 on the x-axis, for the temperature of 300°C, the Tamarix usneoides was shown
to have a combustion efficiency of 8.32% higher than that obtained from Searsia lancea. The
same raw Tamarix sample at 300°C, has a combustion efficiency of 50.4% compared to the high
ash discard coal utilized (0%). Raw Tamarix was seen to exhibit the highest combustion efficiency
as the temperature increases, with 87.3% at 400°C, compared to the discard coal with only 3.08%.
Also noted was the fact that, as the ratio of the coal in the blend decreases for any temperature, i.e.
from 1.0 on the x-axis to 0.0, the amount of biomass burnt increases, i.e. the combustion efficiency
of the blend increases. The increase in biomass functional groups and the presence of more
combustible volatile matter derived from the biomass samples in the blend are considered to be

responsible for the improved combustion of the discard coal.

Figure 4.14 also presents the influence of temperature on the combustion efficiency of the different
plant species with coal, in raw and varying blended mixtures. It can be seen that, at a blend of
75% coal + 25% biomass, there is an increase in combustion efficiency from 14% for Searsia
lancea at 300°C to 96.2% at 600°C. Tamarix, on the other hand, shows a marginally higher
efficiency when raw, in lower biomass proportion in the blends, and at lower temperatures but it
follows a similar efficiency pattern to the Searsia samples thereafter. Both species are also noted
to have better combustion efficiency compared to the discard coal between the temperature of 300-
500°C, but similar efficiency with the discard coal at 600°C. It is concluded that both plant species

can be co-fired with this discard coal in a power plant.
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coal.

4.3 Reaction Kinetics

A kinetic study on the combustion of Searsia lancea and Tamarix usneoides, solely and when co-
fired with ROM coal and discard coal was conducted. In this study, the Coats-Redfern method was
used to determine the activation energies of the biomass and the coal-biomass combusted at
different proportions. The kinetic parameters were determined assuming single separate reaction
for a particular stage of thermal conversion. A first order reaction was assumed, meaning an
expression of f(x) = 1 — x was used. The activation energies of 100% biomass were compared
with those from 100% discard coal and 100% ROM coal. The effect of coal inclusion (at 25%,
50% and 75%) on the kinetic energy of the coal-biomass blend was also investigated. In addition,
the activation energies of both Searsia lancea and Tamarix usneoides harvested from different
sites were determined and compared with each other. The DTG curves from the combustion and
the co-combustion of the samples, provided the data used in determining the kinetic parameters

for all samples, as shown in Figure 4.15.
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Figure 4.15: DTG curve for 100% Searsia lancea planted on Madala site

The plots in Figures 4.16 and 4.17 below were obtained from the first and second combustion stage
reactions of 100% Searsia lancea planted on Madala site (Figure 4.15) using the Coats-Redfern
model under a selected temperature range. Straight lines with high correlation co-efficient of linear
regression were obtained. Firstly, the activation energy was calculated from the slope of the line
—E /R, and the pre-exponential factor was calculated by taking the temperature at which m, =

(m; + mg)/2 as the intercept of equation (3.13). The same procedure was used to calculate the

activation energies of all the other samples.
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Kinetic parameters from the combustion and co-combustion of all samples

The activation energies, pre-exponential factors and the correlation co-efficients of 100% Searsia
lancea, 100% Tamarix usneoides, 100% ROM coal, 100% discard coal, along with their coal-
biomass blends were determined using Coats-Redfern methods. The Kkinetic parameters depicted
in Table 4.9 are from biomass species (Searsia and Tamarix) harvested from the Madala sites. The
kinetic parameters for the two coals was determined under a single stage reaction, while other

samples were determined by assuming a two-stage reaction under a selected temperature range.

Table 4.9: Kinetic parameters of biomass, coal and their blends

Sample First stage Second stage
E(kJ/mol)  A(s?) R? E (kJ/mol) A (s?) R?

100% S 32.98 1 x 107 0.9666 24.94 2 x 10° 0.9134
75% S + 25% D 33.01 1 x 107 0.9652 21.05 1 x 10° 0.9798
50% S + 50% D 28.52 4 x 10° 0.9795 27.55 4 x 10° 0.9514
25% S+ 75% D 22.69 2 x 10° 0.9737 39.96 3 x 107 0.9598
100% T 37.39 2 x 107 0.9433 26.23 3 x 10° 0.9775
75% T + 25% D 26.08 3 x 10° 0.9414 14.86 7 x 10° 0.9959
50% T + 50% D 21.63 1 x 10° 0.9343 11.22 1 x 10° 0.9983
25% T +75% D 20.61 1 x 10° 0.9511 41.69 5 x 107 0.9694
ROM coal 60.16 3 x 10° 0.9853
Discard coal 64.51 1x 10° 0.9720

S: Searsia lancea, T: Tamarix usneoides, D: Discard coal, ROM: Run of mine

The activation energies for the 100% biomasses were found to be lower than the activation energies
for the coals utilized in this study (Table 4.9), indicating that less energy is required for biomass
combustion than for coal combustion. This is in line with the findings of other authors.
Vhathvarothai et al. (2013) found the activation energies of Cypress wood chips and macadamia
nut shells to be lower than that of coal when they investigated thermal behavior of biomass and
coal during co-combustion. The lower activation energies values obtained from the combustion of
biomass could be attributed to its high volatile matter and lower carbon content compared to coal.
The activation energy for the first stage combustion of Searsia lancea was 32.98 and 24.94 kJ/mol
for its second stage combustion reaction. Tamarix usneoides had an activation energy of 37.39 and

26.23 kJ/mol in its first and the second stage combustion, respectively. Bada et al. (2015) obtained
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activation energies in the range of 11.24-31.60 kJ/mol which is similar to this when they
combusted raw bambusa balcooa. Subsequently, Alvarez et al. (2016) found an activation energy
range of 14-86 kJ/mol for 28 different biomass samples. In addition, Cao et al. (2017) obtained a
range of 5 to 54 kJ/mol for different sizes of straw. Recently, Boumanchar et al. (2019) reported
average activation energies of 9.54, 44.27 and 13.34 kJ/mol in drying, devolatilization and char
combustion, respectively for different biomass wastes. Meanwhile, ROM coal and discard coal
had an activation energy of 60.16 and 64.51 kJ/mol, respectively. This is expected, as coal is
required to take longer reaction time to oxidize and at much higher temperature compared to
biomass with much higher percentage of oxygen and low carbon content, as reported in Table 4.7.
A similar activation energy value obtained in this study was reported by Bada et al. (2015) for a
high ash South African coal. Prior to that, Tahmasebi et al. (2013) had found an average activation

energy of 37.83 kJ/mol for coal.

It can be noted that at 25% biomass in the blend, the first stage activation energy (E,) was lower
than the second stage activation energy, while as the biomass percentage increases further, the
second stage activation energy reduces. Alvarez et al. (2016) found that less energy is required in
the combustion of lignin and carbon compared to the required energy needed for the combustion
of cellulose and hemicellulose, which occurs under the first stage of combustion. In addition, their
findings are also in agreement with the study conducted by Wang et al. (2016) on the co-
combustion of coal and biomass. Wang et al. (2016) found that more energy or higher E, is
required in the combustion of the volatiles (volatile combustion), which occurs at the lower
temperature environment, compared to the char combustion. This also explained why higher E,, is
required under the first stage combustion to combust the 75% biomass inclusion compared to that
of 50% and 25% in this study. A study conducted by Chen et al. (2015) also confirmed that
activation energies in the lower temperature ranges to be higher than those in higher temperature

ranges during biomass co-combustion in a fluidized bed reactor.
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4.4 Ash analysis

4.4.1 Concentrations of major oxides and chlorine in biomass, discard coal and their blends
The concentration of major and minor elements was obtained from the XRF analysis conducted
on the biomass ash, discard coal ash and ash obtained from the coal/biomass blends. The
compositions of major oxides: Fe,03, CaO, MgO, K20, Na;0, SiO,, TiO,, Al.O3 and SO3> were
then calculated and listed in Table 4.10 below. Vasilev et al. (2014) defined major elements in the
ash as those with concentrations greater than 1%, while the minor elements are considered to range
from 0.1 to 1%. SiO2, Al;0O3, Fe>03 and CaO are the predominant oxides found in the discard coal
utilized in this study, each with a percentage composition of 50.87%, 36.18%, 9.42% and 6.47%
in that order. A study by Mahlaba et al. (2011) on physical, chemical and mineralogical
characterization of hydraulically disposed fly ash from SASOL Synfuels also found SiO», Al;O3,
Fe203 and CaO to be the major oxides in South African coal ash. Further studies by Akinyeye et
al. (2016) on the analysis of coal ash from an electrostatic precipitator of a South African coal
power station and Maledi (2017) on the analysis of South African coal discard also found similar
oxides to make up the major part of coal ash. Silicon and aluminum are the main inorganic
elements in the ash which may indicate abundance of quartz and aminosilicate minerals in the

discard coal sample (Akinyeye et al., 2016).

Table 4.10: Composition of major oxides and chlorine in Searsia lancea, Tamarix usneoides,

discard coal and their blends

Composition of major oxides and chlorine (wt.%)

Sample ID Fe203 | CaO | MgO | K20 | Na20 | SiO2 | TiOz2 | Al203 | SOs* | ClI
100% D 942 |6.47 101 [1.09 |138 |50.87|251 |36.18 |3.26 |<0.01
100% S 3.70 [32.17]16.12 1219|252 |12.10|0.38 | 4.45 8.51 | 0.47
100% T 0.83 |18.87[13.26 /530 | 745 [424 |0.08 |1.32 38.68 | 0.18

75% S+25% D |4.64 |13.71]590 |4.43 |1.74 |36.85|1.73 | 2471 |13.08|0.07

50% S+50% D | 451 |848 [272 |[246 |151 [43.18]1.95 |30.27 |9.96 |0.02

25%S+75%D |429 |590 (146 |[1.34 |1.23 [43.83]1.95 | 3092 |6.23 |<0.01

Tamarix leaves 0.23 28.22 117791 6.23 [16.25 1159 |0.04 |1.21 32.59 | 2.85

Searsia leaves 2.94 26.89 | 15432799167 |791 |0.15 | 2.33 1353 1.13

S: Searsia lancea, T: Tamarix usneoides, D: Discard coal
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The Fe>O3 concentration reported in this research (9.42%) is relatively higher than those observed
by other authors, indicating a higher presence of minerals associated with iron in the discard coal
leading to a higher Fe;O3 content than in the bituminous and sub-bituminous coals used by other
authors (Mahlaba et al. 2011; Akinyeye et al., 2016). The high Fe,O3 content together with the
high sulfur content in the discard suggests the presence of pyrite (Fe2S) minerals in this coal. In
addition, the presence of high Fe may also come from siderite (FeCOs), chlorite
(FesAlLSiz010(OH)g) and jarosite ((Na,K)Fe3(SO4)2(OH)s) minerals (Maledi, 2017). A study by
Kotelo (2013), also shows that the presence of basic oxides (CaO and MgO) in the ash may be due
to the high concentration of Calcite (CaCO3) and dolomite (CaMg(CO3)2) minerals in the coal.
The presence of TiO. suggests that discard coal contains rutile and/or anatase minerals. Rutile
accounts for most of the TiO. in South African coal while anatase only contributes about 1-2 wt.%
(Maledi, 2017).

Alkali metals are known to be a major contributor to fouling and slagging in boilers (Sahu et al.,
2014). Both potassium and sodium are found to lower the melting point of ash and, thus can
increase ash deposition and fouling of boiler tubes (Melissari, 2014). Biomass had higher amounts
of Na,O and K;O than discard coal, suggesting that the use of biomass in boilers may be
detrimental to boilers. The addition of coal used in the study during co-firing reduces the
concentrations of Na2O and K>O from 12.19 and 2.52% in 100% Searsia to 1.34 and 1.23%,
respectively in a sample which had 75% coal discard + 25% biomass (Table 4.10). The ash from
Searsia lancea contained lower concentration of Na.O than that of Tamarix usneoides. The ash
obtained from the Tamarix leaves was found to possess higher Na2O, SO3%, Cl and Ca than Searsia
leaves. This supports the findings of Weiersbye and Witkowski (2007), that high levels of salt are
absorbed by the leaves of Tamarix. Therefore, this result justifies why the leaves from both species,
especially Tamarix were not added to the tree compartments during blending. Another reason for
omitting leaves in the tree blends was high levels of chlorine which are known to cause corrosion
in boilers (Texeira etal., 2012). The blends of Tamarix and Searsia at different coal ratio also had
higher chlorine levels compared to the discard coal, with less composition than those in the leaves.
The presence of chlorine can be attributed to high levels of NaCl absorbed in the leaves of Tamarix.
The addition of coal reduced the concentration of chlorine from 0.47% in 100% biomass sample

to 0.01% in a sample with 75% discard coal + 25% biomass inclusion. In general Na, Cl, S, Ca
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and K are all mostly deposited in the leaves than in any other part of the trees (Vasilev et al., 2014).
Hence, with these high concentrations of alkali metals in the leaves, the combustion of this

compartment is likely to be detrimental to any combustion technology.

The ash obtained from Searsia lancea was found to contain lower SO3?" concentrations compared
to Tamarix usneoides. The high percentage concentration of sulfur observed in Tamarix is
expected as the literature has shown that this species does have the capability to hyper-accumulate
sulphates and some heavy metals (Weiersbye et al., 2006 and Weiersbye and Witkowski, 2007).
Interestingly, coal ash had less SO3? than both Searsia lancea and Tamarix usneoides blends. This
is counterintuitive as discard coal had more elemental sulfur than both Searsia lancea and Tamarix
usneoides in ultimate analysis. The results could mean that most of the sulfur in the coal discard
are converted into SOx as compared to the biomass. According to Rokni et al. (2018), sulfur
content in the ash depends more on the sulfur retention ability than actual sulfur content of the
fuel. Addition of coal to biomass reduced the concentrations of Na, Cl, S and Ca. The result
obtained in this study is in line with the findings of Texeira et al. (2012), where Al, Fe and Ti in

biomass had lower concentrations than in coal.

4.4.2 Concentrations of trace elements in biomass, discard coal and their blends

Vasilev et al. (2014) classifies trace elements as those elements with concentrations between 0.1
and 1%. The determination of these trace elements is important as elements like As, Co, Cr, Cu,
Hg, Mn, Ni, Sb and V can be potentially toxic (Vasilev et al., 2014). Both the volatile parts of
trace elements and the non-volatile parts can cause environmental issues. While the volatiles can
be emitted to the atmosphere, the non-volatiles contained in coarse ash may lead to problems when
used for different application, such as fertilizer in agriculture and waste water treatment (Vasilev
etal., 2015). The concentrations of trace elements in the ash of Searsia lancea, Tamarix usneoides,
discard coal and their blends can be seen in Table 4.11. The concentrations of As, Co, Cr, Cu, Mn,
Nd, Rb and Zr decrease with an increase in the amount of discard coal in the blend. The
concentrations of Hg and Se were similar in all samples ranging between 1 and 2 ppm. No
relationship was observed between the concentrations of Ni and V with the amount of discard coal
in the blend. Demirbas (2007) found that the concentrations of As, Cd, Cr, Cu, Pb, and Hg in
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various biomass species to range from 0.72 and 92.49 ppm. The maximum concentrations of Cu
and Cr in Searsia lancea were 918 and 529 ppm, respectively. This was much higher than the
concentrations in discard coal and biomasses investigated by Demirbas (2007). The higher
concentrations of trace elements in Searsia lancea and Tamarix usneoides may be attributed to the
fact that they were planted in an AMD contaminated sites. In this research, Searsia lancea was

found with the higher concentrations of trace elements than Tamarix usneoides.
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Table 4.11: Concentration of trace elements in Searsia lancea, Tamarix usneoides, discard coal
and their blends

Trace element concentration (ppm)

Discard | Searsia | Tamarix | 75% S+ | 50% S + | 25% S + | Searsia | Tamarix
coal blend blend 25% D 50% D 75% D | leaves | Leaves

As 13 10 1 9 5 4 1 0
Ba 713 125 48 414 516 512 57 7
Br 1 63 20 12 3 1 265 146
Ce 71 2 9 44 36 50 3 2
Co 14 50 15 30 19 16 3 12
Cr 254 529 141 303 253 219 1320 55
Cu 67 918 398 223 146 81 156 107
Ga 52 4 5 35 41 42 11 3
Hg 2 2 1 2 1 2 1 1
Mn 437 2316 1988 943 509 347 4115 2927
Mo 10 17 6 10 7 7 33 4
Nb 39 5 2 27 31 30 4 1
Ni 200 80 85 173 186 166 74 56
Nd 95 320 104 95 75 58 97 25
Pb 57 540 25 344 136 62 93 11
Rb 50 65 56 55 49 43 98 66
Sh 4 19 22 11 9 7 25 12
Se 1 1 0 2 2 2 1 1
Sn 18 26 33 20 17 14 36 20
Sr 1285 477 337 783 819 773 220 191
Th 47 17 7 34 36 34 9 4
\Y/ 192 89 11 180 209 165 65 3
Y 2 118 37 12 13 1 25 2
Zn 65 13 7 46 50 48 5 3
Zr 48 496 747 156 82 61 2205 542

S: Searsia lancea, D: Discard coal
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4.4.3 Fouling and slagging in biomass, discard coal and their blends

The biomass ash was analyzed for fouling and slagging potentials, which are cardinal when co-
firing biomass with coal in boilers. Table 4.12 below shows the fouling and slagging indices of
ashes of biomass, biomass leaves, coal-biomass blends and discard coal. The biomass samples that
were analyzed for fouling and slagging propensity were taken from the West complex site for both
Searsia lancea and Tamarix usneoides. The leaves, biomass blends without leaves and discard
coal were ashed before being analyzed for their elemental composition. The data obtained from
their elemental composition was used in determining the slagging and fouling indices of the

samples.

Table 4.12: Fouling and slagging indices of biomass and coal ashes

Sample Fouling index Slagging index
Tamarix leaves 544 3.32
Searsia leaves 214 14.9

100% Tamarix blend 103 11.4
100% Searsia blend 57.9 18.9
75% S + 25% D 2.96 60.3
50% S + 50% D 1.03 73.3
25% S + 75% D 0.48 79
Discard 0.53 75.1

S: Searsia lancea, D: Discard coal

The fouling index, F,, which was used to determine the fouling potential of the coal and biomass

was calculated based on the base to acid ratio according to equation (3.1) as follows:

Fu - RB/A X (N20 + K20) (31)

The base to acid ratio was determined by equation (3.2) as follows:

__ (Fey03+Ca0+Mg0O+K,0+Na,0)

RB/A - (Si0,+ TiO,+ Al,03) -
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For the fouling potential of a fuel, fouling is low for the F, < 0.6, medium for 0.6 < E, <1.6, high
for 1.6 < F, <40, and extremely high with tendency to deposits sintering when F, > 40 (Texeira

etal., 2012). The slagging ratio was determined according to equation (3.3) as follows:

_ Si0,
Si0,+Fe,03+Ca0+Mgo

Sk X 100 (3.3)

The degree of a fuel slagging propensity is based on, if S; > 72 indicate low, medium if 65 < S; <
72 and high when S, < 65 (Febrero et al., 2014).

The acidic oxides (SiO2, TiO2 and Al,Oz3) are noted to increase the melting temperature of ash,
thereby lowering its slagging potential, while the basic oxides (Fe203, CaO, MgO, K20 and Na20)
reduce the melting temperature and thereby increase the likelihood of slagging (Texeira et al.,
2012). The leaves of both Searsia lancea and Tamarix usneoides displayed extremely high
likelihood of fouling with fouling indices of 214 and 514, respectively. High fouling propensity of
leaves is due to the plants’ ability to accumulate salt minerals such as NaCl and CaSOa in their
leaves (Weiersbye, 2006). As a result, the biomass leaves harvested from the AMD sites in this
study have a high concentration of basic oxides. The blends of both Searsia lancea and Tamarix
usneoides with different coal percentage also showed extremely high fouling tendencies, although
they are four times lower than their leaves counterparts. The results from both the leaves and the
blends suggested that Tamarix usneoides has a higher fouling likelihood than Searsia lancea. This
can be attributed to its better capacity to absorb minerals (Weiersbye, 2006). Comparatively,
discard coal had a low fouling index of 0.53. The results on the slagging propensity of the species
were similar to those of fouling; species that had high fouling propensity also had high slagging
propensity. Unlike fouling, a lower slagging index indicate a higher slagging propensity. The
leaves of Searsia lancea and Tamarix usneoides displayed high slagging capacity with low
slagging indices of 14.9 and 3.32, respectively. 100% blend of Searsia lancea and Tamarix
usneoides also had high slagging capacity with slagging indices of 18.9 and 11.4, respectively. In

contrast, discard coal had a low slagging potential with a slagging index of 75.1.
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Figure 4.18 shows the effect of coal inclusion on the fouling and slagging capacities of biomass.
Figure 4.18 depicts the effect of addition of coal to coal-biomass blend on the fouling propensity
of biomass. As seen on the graph, 100% biomass has extremely high fouling index of 57.9
compared to the low fouling index of discard (0.53). Addition of coal significantly lowered the
fouling indices of biomass. This can be attributed to the lower alkali composition of the coal.
Texeira et al. (2012) also found that the addition of coal can lower the fouling potential of biomass
which can make woody biomass suitable for co-firing. Interestingly, the sample which had 25%
biomass and 75% coal had the lowest fouling index, even lower than that of discard coal. This
might suggest that co-firing at the right proportion might reduce not only the fouling capacity of
biomass, but also of coal. The effect of coal inclusion on the slagging ratio can also be seen in
Figure 4.18. The slagging ratio drastically increased with an increase in the coal proportion in the
biomass. This means that the slagging potential of biomass was also lowered by the addition of
coal. The addition of 25% coal increased the fouling index by three times. As in the case of fouling,
the sample with 25% biomass and 75% coal blend had the lowest slagging potential with a high

slagging index of 79.

90

80

70

60 Q
50 \

40 \ - ® - Fouling index
30 \ —e— Slagging index
20 \

10 \

Fouling and Slagging index

10 0 20 40 60 80 100 120
Coal inclusion (%0)

Figure 4.18: Effect of discard coal inclusion on fouling and slagging potentials of Searsia lancea
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4.5 Gas Emission Profiles

The biomass, discard coal and their blends were combusted in a batch process for 10 minutes per
sample at 850°C in a stainless-steel horizontal tube reactor. A Multi Gas Analyzer was connected
to the reactor to monitor the concentrations of CO2, SO2, NOx and CO emitted during combustion

and co-combustion. The results of the tests conducted are presented and discussed below.

4.5.1 Gas emission profiles of raw biomass and discard coal

The gas emission profiles of biomass (Tamarix usneoides from Madala site) and discard coal are
shown in Figures 4.19 to 4.22. Figure 4.19 shows the CO2 emission profile for the raw biomass
and discard coal. The biomass tested was found with a lower CO, emission of 3% compared to 5%
released by the discard coal. An investigation conducted by Rokni et al. (2018) reported a biomass
and coal with CO, emission of 2% and 9%, respectively. The lower CO, emission reported in this
research for the discard coal may be due to the lower carbon content in the coal compared to that
of the sub-bituminous coals used by Rokni et al. (2018). The lower emission noted in the biomass

may also be attributed to its lower fixed carbon content compared to the coal.
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Figure 4.19: CO2 emission profiles of Tamarix usneoides and discard coal.
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The SO emission profiles of the biomass and discard coal are shown in Figure 4.20 below. The
SO2 emitted from the biomass was found with a lower emission of 5 ppm compared to 51 ppm
obtained from the discard coal. The concentration of the SO, obtained from this coal was
remarkably low compared to that from the literature. A study conducted by Ren et al. (2016) and
Rokni et al. (2018) on the SO, emitted from coal, shows a concentration of 188 ppm and 3180
ppm, respectively. The total sulfur content of the Bituminous Illinois coal utilized by Rokni et al.
(2018) was 5.53%, compared to 1.34% sulfur in the coal utilized in this study. The lower sulfur
emitted by this discard coal, which contains a 42% ash content is the result of low sulfur-forming
swamps at the time of peat accumulation, namely, the peats formed in fresh water environments
fed by clay-rich snow-melt waters from local glaciers unlike the acidic and maritime-linked
swamps of the Carboniferous coals in the EU and USA (Falcon, 1986). The SO, concentration
from the Tamarix usneoides utilized in this investigation was within the range reported by Rokni

et al. (2018), with raw rice husk (10 ppm) and corn straw (17 ppm).

The lower SOy emissions in biomass can be attributed to the lower levels of sulfur and higher
sulfur retention capacity of biomass compared to discard coal (Ren et al., 2016). The presence of
alkali metals like sodium, calcium and potassium in biomass inhibit SOx emissions as these metals
combine with sulfur to form sulphates (Ren et al., 2016). SOx emissions are influenced by both
the amount of sulfur in the fuel and amount of alkali in the fuel (Ren et al., 2016). The emission
for both biomass and discard coal utilized in the study was found to be lower than the South African
emission standard limit of 1350 ppm for existing plants and 9460 ppm for new plants (NEMA,
2010).
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Figure 4.20: SO emission profiles of Tamarix usneoides and discard coal.

The NOx emission profiles for the biomass and discard coal are depicted in Figure 4.21. The
biomass emitted 30 ppm of NOx compared to 350 ppm emitted by discard coal. Ren et al. (2016)
found NOy emissions of most biomass to be lower than 200 ppm. Lower NOx emissions in biomass
may be attributed to lower fuel nitrogen compared to discard coal. Additionally, Ren et al. (2016)
found NOy emission levels of sub-bituminous coal to be 570 ppm. Furthermore, the NOxemission
levels of both biomass and discard coal was also found to be lower than the South African emission

standard of 1410 ppm for existing coal plants and 2070 ppm for new coal plants (NEMA, 2010).
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Figure 4.21: NOy emission profiles of Tamarix usneoides and discard coal

4.5.2 Gas emission profiles of coal-biomass blends

Biomass was blended with discard coal at biomass inclusions of 25, 50 and 75% to investigate the
effect of co-firing on CO2, SO2 and NOy emission levels. The results of the tests are presented in
Figures 4.22 to 4.24. Figure 4.22 presents CO, emission profiles of coal-biomass blends. The 100%
biomass samples had the lowest CO2 emission, while the sample with the lowest biomass inclusion
(25%T + 75%D) had the highest CO» emissions. There was no clear trend in the CO2 emission

profiles when biomass was added to coal.
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Figure 4.22: CO, emission profiles of coal-biomass blends (T: Tamarix usneoides, D: Discard

coal).

Figure 4.23 presents the SO, emission profiles of coal-biomass blends. 100% Tamarix had the
lowest SO, emission, while the discard coal had the highest SO, emissions. Proximate results also
showed that 100% biomass had lower sulfur content than coal-biomass blends. This was due to
high sulfur content of discard coal compared to biomass. The profiles also show a decrease in the
SO, emission levels with an increase in biomass in the blend. According to Bhuiyan et al. (2016),
SOx emissions decrease during co-firing due to less amount of sulfur in biomass and the presence
of alkali metals which promote sulfur retention in biomass. Rokni et al. (2018) also obtained
similar results when they evaluated emissions of raw and torrefied biomass during co-firing. A
previous study by Ren et al. (2016) also founder lower SOx emissions in biomass than in coal,
further supporting that co-firing of biomass can reduce SOy emissions associated with electricity

generation.
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Figure 4.23: SO, emission profiles of coal-biomass blends (T: Tamarix usneoides, D: Discard

coal).

NOy emission profiles of coal-biomass blends are presented in Figure 4.24 below. 100% Tamarix
had the lowest NOyx emission, while the discard coal had the highest NOx emissions. Compared
with discard coal and coal-biomass blends, proximate results showed that 100% biomass had the
lowest nitrogen content. The profiles also show a decrease in the NOx emission levels with an
increase in biomass proportion in the blend. This can be attributed to lower levels of nitrogen in
the biomass compared to the discard coal. Ren et al. (2016) had found that differences in nitrogen
content lead to significant NOy reduction when they are large. However, the authors found lower

NOy emissions in biomass compared to coal.

109



400

350 25%T + 75%D
50%T + 50%D
300 75%T + 25%D
g 250 — —100%T
S —100%D
£ 200
% 150
100
50
0 '___l't_.l‘_h_n_L_n,_‘_\_‘n____
0 100 200 300 400 500 600

Time (s)

Figure 4.24: NOy emission profiles of coal-biomass blends (T: Tamarix usneoides, D: Discard

coal).

4.5.3 Effect of Tamarix usneoides leaves on gaseous emissions

A study carried out by Lin and Hsieh (1985) during the combustion of oil, showed that NaCl
presence in the air enhances the formation of excess O,, CO and SO». In contrast, the authors noted
that the emission of CO; also reduced during this process. With the above stated fact, the effect of
NaCl known to be in the range of 2 to 10% in Tamarix usneoides leaves (Weiersbye and
Witkowski, 2007) was investigated in order to ascertain the potential of the leaves in reducing the
emissions of SO,, CO and CO,. This test was conducted by combusting 100% leaves and blend of
Tamarix leaves with discard coal at different ratios (25, 50 and 75%). Figure 4.25 below presents
SO; emission profiles for Tamarix leaves, discard coal, and their blends. The co-firing of Tamarix
leaves with discard coal (D) was found to decrease the concentration of SO, emitted from coal for
high leaves (L) inclusion (75% L + 25% D). However, the lower the leaves inclusions (50% L +
50% D and 25% L + 75% D) in the blend, the higher the SO emission levels of biomass-discard
coal blends. The 100% leaves had the lowest SO, emission, and this may be attributed to the high
concentration of alkali elements in the leaves (Weiersbye and Witkowski, 2007). Alkali metals

like sodium, calcium and potassium combine with sulfur to form sulfates which inhibits SOx
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emissions (Ren et al, 2016). The SO emission levels of the blend with 75% Tamarix leaves and
25% discard was found to be lower than that of the blend with 75% Tamarix tree blend and 25%
discard coal. However, the SO emissions from the other Tamarix tree blends of 25% and 50% are
found to reduce the discard emissions about 5 times more than their leaves counterparts (Figure
4.23).

The influence of Tamarix leaves co-fired with discard coal on the CO emission was also
investigated, with the emission profiles depicted in Figure 4.26 The 100% Tamarix leaves and the
sample with 25% Tamarix leaves + 75% discard coal were found with the lowest CO emissions,
while discard coal and a sample with 50% Tamarix leaves + 50% discard coal had the highest CO
emissions. No trend was observed on the CO emission levels as the proportion of leaves in the

blend increased. Generally, as observed in this study, the addition of Tamarix leaves decreases CO

emissions.
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Figure 4.25: SO, emission profiles of Tamarix usneoides leaves blended with coal (L: Tamarix

leaves D: Discard coal)
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Figure 4.26: CO emission profiles of Tamarix usneoides leaves blended with coal. (L: Tamarix

leaves D: Discard coal).

Figure 4.27 also presents the concentration of CO, from the combustion of Tamarix leaves, discard
coal, and their co-combustion at different blending ratios. The 100% Tamarix leaves and a sample
with 25% Tamarix leaves + 75% discard coal had the highest CO, emissions while addition of
Tamarix leaves in discard was found to increase emission levels of discard coal. Contrary to the
findings of Lin and Hsieh (1985), the presence of NaCl in the Tamarix leaves used in this study
could be said to be responsible for the reduction of SO, when high proportion of leaves is blended

and CO emissions while promoting CO2 formation.
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Figure 4.27: CO, emission profiles of Tamarix usneoides leaves blended with coal (L: Tamarix

leaves D: Discard coal).

In summary, 100% discard coal had higher SOx, NOx and CO2 emissions than biomass (Tamarix
usneoides) mainly due to higher sulfur, nitrogen and carbon content as seen in the ultimate analysis
results. Addition of biomass to coal in coal-biomass blends was found to decrease SOx, NOx and
CO- emissions of discard coal. This means Tamarix usneoides can potentially be blended with
coal to reduce emissions in coal-fired power stations. Meanwhile, addition of Tamarix leaves was
found to decrease SOx emissions from the discard coal when 75% leaves were blended with discard
coal. However, SOx emissions increased when 50 and 25% Tamarix leaves were blended with
coal. Since only high amount of leaves in the blend would lower the energy value during co-firing,

it would not be advisable to blend coal with Tamarix leaves.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

The main findings from this study, along with the recommended future research are presented in

this chapter.

5.1 Conclusions

The aim of this research was to determine the suitability of Searsia lancea and Tamarix usneoides
planted for AMD rehabilitation in Witwatersrand’s Vaal River and West complex mining sites as
a fuel for combustion and co-combustion. This aim was achieved by accomplishing the set four

major objectives, as outlined in Chapter 1.

The first objective was to determine the physicochemical characteristics of Searsia lancea and
Tamarix usneoides together with discard coal and a run of mine coal. The proximate analysis
conducted on each tree part, shows that the roots, rootball and the leaves contained the highest ash
content of all the tree parts, while the wood and twigs had the least ash content. Of the two species,
the Searsia lancea had a lower ash content than Tamarix usneoides in all tree parts. The wood and
twigs from both tree species were found with high fixed carbon and volatile matter contents. All
the biomass samples utilized are seen with lower ash content and similar calorific value relative to
the coal utilized in this study. For the ultimate analysis test, Searsia lancea was found with higher
total carbon content and hydrogen composition than Tamarix usneoides which might be
responsible for the higher heating value noted from Searsia lancea. Both biomasses had higher
hydrogen and oxygen content than both coals. The sulfur and nitrogen contents in the Searsia
lancea and Tamarix usneoides were found to be less than those of discard coal and run of mine

coal. Meanwhile, Searsia lancea had lower sulfur and nitrogen contents than Tamarix usneoides.

The differential thermogravimetric (DTG) and thermogravimetric analysis (TGA) thermographs
for the Searsia lancea, Tamarix usneoides and the two different South African coals utilized in
this study were used to compare the thermal characteristics of the biomass and the two coals. Two
peaks were observed for biomass combustion compared to one for coal combustion. The coals
were seen to ignite and burnout at higher temperatures than biomass. Searsia lancea and Tamarix

usneoides displayed higher reactivities than discard and run of mine coals. Searsia lancea
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harvested from the Mispah site and Tamarix usneoides harvested from the Madala site are better
fuels, in terms of reactivity compared to all other samples. It was observed that, with volatile matter
content greater than 60% in both biomasses, the co-firing of these biomasses with the discard coal
utilized in this study appears to have led to increasingly lower temperatures for the release and
combustion of volatiles in the coal discard. An improvement was also noted to the combustion
characteristics of the discard coal when blended with Tamarix usneoides. There was a decrease in
the devolatilization and ignition temperatures of the blend when discard coal was co-fired with
Tamarix usneoides. In addition, the difference in the AMD concentration between the two sites
did not appear to have had an obvious major effect on the energy and combustion characteristics
of the Tamarix samples utilized in this study, apart from the fact that the Tamarix sample planted
on Madala was shown to exhibit a 2% higher reactivity and weight loss rate than that grown on

the Mispah site.

The combustion efficiency of the raw plant samples and the coal/biomass blends were determined
at four temperatures, namely; 300°C, 400°C, 500°C and 600°C. At a blend of 75% coal + 25%
biomass, an increase in combustion efficiency from 14% at 300°C to 96.21% at 600°C was
observed for the coal discard. Tamarix, on the other hand, showed a marginally higher efficiency
than the Searsia at lower temperature and lower biomass proportion in the blends, but both samples
followed a similar efficiency pattern. Both species are also noted to have better combustion
efficiency compared to the discard coal between the temperature of 300-500°C, but similar
efficiency with the discard coal at 600°C. Based on this observation, it can be concluded that both

plant species can be co-fired with discard coal for power generation.

The second main objective was to determine the combustion and co-combustion reaction Kinetics
of the two tree species with and without coal in different proportions. The activation energies for
the 100% biomasses were found to be lower than the activation energies for the coals utilized in
this study, indicating that less energy is required for biomass combustion than for coal combustion.
The activation energy for the first stage combustion of Searsia lancea was 32.98 kJ/mol, and 24.94
kJ/mol for its second stage combustion reaction. Tamarix usneoides had an activation energy of

37.39 and 26.23 kJ/mol in its first and the second stage combustion, respectively. The first stage
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activation energy was lower than the second stage activation energy, but as the biomass percentage

in the blend increased further, the second stage activation energy was seen reduced.

The third objective was to evaluate trace elements in the ash of biomass, coal and their blends and
the impact thereof on the slagging and fouling potential of biomass. SiO», Al,O3 Fe>O3 and CaO
were found to be the predominant oxides in the discard coal utilized in this study. Biomass had
higher amounts of Na,O and KO than discard coal, suggesting that the use of biomass for power
generation might be detrimental to boilers. The addition of coal used in the study during co-firing
reduces the concentrations of Na,O and K»O from 12.19 and 2.52% in 100% Searsia to 1.34 and
1.23%, respectively in a sample which had 75% discard coal + 25% biomass. The ash obtained
from the Tamarix leaves was found to possess higher Na2O, SOs%, Cl and Ca than Searsia leaves.
Therefore, this result justifies why the leaves from both species, especially Tamarix were not added
to the tree compartments during blending. The blends of Tamarix and Searsia at different coal
ratio also had higher chlorine levels compared to the discard coal, with less composition than those
in the leaves. The addition of coal reduced the concentration of chlorine from 0.47% in 100%
biomass sample to 0.01% in a sample with 75% discard coal + 25% biomass inclusion.

Interestingly, coal ash had less SO3? than both Searsia lancea and Tamarix usneoides blends.

The leaves of both Searsia lancea and Tamarix usneoides displayed extremely high likelihood of
fouling with fouling indices of 214 and 514, respectively. The blends of both Searsia lancea and
Tamarix usneoides with different coal percentage also showed extremely high fouling tendencies,
although they are four times lower than their leaves counterparts. The results from both the leaves
and the blends suggested that Tamarix usneoides has a higher fouling likelihood than Searsia
lancea. The slagging ratio drastically increased with an increase in the coal proportion in the

biomass, which indicate lower slagging potential for the biomass/coal blend.

The fourth objective was to investigate the effect of biomass inclusion on the CO2, SOx and NOx
emission levels of discard coal. The biomass tested was found with a lower CO, emission of 3%
compared to 5% released by the discard coal. SO, emitted from the biomass was found with a
lower emission of 5 ppm compared to 51 ppm obtained from the discard coal. The emission for

both biomass and discard coal utilized in the study was found to be lower than the South African
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emission standard limit of 1350 ppm for existing plants and 9460 ppm for a new plant. The biomass
emitted 30 ppm of NOy compared to 350 ppm emitted by discard coal. In conclusion, all CO2, SOx
and NOy emissions of discard coal were reduced by the addition of biomass in the blend. Therefore,
Tamarix usneoides can be co-fired with coal to lower the emissions of CO2, SOx and NOx in coal-

fired power stations.

The effect of Tamarix leaves was investigated in order to ascertain the potential of the leaves in
reducing the emissions of SOz, CO and CO». The 100% Tamarix leaves had the highest CO-
emissions, and the addition of Tamarix leaves with the discard coal was found to increase emission
levels of discard coal. Contrary to the findings of Lin and Hsieh (1985), the presence of NaCl in
the Tamarix leaves used in this study could be said to be responsible for the reduction of SO, and

CO emissions while promoting CO- formation.
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5.2 Recommendations
Based on the findings and limitations of this research, the following areas are recommended for

further research:

e Pre-treatment as a way of improving the thermal and physicochemical characteristics of
trees planted for AMD rehabilitation before using the plants for combustion and co-
combustion.

e Techno-economic evaluation and life cycle assessment to assess the viability of using
Searsia lancea and Tamarix usneoides as fuels for combustion and co-combustion.

e Gasification of Searsia lancea and Tamarix usneoides to determine the impact of the trace

elements on the product yields
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Appendix A

APPENDICES

Table A. 1: Proximate analysis of Tamarix usneoides in Red soil site

FIRST RUN SECOND RUN STANDARD DEVIATION
T™™ |VM |ASH |FC T™™ |[VM |[ASH |FC TM |VM |[ASH |FC
Tree name | Tree part (%) | (%) (%) (%) (%) | (%) (%) (%) (%) | (%) | (%) | (%)
Twigs 6.97 | 71.13 |8.24 |1367 |69 |7067 |862 |13.82 |0.05 |0.33 |027 |0.11
Wood 7.03 | 7001 | 241 |2055 |6.81 |70.25 |256 |20.38 |0.16 |0.17 |0.11 |0.12
Roots 89 |60.16 |1153 |19.41 |899 |59.53 | 1154 |19.94 |0.06 |0.45 |0.01 |0.37
Blend 1 N/A
T4 Blend 2 7.99 | 66.32 | 957 |16.13 |7.86 |64.94 |9.83 |17.37 |0.09 |[0.98 |0.18 |0.88
Wood 7.03 | 6951 | 256 2089 |6.81 708 |247 |19.92 |0.16 |0.91 |0.06 |0.69
DB 832 | 60.81 |14.06 | 168 |7.72 |5955 |175 |1522 |042 |0.89 |243 |1.12
Roots 7.74 | 6021 | 1754 | 1452 |8.36 |60.65 |1455 |16.45 | 044 |0.31 |211 |1.36
Blend 1 N/A
T6 Blend 2 7.32 16289 |12.33 |17.45 |7.35 | 64.48 |10.49 |17.68 |0.02 |1.12 |1.30 |0.16
T4 +T6 BLEND 8.31 |64.15 | 9.07 |18.47 |858 |63.64 |888 |189 019 |0.36 |0.13 |0.30
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Table A. 2: Proximate analysis of Searsia lancea in Red soil site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
name | part | (%) | (%) |(%) (%) | (%) | (%) | (%) (%) | (%) | (%) | (%) (%)
S4 Leaves | 4.18 68.95 | 4.36 2251 |4.18 68.34 | 4.46 23.03 | 0.00 0.43 0.07 0.37
Twigs | 7.39 7041 |1.65 20.56 | 6.96 7059 |24 20.05 | 0.30 0.13 0.53 0.36
DB 1.27 71.65 | 2.13 18.95 | 7.22 70.41 | 2.56 19.81 | 0.04 0.88 0.30 0.61
Roots | 7.17 70.15 | 2.72 19.96 | 7.12 68.93 |2.83 21.12 | 0.04 0.86 0.08 0.82
Blend 1 | 6.12 70.68 | 2.66 20.55 | 6.06 69.85 | 2.96 21.13 | 0.04 0.59 0.21 0.41
Blend 2 | 6.86 70.86 | 251 19.76 | 7.01 70.65 | 2.46 19.89 | 0.11 0.15 0.04 0.09
S5 Leaves | 4.92 69.45 | 3.95 21.68 | 5.04 68.57 | 3.97 22.42 | 0.08 0.62 0.01 0.52
Twigs | 6.63 69.25 | 3.32 208 | 7.04 69.06 |3.25 20.64 | 0.29 0.13 0.05 0.11
Wood | 8.08 67.72 | 3.58 20.63 | 7.94 68.23 | 3.39 20.45 | 0.10 0.36 0.13 0.13
DB 6.11 7701 | 111 15.77 | 6 7762 | 1.26 15.12 | 0.08 0.43 0.11 0.46
Stump | 9.01 60.36 | 6.46 24.16 | 9.16 62.82 | 6.57 21.45 | 0.11 1.74 0.08 1.92
Roots | 6.96 67.25 |45 21.3 | 6.97 67.42 | 4.59 21.02 | 0.01 0.12 0.06 0.20
Blend 1 | 5.79 70.08 | 2.91 21.22 | 6.08 70.26 | 2.97 20.69 | 0.21 0.13 0.04 0.37
Blend 2 | 7.42 68.88 | 3.73 19.98 | 7.26 69.11 | 3.54 201 |0.11 0.16 0.13 0.08
S4 +S5 BLEND 8.42 66.53 | 3.8 21.25 | 8.4 67.01 |3.74 20.85 | 0.01 0.34 0.04 0.28
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Table A. 3:

Proximate analysis of Tamarix usneoides in Mispah site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
name | part (%) (%) | () (%) (%) | (%) | (%) (%) | (%) | (%) | (%) (%)
Leaves 8.66 67.44 | 15.84 8.06 9.08 66.58 | 15.44 8.90 0.30 0.61 0.28 0.59
Twigs 6.80 | 70.00 | 807 | 1514 | 731 | 69.88 7.85 | 1495 | 0.36 0.08 0.16 0.13
Wood 9.00 68.28 7.28 15.44 | 8.90 69.04 6.63 1543 | 0.07 0.54 0.46 0.01
Roots 733 | 59.22 | 2146 | 1199 | 7.71 | 59.08 | 21.48 | 11.73 | 0.27 0.10 0.01 0.18
Root
Ball 7.80 5731 | 2297 | 1191 | 7.86 56.81 | 2354 | 11.79 | 0.04 0.35 0.40 0.08
Blend1 | 7.58 63.59 | 1558 | 13.26 | 8381 62.84 | 1532 | 13.03 | 0.87 0.53 0.18 0.16
T11 Blend2 | 7.27 63.15 | 16.06 | 13.53 | 8.54 62.52 15.20 | 13.74 | 0.90 0.45 0.61 0.15
Leaves 8.93 67.14 | 14.23 9.71 8.98 66.35 | 14.24 | 1044 | 0.04 0.56 0.01 0.52
Twigs 8.02 72.05 7.67 12.27 | 8.07 69.71 7.66 1457 | 0.04 1.65 0.01 1.63
Wood 8.17 66.67 8.25 1691 | 8.22 66.90 8.97 1592 | 0.04 0.16 051 0.70
Roots 6.62 | 56.42 | 26.26 | 10.70 | 6.36 | 54.88 | 27.47 | 11.29 | 0.18 1.09 0.86 0.42
Root
Ball 839 | 6150 | 16.65 | 13.46 | 836 | 61.49 | 16.58 | 13.58 | 0.02 0.01 0.05 0.08
Blend1 | 7.56 64.07 | 15.10 | 13.27 | 8.88 63.53 | 15.02 | 1257 | 0.93 0.38 0.06 0.49
T12 Blend2 | 7.27 63.33 | 1521 | 1418 | 7.34 63.56 1539 | 13.71 | 0.05 0.16 0.13 0.33
T11+T12 BLEND 8.35 68.26 7.44 15.95 | 8.39 68.77 7.51 1533 | 0.03 0.36 0.05 0.44
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Table A. 4:

Proximate analysis of Searsia lancea in Mispah site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
name | part | (%) | (%) |(%) (%) | (%) | (%) | (%) (%) | (%) | (%) | (%) (%)
S11 Leaves | 7.97 | 65.58 5.71 20.74 | 8.03 | 65.85 5.65 20.47 | 0.04 0.19 0.04 0.19
Twigs 7.37 | 67.77 3.96 20.90 | 7.50 | 68.44 3.89 20.17 | 0.09 0.47 0.05 0.52
Wood 7.67 | 70.35 2.51 1947 | 7.77 | 69.68 2.49 20.06 | 0.07 0.47 0.01 0.42
DB 7.04 | 73.92 2.80 16.24 | 7.65 | 67.59 5.01 19.75 | 0.43 4.48 1.56 2.48
Roots 8.17 | 67.72 2.67 2144 | 8.17 | 67.77 2.67 21.44 | 0.00 0.04 0.00 0.00
Blend1| 7.76 | 67.02 5.00 20.23 | 7.67 | 67.53 4.97 19.83 | 0.06 0.36 0.02 0.28
Blend2 | 7.40 | 68.85 4.68 19.07 | 7.44 | 67.99 4.78 19.79 | 0.03 0.61 0.07 0.51
S12 Leaves | 8.12 | 65.49 5.90 20.49 | 8.86 | 64.55 584 | 20.75 | 0.52 0.66 0.04 0.18
Twigs 7.58 | 68.82 3.67 19.93 | 8.00 | 71.73 3.48 16.80 | 0.30 2.06 0.13 2.21
Wood 7.80 | 69.90 3.11 19.19 | 819 | 69.71 291 19.20 | 0.28 0.13 0.14 0.01
DB 8.40 | 69.04 5.27 1729 | 892 | 67.67 5.14 18.26 | 0.37 0.97 0.09 0.69
Stump 719 | 7154 2.03 19.24 | 7.78 | 71.19 2.01 19.02 | 0.42 0.25 0.01 0.16
Roots 8.13 | 61.76 | 10.61 | 1950 | 851 | 61.28 | 10.78 | 19.43 | 0.27 0.34 0.12 0.05
RB 7.35 62.40 | 10.83 | 1942 | 7.74 | 62.85 9.60 19.81 | 0.28 0.32 0.87 0.28
Blend1 | 7.70 | 66.24 6.03 20.03 | 8.60 | 66.57 5.60 19.24 | 0.64 0.23 0.30 0.56
Blend2 | 7.60 | 67.13 5.93 19.33 | 8.64 | 66.89 5.51 18.96 | 0.74 0.17 0.30 0.26
S11+S12BLEND | 8.30 | 69.12 3.84 18.74 | 8.29 | 69.67 3.97 18.07 | 0.01 0.39 0.09 0.47
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Table A. 5:

Proximate analysis of Tamarix usneoides in West complex site

FIRST RUN SECOND RUN STANDARD DEVIATION

Tree Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC

name | part () | (%) | (%) (%) [ (%) |[(%) | (%) (%) [ (%) | (%) | (%) (%)
Leaves | 7.67 | 69.84 | 1295 | 954 | 734 | 68.94 | 1375 | 9.97 0.23 0.64 0.57 0.30
Twigs 6.77 | 71.33 6.13 | 15.76 | 6.41 | 71.64 6.27 | 15.68 | 0.25 0.22 0.10 0.06
Wood 598 | 71.70 6.54 | 15.78 | 5.77 | 73.09 6.88 | 14.26 | 0.15 0.98 0.24 1.07
Roots 8.48 | 70.07 844 | 13.00 | 865 | 64.75 | 11.32 | 1528 | 0.12 3.76 2.04 1.61

Rootba

Il 841 | 65.00 | 1140 | 1520 | 836 | 64.40 | 11.39 | 1585 | 0.04 0.42 0.01 0.46
Blend1 | 7.10 | 68.47 9.71 | 1472 | 7.02 | 69.59 9.86 | 13,52 | 0.06 0.79 0.11 0.85
T7 Blend2 | 7.41 | 67.85 892 | 1581 | 7.33 | 68.35 8.76 | 1556 | 0.06 0.35 0.11 0.18
Leaves | 836 | 68.37 | 1559 | 7.69 8.65 | 66.75 | 1559 | 9.01 0.21 1.15 0.00 0.93
Twigs 494 | 7193 522 | 1791 | 520 | 72.02 509 | 17.68 | 0.18 0.06 0.09 0.16
Wood 7.20 | 69.22 833 | 15625 | 7.35 | 67.80 838 | 1647 | 0.11 1.00 0.04 0.86
Blend1| 6.49 | 70.12 9.76 | 13.63 | 6.63 | 68.87 9.84 | 13.65| 0.10 0.88 0.06 0.01
T9 Blend2 | 7.39 | 6759 836 | 16.67 | 7.25 | 69.04 796 | 1575 | 0.10 1.03 0.28 0.65
T7 +T9BLEND 8.11 | 68.14 831 | 1543 | 824 | 68.92 8.38 | 1446 | 0.09 0.55 0.05 0.69
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Table A. 6:

Proximate analysis of Searsia lancea in West complex site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree
name Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
part (%) | (%) | (%) () [(%0) | (%) | (%) () [ (%) | (%) | (%) (%0)
Leaves 6.37 66.70 4.59 22.33 | 7.36 66.15 4.55 2194 | 0.70 0.39 0.03 0.28
Twigs 5.05 68.72 3.67 22.56 | 6.65 67.51 4.18 2162 | 1.13 0.86 0.36 0.66
Wood 7.40 70.19 1.65 20.77 | 7.30 68.13 2.66 21.90 | 0.07 1.46 0.71 0.80
DB 7.58 68.57 2.99 20.86 | 7.35 69.99 3.14 19.52 | 0.16 1.00 0.11 0.95
Roots 7.80 63.16 7.08 2196 | 8.32 62.55 7.03 22.10 | 0.37 0.43 0.04 0.10
Root
Ball 7.18 60.01 8.55 2427 | 7.78 59.42 8.71 2408 | 042 0.42 0.11 0.13
Blend 1| 6.83 65.75 4.82 22.61 | 7.00 65.50 5.06 2244 | 0.12 0.18 0.17 0.12
S7 Blend2 | 7.22 65.32 5.43 22.03 | 7.22 65.35 5.37 22.06 | 0.00 0.02 0.04 0.02
Leaves 5.81 66.92 4.15 2311 | 591 67.43 4.46 22.19 | 0.07 0.36 0.22 0.65
Twigs 7.53 69.62 1.65 21.20 | 6.80 71.05 2.23 19.92 | 0.52 1.01 0.41 0.91
Wood 6.99 72.04 0.57 20.40 | 6.30 72.29 2.09 19.33 | 0.49 0.18 1.07 0.76
DB 8.35 67.71 1.95 2199 | 7.79 68.16 3.18 20.88 | 0.40 0.32 0.87 0.78
Roots 8.26 66.55 3.24 2195 | 7.48 65.85 4.72 2195 | 0.55 0.49 1.05 0.00
Blend1 | 7.23 67.91 3.11 21.75 | 7.32 68.20 3.29 21.20 | 0.06 0.21 0.13 0.39
S8 Blend2 | 7.99 68.61 3.00 2040 | 7.86 68.42 3.00 20.71 | 0.09 0.13 0.00 0.22
S7+S8 BLEND 8.30 66.68 3.92 21.10 | 8.39 66.21 3.95 2145 | 0.06 0.33 0.02 0.25
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Table A. 7: Proximate analysis of Tamarix usneoides in Madala site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
name | part | (%) | (%) | (%) (%) | (%) | (%) | (%) (%) | (%) [ (%) | (%) (%)
Leaves | 9.05 | 67.09 | 14.10 | 9.79 8.40 | 66.88 | 15.59 9.13 0.46 0.15 1.06 0.47
Twigs 6.97 | 69.61 6.59 16.83 | 6.96 | 69.60 6.66 16.78 | 0.01 0.01 0.05 0.04
Wood 745 | 70.45 6.45 1565 | 742 | 70.12 6.19 16.28 | 0.02 0.23 0.18 0.45
DB 791 | 69.15 7.45 1549 | 781 | 69.73 7.31 15.14 | 0.07 041 0.10 0.25
Roots 7.64 | 70.28 742 1467 | 742 | 69.31 8.17 1510 | 0.16 0.69 0.53 0.30
Blend1| 7.66 | 68.04 9.11 1519 | 747 | 68.23 9.15 1514 | 0.13 0.13 0.03 0.04
T1 Blend2 | 7.58 | 69.60 7.13 15.70 | 7.60 | 69.32 7.37 15.72 | 0.01 0.20 0.17 0.01
Leaves | 7.67 | 67.95 | 15.09 9.30 754 | 7155 | 1533 | 5.59 0.09 2.55 0.17 2.62
Twigs 539 | 72.70 4.77 1714 | 489 | 7242 5.66 17.08 | 0.35 0.20 0.63 0.08
DB 6.99 | 71.73 6.71 1457 | 7.01 | 72.05 6.70 1424 | 0.01 0.23 0.01 0.23
Stump 836 | 67.35 | 10.06 | 1423 | 819 | 6753 | 10.06 | 1422 | 0.12 0.13 0.00 0.01
Blend1| 7.00 | 70.14 9.75 1311 | 6.73 | 68.35 9.99 1493 | 0.19 1.27 0.17 1.29
T3 Blend2 | 7.22 | 70.45 9.00 1334 | 7.26 | 69.47 9.23 14.04 | 0.03 0.69 0.16 0.49
T1+T3 BLEND 8.28 | 69.14 8.05 1453 | 8.24 | 68.78 8.30 1468 | 0.03 0.25 0.18 0.11
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Table A. 8: Proximate analysis of Searsia lancea in Madala site

FIRST RUN SECOND RUN STANDARD DEVIATION
Tree ™ VM ASH FC ™ VM ASH FC ™ VM ASH FC
name | Treepart | (%) | (%) | (%) (%) | (%) | (%) | (%) (%) | (%) | (%) | (%) (%)
Leaves 7.60 64.34 4.44 23.62 | 7.56 64.98 4.48 2299 | 0.03 0.45 0.03 0.45
Twigs 8.30 69.61 3.77 18.32 | 8.20 67.83 3.61 20.36 | 0.07 1.26 0.11 1.44
S1 Wood 7.99 67.80 3.70 20.51 | 8.05 67.89 3.49 20.57 | 0.04 0.06 0.15 0.04
DB 7.25 71.87 3.23 17.66 | 7.22 71.22 3.22 18.35 | 0.02 0.46 0.01 0.49
Stump 9.06 60.50 7.78 22.66 | 9.06 58.95 8.23 23.75 | 0.00 1.10 0.32 0.77
Blend 1 8.14 66.45 4.43 2097 | 7.92 66.69 4.64 20.75 | 0.16 0.17 0.15 0.16
Blend 2 8.18 67.44 4.18 20.20 | 8.10 66.55 4.48 20.87 | 0.06 0.63 0.21 0.47
Leaves 7.38 66.00 5.65 2097 | 731 65.14 5.71 21.84 | 0.05 0.61 0.04 0.62
Twigs 7.95 65.75 3.94 22.36 | 7.87 64.96 3.91 23.26 | 0.06 0.56 0.02 0.64
S3 Wood 8.09 64.90 5.82 21.19 | 7.98 64.43 6.23 21.36 | 0.08 0.33 0.29 0.12
DB 7.57 71.67 2.88 17.87 | 7.57 71.98 2.76 17.69 | 0.00 0.22 0.08 0.13
Roots 7.29 55,56 | 19.04 | 18.11 | 7.38 54.67 | 20.10 | 17.86 | 0.06 0.63 0.75 0.18
Blend 1 7.70 64.51 7.91 19.89 | 7.57 71.98 2.76 17.69 | 0.09 5.28 3.64 1.56
Blend 2 7.64 63.46 9.36 1954 | 7.58 62.92 10.11 | 1938 | 0.04 0.38 0.53 0.11
S1+S3 BLEND 8.48 64.54 6.56 2043 | 8.26 64.86 6.63 20.25 | 0.16 0.23 0.05 0.13
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Table A. 9: Ultimate analysis of tree blends, discard coal and ROM: Test 1

Sample ID | C (%) | H (%) | N(%) |S(%) | M (%) | A(%) | O %)

T1T3 4093 5935 |0.44 0.937 | 8.26 8.18 35.318
S1S3 4498 |6.143 |0.38 0.135 | 8.37 6.6 33.392
T4T6 4199 |5.769 |0.97 0.843 | 8.45 8.98 32.998
S4S6 4482 |6.026 |0.42 0.1 8.41 3.77 36.454
T7T9 43.88 |6.165 | 1.09 1.145 | 8.18 8.35 31.19
S7S9 4593 |6.156 |0.44 0.1 8.35 3.94 35.084
T11T12 43.34 | 6.44 1.02 1.29 8.37 7.48 32.06
S11S12 4492 |6.29 0.44 0.1 8.3 3.91 36.04

S1 Leaves 4798 | 5.96 1.59 0.1 7.58 4.46 32.33

T1 Leaves 37.98 |5.001 |0.82 2.09 8.73 1484 | 30.539

T7 Leaves 40.89 |5.231 | 147 2294 | 7.51 13.35 | 29.255

Discard 42.02 |1.806 |1.08 4139 |2.06 41.95 |6.945

ROM 49.01 | 3376 |1.24 1.768 | 2.24 29.42 | 12.946
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Table A. 10: Ultimate analysis of tree blends, discard coal and ROM: Test 2

Sample ID [ C (%) | H (%) |N (%) |S (%) |M (%) |A (%) | O %)

T1T3 40.9 5.892 | 041 0.979 | 8.26 8.18 35.379
S1S3 4571 |6.207 | 0.42 0.152 | 8.37 6.6 32.541
T4T6 42.78 |5.836 |1.01 0.78 8.45 8.98 32.164
S4S6 45.5 6.137 | 0.45 0.1 8.41 3.77 35.633
T7T9 4321 |6.18 1.01 1.173 | 8.18 8.35 31.897
S7S9 4552 |6.243 | 0.48 0.1 8.35 3.94 35.367
T11T12 4298 |6.32 0.96 1.32 8.37 7.48 32.57

S11S12 4531 | 6.4 0.43 0.1 8.3 3.91 35.55

Sl Leaves |47.87 |5986 |1.6 0.1 7.58 4.46 32.404

T1 Leaves |38.27 |5.069 |0.84 2.029 |8.73 1484 | 30.222

T7 Leaves |40.96 |5.297 |147 2244 | 751 13.35 | 29.169

Discard 4185 |1.816 | 1.06 4108 | 2.06 4195 | 7.156

ROM 48.87 |3.347 |1.21 1.819 | 2.24 29.42 | 13.094
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Table A. 11: Calorific values of tree blends

Testl \ Test 2
Site Sample ID CV (MJ/kg)

T1 16.25 16.21

T3 15.79 15.99

T1+T3 15.79 15.99

S1 17.20 17.09

S3 16.48 16.49

Madala S1+8S3 17.02 17.11
T4 16.71 16.71

T6 15.83 15.68

T4+ T6 16.63 16.66

S4 17.33 17.34

S5 17.31 17.37

Red soil S4 + S5 17.22 17.40
T7 16.38 16.34

T9 16.46 16.52

T7+T9 16.74 16.32

S7 17.30 17.25

S8 17.30 17.27

West complex | S7 + S8 17.22 17.33
T11 16.37 16.26

T12 16.23 16.12

T11+T12 16.29 16.23

S11 17.56 17.62

S12 16.34 16.86

Mispah S11+ 512 17.37 17.10
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Table A. 12: Calorific value of different tree parts in S4

Testl \ Test 2
Tree part CV (MJ/kg)
Leaves 19.21 19.21
Twigs 18.11 18.29
Dry Biomass 16.96 16.91
Roots 17.12 17.30
Blend 1 17.57 17.08
Blend 2 17.33 17.34
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Appendix B
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Figure B. 1 : Combustion characteristics of Searsia lancea on Madala site with different discard
proportions.
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Figure B. 2: Combustion characteristics of Searsia lancea on Madala site with different ROM
proportions
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Figure B. 3: Combustion characteristics of Tamarix usneoides on Madala site with different
discard proportions.
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Figure B. 4: Combustion characteristics of Tamarix usneoides on Madala site with different
ROM proportions
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Figure B. 5: Combustion characteristics of Searsia lancea on red soil with different coal
proportions
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Figure B. 6: Combustion characteristics of Searsia lancea on red soil with different ROM
proportions
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Figure B. 7: Combustion characteristics of Tamarix usneoides on red soil with different discard
proportions
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Figure B. 8: Combustion characteristics of Tamarix usneoides on Red soil with different ROM
proportions
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Figure B. 9: Combustion characteristics of Searsia lancea on West complex with different
discard proportion
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Figure B. 10: Combustion characteristics of Searsia lancea on West complex with different
ROM proportions
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Figure B. 11: Combustion characteristics of Tamarix usneoides on West Complex with different
discard proportions
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Figure B. 12: Combustion characteristics of Tamarix usneoides on West Complex with different
ROM proportions
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Figure B. 13: Combustion characteristics of Searsia lancea on Mispah with different coal discard
proportions
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Figure B. 14: Combustion characteristics of Searsia lancea on Mispah with different ROM
proportions
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Figure B. 15: Combustion characteristics of Tamarix usneoides on Mispah with different ROM
proportions
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Figure B. 16: Reproducibility of combustion results using Searsia lancea
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Figure B. 17: Reproducibility of combustion results using Tamarix usneoides
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