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ABSTRACT 

Anthropogenic activities, particularly coal combustion for industrial and domestic purposes, 

contribute significantly to air pollution, posing severe health risks. In developing countries like 

South Africa, indoor air pollution from coal combustion is a pressing concern. Identified pollutants 

from coal combustion include particulate matter (PM), carbon oxides (COx), nitrogen oxides (NOₓ), 

and sulphur dioxide (SO2). A significant global population relies on solid fuels like coal for energy, 

especially in rural South Africa. Transitioning to cleaner energy sources and advanced stove 

technologies is crucial to mitigate health risks associated with domestic coal combustion, as 

studies reveal challenges in reducing emissions even with improved designs of open fires and 

braziers. 

The NWU semi-continuous stove underwent combustion experiments using coal discards and 

torrefied wood blended extrudates under high-power and low-power conditions. Higher biomass 

content in fuels leads to decreased ignition times in both high and low-power experiments. High-

power settings accelerate combustion, resulting in shorter ignition times. Burn rates increased 

with increased biomass content in pellets. 0% biomass pellets displayed an average burn rate of 

23 g/min, and 100% biomass pellets displayed an average burn rate of 77 g/min. The stove shows 

higher biomass consumption rates but maintains similar coal consumption rates compared to 

other stoves. Power output increases with biomass content, mainly corresponding to higher burn 

rates. 0% biomass pellets displayed a peak power output of 10 kW, and 100% biomass pellets 

displayed a peak power output of 30 kW. Differences from similar research on coal stoves are 

attributed to stove design and fuel characteristics. The mass of fuel needed to raise water 

temperature increases with biomass content in high-power experiments but decreases beyond 

50% in low-power experiments. Cooking efficiencies, the ratio between the energy output of the 

stove and energy absorbed by the cooking pot, ranged from 1.5% to 5.5%. An inverse relationship 

between the energy output during the cooking phase and cooking efficiency was observed, 

indicating diminishing returns at higher energy outputs. System efficiency decreases with 

increasing biomass content, and it is sensitive to combustion dynamics and excess oxygen in 

high-power experiments. The system efficiency ranged from 77% to 96%. Low-power 

experiments generally displayed higher system efficiency. 

In high-power experiments, CO and CO2 emission factors were higher compared to low-power 

experiments, decreasing with pellets with low biomass content and increasing with higher 

biomass content. CO emission factors ranged from 0.9 g/MJ to 4.4 g/MJ, and CO2 emission 

factors ranged from 87 g/MJ to 97 g/MJ. NOₓ emission factors decreased with decreasing nitrogen 

content in the fuel. NOx emissions also decreased at high temperatures, attributed to flue gas 
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recycling reducing NOₓ through reactions with hydrocarbons. NOx emission factors ranged from 

0.03 g/MJ to 0.11 g/MJ. SO2 emission factors initially decreased with biomass content up to 50%, 

then increased due to limited reactions with calcium species in the parent coal, decreasing sulphur 

retention. Low-power experiments generally exhibited lower SO2 emission factors. SO2 emission 

factors ranged from 0.11 g/MJ to 0.22 g/MJ. The particulate matter emissions initially decreased 

with biomass addition and increased with higher biomass content, with high-power experiments 

showing higher PM emissions influenced by flue gas velocity and weak pellet integrity. PM 

emission factors ranged from 0.04 g/MJ to 5.2 g/MJ. 

The NWU semi-continuous stove effectively burned blended fuel with up to 25% biomass. 

Keywords: Emission offsets, Biomass, Coal, Co-combustion, Pellets, Semi-continuous, Low-

emissions stove 
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CHAPTER 1:  INTRODUCTION 

1.1 Background and Rationale 

1.1.1 Significance of coal 

Coal is the world's most utilised energy source, primarily due to its abundant availability and high 

carbon content, making it the leading fossil fuel in global energy production (WCA, 2021). In South 

Africa, coal is significant among the array of energy sources, alongside crude oil, renewables, natural 

gas, and nuclear power. Coal accounts for 65% of the country's primary energy supply (Department 

of Energy, 2021), emphasising its vital role in the nation's energy landscape.  

Globally, approximately 1.4 billion people, with a significant portion residing in Africa, lack access to 

electricity. These communities, often marginalised and underserved, rely on traditional energy 

sources for their basic needs (Makonese et al., 2018). Coal, owing to its affordability and high energy 

output, remains a lifeline in such areas, enabling heat generation and cooking activities, especially 

in regions where alternatives are scarce or financially unfeasible (Buthelezi et al., 2019; Munawer, 

2018). 

Within South Africa, coal's influence extends deeply into the domestic sphere, constituting 7% of the 

total energy consumption in 2018 (Department of Energy, 2019). This extensive reliance is 

particularly notable in rural areas where coal serves as a preferred fuel for heating, mainly due to its 

widespread availability and cost-effectiveness. These areas are typically close to coal mines. 

Notably, informal settlements in South Africa heavily rely on coal or wood for both heating and 

cooking purposes, underscoring its indispensable role in everyday life (Adesina et al., 2022). 

The extensive use of coal raises environmental concerns, particularly in industrial applications where 

large quantities are consumed, contributing significantly to air pollution and greenhouse gas 

emissions. Domestic use of coal is substantially less than industrial use, making the environmental 

impact relatively smaller (Department of Energy, 2021). Despite this, domestic coal use profoundly 

impacts human health, leading to concerns about air quality and related health issues (Barnes et al., 

2006). As discussions around climate change and environmental sustainability intensify, addressing 

the significant health implications of domestic coal use becomes an aspect of fostering a healthier 

environment for communities. Consequently, alongside the pursuit of renewable energy sources, 

there is a pressing need to prioritise solutions that improve indoor air quality and safeguard human 

well-being, especially in regions heavily reliant on coal for domestic purposes (Adesina et al., 2022). 
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1.1.2 Health concerns 

Anthropogenic activities, particularly coal combustion for both industrial and domestic purposes, 

significantly contribute to air pollution, posing grave risks to human health (Kampa & Castanas, 

2008). Indoor air pollution, especially from coal combustion, remains a pressing concern, particularly 

in developing countries like South Africa. Although domestic coal combustion is vital for heating and 

cooking in rural South Africa, it releases combustion gases, contributing significantly to indoor air 

pollution (Thurston, 2022; Zhou et al., 2020). Despite WHO guidelines specifying PM2.5 and PM10 

concentrations not exceeding 5 μg/m3 and 10 μg/m3 annually (WHO, 2021a), South Africa exceeds 

these levels regularly, posing severe health risks (Adesina et al., 2022). Millions face premature 

deaths from illnesses caused by indoor air pollution from solid fuel combustion in South Africa and 

other developing countries (WHO, 2021b). 

The World Health Organization (WHO) has identified key pollutants arising from coal combustion, 

including particulate matter (PM), carbon oxides (COx), nitrogen oxides (NOₓ), sulphur dioxide (SO2), 

and volatile organic compounds (VOCs) (Kampa & Castanas, 2008; WHO, 2021b). PM, a diverse 

mixture of suspended particles, contains minerals, organic materials, biological substances, reactive 

gases, and carbon, with fine and ultrafine particles capable of reaching lung alveoli, causing severe 

cardiovascular and respiratory problems (Kampa & Castanas, 2008). Carbon oxides heighten the 

risks of diseases like malaria and cardiovascular diseases, which are prevalent in malaria-prone 

regions of South Africa (Munawer, 2018). NO and NO2, significant nitrogen oxides, are linked to 

increased cardiovascular mortality upon chronic exposure (Lippmann & Leikauf, 2020). Nitrogen 

oxide exposure in infants can lead to methemoglobinemia and potentially cancer (Hakeem et al., 

2016), while SO2 in the air causes breathing difficulties, asthma, and increased mortality rates 

(Khaniabadi et al., 2017). VOCs in ambient air pose severe health risks, such as damage to the liver, 

kidneys, and nervous system. Less severe symptoms include eye and nose irritation and headaches 

(Kampa & Castanas, 2008). 

A substantial global population relies on solid fuels, including coal, for energy, utilising conventional 

devices such as open fires and braziers (Barnes et al., 2006). Studies in rural South Africa show 

over 98% reliance on biomass and coal combustion for energy, using basic open fires and coal-

burning braziers, which emit high levels of pollutants (Makonese et al., 2017a). Comparisons 

between basic and improved open fires reveal that while improved designs emit less smoke, 

reducing emissions persists, underlining the need for cleaner technologies (Ballard-Tremeer & 

Jawurek, 1996). These findings underscore the importance of transitioning to cleaner energy sources 

and advanced technologies to mitigate the significant health risks associated with domestic coal 

combustion. 
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1.1.3 Clean cookstove technology 

Enhancing fuel ignition procedures, selecting appropriate fuel types, and employing improved stove 

designs play a pivotal role in mitigating the effects of emissions on human health, especially in 

regions heavily reliant on domestic coal combustion (WHO, 2021b; World Bank, 2014, 2015). 

Implementing advanced ignition techniques and selecting cleaner fuel options decrease the 

emission of harmful pollutants such as PM, COx, NOₓ, SO2, and VOCs (Glasius et al., 2006; 

Nussbaumer, 2003; Ozgen et al., 2014). These measures result in lower indoor air pollution levels, 

ensuring a healthier living environment for households. Cleaner fuel-burning methods and optimised 

stove designs reduce particles and toxic gases released during combustion (Glasius et al., 2006; 

Ozgen et al., 2014). By minimising exposure to these pollutants, individuals, especially vulnerable 

populations like children and the elderly, experience fewer respiratory problems, including asthma 

and chronic obstructive pulmonary disease (COPD) (Neuberger et al., 2004). 

Advanced stove designs optimise the combustion process, ensuring more efficient and complete 

burning of fuels (Nussbaumer, 2003). This efficiency reduces the emission of harmful by-products, 

improving indoor air quality. Ventilation mechanisms further aid in dispersing residual pollutants, 

making indoor spaces safer for occupants (Penttinen et al., 2001). Homes with these improvements 

are less prone to illnesses related to indoor air pollution, leading to reduced healthcare expenses 

and an overall improvement in their quality of life (Brandelet et al., 2018; Neuberger et al., 2004; 

Penttinen et al., 2001). These improvements are particularly relevant in communities with limited 

access to medical facilities. 

Clean stove technology is a potential solution to mitigate the pollution caused by solid fuel 

combustion in rural developments worldwide. The issues associated with conventional cooking 

devices used in rural villages and urban households are mitigated by researching various stove 

designs. These designs are specifically designed for a region and purpose (fuel availability, cooking, 

space heating, etc.) (Taylor, 2009). Tailoring ignition techniques, fuel choices, and stove designs to 

specific regional needs ensures a customised approach to minimising emissions. By understanding 

local preferences and lifestyles, interventions can be designed to effectively address the unique 

challenges faced by different communities, making the adoption of cleaner technologies more 

practical and sustainable (Ahmed et al., 2019; Njenga et al., 2016; Prasad et al., 1985). 

1.1.4 Transition to biomass 

While the long-term goal remains the phasing out of non-renewable coal, interim strategies are 

imperative to mitigate the environmental and health impact of coal combustion. A promising 

transitional solution involves co-firing coal with biomass, marking a shift towards renewable energy 



 

4 

sources. Unlike coal, biomass is renewable and offers a sustainable alternative for domestic 

combustion uses (Durix et al., 2016; Sh et al., 2019; World Bank, 2014). 

Combining coal with biomass presents a potential mitigation strategy. Studies by Ahn et al., (2014); 

Hein & Bemtgen, (1998); Madanayake et al., (2017); Mock et al., (2017); Sahu et al., (2014); Sami 

et al., (2001); Sondreal et al., (2001) indicate that co-firing results in reduced emissions of sulphur 

oxides (SOx) and nitrogen oxides (NOₓ) during combustion, thus lessening the potential impact on 

both the environment and human health. 

Moreover, research by Zhang et al., (2022) demonstrates that incorporating biomass into coal 

combustion inhibits particulate matter (PM) production, further enhancing the environmental benefits 

of this approach. Wood, a common biomass source, proves preferable in specific regions due to its 

availability, while other forms, like animal dung, are also frequently used, depending on the region 

(Misra et al., 2018). This transition decreases reliance on non-renewable resources and promotes 

the utilisation of sustainable biomass, paving the way for a greener and healthier future. 

1.1.5 Torrefaction 

Biomass often lags behind coal in calorific value for energy production, rendering coal more thermally 

efficient (Forest Research, 2022). This inherent disparity poses a challenge for the widespread use 

of biomass. However, a potential solution emerges in the form of torrefaction, a thermochemical 

process designed to enhance the chemical and physical properties of biomass (Tumuluru et al., 

2011). 

Torrefaction involves subjecting biomass to mild temperatures, reducing its moisture and volatile 

content. Among its many advantages is that torrefaction increases the energy density of biomass 

(Galanakis, 2017). Studies, such as the one conducted by Maxwell et al., (2020), have confirmed 

the effectiveness of torrefaction in the energy densification of wood, a common biomass source. 

This innovation holds promise and is actively being explored for large-scale implementation. 

Torrefying biomass has become a more viable and competitive option for domestic use (European 

Commission, 2016). Additionally, torrefaction simplifies biomass processing, making it more 

convenient and cost-effective. In essence, torrefaction addresses the calorific disparity between 

biomass and coal and streamlines biomass utilisation, making it a more efficient, accessible, and 

environmentally friendly energy source (Basu, 2018). 
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1.1.6 Coal and biomass waste 

Coal waste 

Coal processing operations generate substantial amounts of coarse and fine coal processing wastes 

due to in-seam and out-of-seam dilution mining practices. Clean coal recovery values typically range 

between 50% and 80% (Chugh & Behum, 2014), and these waste materials may contain trace 

metals and sulphur, potentially resulting in leachate water with corrosive characteristics (Fečko et 

al., 2013). Adequate measures, such as liners, collection systems, and treatment processes, are 

necessary to manage water discharges and neutralise acid drainage. The production and quality of 

coal waste vary depending on mining or processing methods and long-term waste placement 

strategies. Practical, economical, and environmentally acceptable coal waste management 

necessitates a multidisciplinary approach, incorporating geology, soil mechanics, hydrology, 

hydraulics, geochemistry, soil science, agronomy, and environmental sciences (Chugh & Behum, 

2014; Taha et al., 2017). 

On a global scale, coal mining activities for industrialisation result in massive waste stockpiles, 

exemplified by China stockpiling 5 billion tons (Taha et al., 2017). Risks associated with coal waste 

include geotechnical instability, spontaneous combustion leading to explosions, acid generation 

affecting soil and water quality, air pollution causing ecosystem alterations, and visible impacts on 

landscape aesthetics (Walker, 1999). Closing coal mines, as seen in South Africa, can lead to illegal 

and unsafe mining activities with hazardous conditions (Brown, 2022). The prevalent hazards of fire 

in coal production and transport cycles, driven by natural oxidation and spontaneous combustion, 

pose substantial challenges (Taha et al., 2017). The high cost of fire prevention and the potential for 

mine abandonment or loss of cargo at sea underscores the need for comprehensive detection, 

prevention, and control measures (Walker, 1999).  

Wood waste 

Waste sawdust is primarily generated by timber industries globally, with annual production reaching 

significant volumes. In the USA alone, approximately 3 million tons of sawdust are produced 

annually, often ending up in landfills (Mallakpour et al., 2021). In South Africa, sawmills produce an 

estimated 376,000 tonnes of sawdust annually (Andrew et al., 2016). Improper disposal of wood 

waste, primarily through open burning, poses serious health-related problems and environmental 

challenges (Kim & Song, 2014). Developing countries like Bangladesh and Pakistan face more 

severe consequences, leading to pollution when sawdust is burnt off (Batool et al., 2021). Effective 

management of sawdust waste is a significant challenge worldwide, particularly in developing 

nations. 
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Sawdust, a by-product of woodworking operations, is a lignocellulosic compound abundantly 

obtained from sawing, planing, sanding, and wood milling (Mallakpour et al., 2021). While historically 

used in livestock farms and paper mills, the disposal of sawdust without treatment into the 

surrounding environment is typical (Obata et al., 2006). However, the versatile nature of sawdust 

has led to increased research and applications, covering various fields such as chemistry, pollution 

remediation, oil-water separation, activated carbon production, energy storage, fuel usage, bio-

plastics production, cellulose nanocrystal extraction, and more (Mishra & Mohanty, 2018; Montiano 

et al., 2013). 

Recycling and reusing sawdust is pivotal in addressing waste treatment challenges and resource 

scarcity. The recycling of wood waste is particularly encouraged due to limited landfill space and 

restrictions on waste incineration (Obata et al., 2006). Utilising wood as a renewable resource for 

products and energy production helps decrease environmental burdens, offering an alternative to 

virgin raw materials and reducing expenses related to logging, transportation, and disposal. Given 

the current environmental challenges, recycling methods for wood waste are deemed necessary for 

sustainable practices (Batool et al., 2021; Obata et al., 2006). 
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1.2 Research problem, Objectives, and Scope 

The escalating issue of indoor air pollution in rural communities arises from the use of coal due to its 

cost-effectiveness and wide availability. Combustion of coal leads to the emission of hazardous 

pollutants, including carbon oxides (COx), nitrogen oxides (NOₓ), sulphur dioxide (SO2), and 

particulate matter (PM), posing severe health risks to inhabitants. Inefficient combustion processes 

contribute significantly to unintended emissions, like carbon monoxide (CO) and PM. The NWU 

semi-continuous stove has been developed to improve coal combustion efficiency. While emissions 

from efficient coal combustion are unavoidable, this study aims to explore the stove's adaptability 

towards fuel type by introducing wood as an alternative fuel. Wood combustion is known to produce 

fewer harmful emissions, making it a potential solution to mitigate indoor air pollution in rural 

communities and urban households. The study investigates the stove's performance when loaded 

with wood, evaluating its flexibility regarding fuel type and capability to reduce indoor air pollution 

associated with fossil fuel use. 

1.2.1 Aim and Objectives 

The study aims to investigate the effect of co-firing coal and torrefied wood fines, in pellet form, on 

the thermal and emissions performance of the NWU semi-continuous coal stove. 

• Source a representative sample of waste coal fines and wood. 

• Characterise the coal, raw wood, and torrefied wood. 

• Investigate torrefaction conditions for raw pine wood. 

• Evaluate and select a suitable agglomeration technique to produce fuel pellets with adequate 

integrity. 

• Perform stove combustion experiments with the produced fuel pellets to evaluate the effect 

of different blending ratios and power ratings. 

• Benchmark performance with previously used fuels and comment on the effectiveness of 

using biomass for the NWU semi-continuous stove. 

1.3 Scope 

This study investigates the effect of adding torrefied wood to coal on the emissions and thermal 

performance of the NWU semi-continuous stove. The study's primary goal is to determine the 

correlation between the biomass content of the fuel (pellets) and the emissions and thermal 

performance of the stove. 

The raw materials are discarded grade D Highveld coal waste and pine woodchips from a paper mill. 

The report addresses the need to dispose of waste effectively by repurposing coal fines while 
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transforming a financial liability into a valuable resource. Furthermore, the adoption of low-quality 

coal aligns with similar investigations documented in literature, allowing for meaningful result 

comparisons (Guo et al., 2022; Kalembkiewicz & Chmielarz, 2012; Paraschiv et al., 2020; Vershinina 

et al., 2021). 

The woodchips are torrefied to increase energy density and crushability. The entire sample is 

torrefied in the same batch to ensure uniform composition throughout the entire sample. The coal 

and torrefied wood are mixed into blends ranging from 0 – 100 wt% biomass, and the mixtures are 

pelletised.  

Thermogravimetric analysis is conducted on the wood to determine the operating conditions of the 

torrefaction process. The wood is characterised before and after torrefaction to investigate the effect 

of torrefaction on the wood.  

Combustion experiments are conducted on the NWU semi-continuous stove using the produced 

pellets. The emissions and thermal efficiency resulting from the combustion of the fuel blends are 

compared and used to comment on the stove’s flexibility regarding fuel type. The blended fuel’s 

performance is compared to other domestic fuels used in literature. 

 

Figure 1-1: NWU semi-continuous stove (Designed by Mr. Crispin Pemberton-Pigott) 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Coal Consumption (Industrial versus Domestic) 

Coal remains the largest source of electricity generation globally, maintaining its dominance in the 

energy landscape. However, its utilisation extends beyond electricity production, playing a vital role 

in industrial applications such as steel, cement, and petrochemical industries (WCA, 2021). 

Industrial coal consumption is necessary for many production processes. Because of its stability and 

dependability, coal remains the primary fuel source for global energy production. Approximately 72% 

of the country’s primary energy needs are met by coal (Eskom, 2021). While the cement industry 

depends on coal for high-temperature requirements, the steel sector largely depends on it for 

smelting and coke manufacturing. 70% of the world’s steel production relies on coal, and roughly 

60% of the energy required for aluminium production is produced from coal (WCA, 2021). The 

petrochemical sector also uses coal as a feedstock and energy source (Department of Energy, 2019, 

2021).  

In domestic areas with few options, coal is utilised to generate power for home purposes. However, 

its contribution is far less than for industrial purposes. Traditional use of coal in domestic areas is for 

heating and cooking. The coal used in various industries accounts for 98% of the total coal usage. 

Whereas domestic accounts for 2% on average (Department of Energy, 2019, 2021). 

2.2 Properties of Coal 

Coal is a combustible sedimentary rock used as a significant energy source for centuries. 

Understanding coal's properties, characteristics, and composition is necessary for efficient 

utilisation, environmental considerations, and technological advancements. 

Coal can be classified into different types based on its geological origin and carbon content. The 

main types of coal are anthracite, bituminous, sub-bituminous, and lignite. The classification of coal 

is closely related to its rank, which is determined by the coalification process and the carbon content. 

Anthracite has the highest carbon content and is the highest rank of coal, while lignite has the lowest 

carbon content and is considered the lowest rank of coal (Bowen & Irwin, 2008; Kopp, 2022; Miller 

& Tillman, 2008; Roberts et al., 2015; Zeng, 2009). 

Coal primarily consists of two main components: inorganic minerals and organic carbonaceous 

macerals (Davidson, 1982; Kopp, 2022; Miller & Tillman, 2008). The organic macerals form the 

combustible part of the coal, while the inorganic minerals are incombustible.  
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The organic macerals are divided into vitrinite, liptinite, and inertinite. Macerals consist primarily of 

carbon, oxygen, hydrogen, and small amounts of sulphur and nitrogen (Bowen & Irwin, 2008; Miller 

& Tillman, 2008). The maceral groups have different quantities of these primary components 

(Winans & Crelling, 1983). The maceral groups differ in origin and rank (Davidson, 1982). The 

chemical properties, physical properties, and reactivity of the various coal macerals change as the 

rank of the coal changes (Winans & Crelling, 1983). 

The inorganic component of coal consists of a wide range of ash-forming minerals (Davidson, 1982; 

Miller & Tillman, 2008). These minerals mainly consist of Si, Al, and Fe, with trace elements that 

exclude C, H, O, N, and S. The inorganic substances can be classified into three types according to 

their origin: plant, detrital, and chemical. They can further be classified based on their environment 

and human health effects (Zeng, 2009). 

Different physical and chemical traits that coal possesses impact how it is used. Calorific value, 

caking and swelling characteristics, grindability, and ash fusion temperature are a few of them. The 

calorific value of coal indicates its energy content and establishes its market value. Its caking and 

swelling qualities influence the behaviour of coal during combustion and its appropriateness for 

particular applications. The term "grindability" describes how easily coal can be ground, which 

impacts how effectively it can be pulverised. The temperature at which coal ash turns into molten 

slag during combustion is known as the "ash fusion temperature" (Bowen & Irwin, 2008; Davidson, 

1982; Wagner, 2021; Winans & Crelling, 1983). 

2.3  Properties of Wood/Biomass 

Woody biomass, herbaceous biomass, biomass derived from straw, aquatic biomass, and waste 

biomass (like manure, sewage, and biological waste) can all be classified according to their unique 

features. Typically, the category to which a particular type of biomass belongs determines how it is 

used. The moisture content of the biomass has a significant role in determining the best energy 

conversion method. In general, biochemical processes like fermentation and anaerobic digestion are 

better suited for biomass with a high moisture content, such as waste and aquatic biomass. 

Herbaceous biomass has an intermediate moisture content, while woody biomass has the lowest (Di 

Blasi, 1997; Demirbas, 2004; Parmar, 2017). 

Wood is primarily composed of cellulose, hemicellulose, lignin, and extractives. They contribute to 

the fibre properties of the wood, which impacts the fuel properties (Biorefinery Edu, 2018; Havstad, 

2020).  

Cellulose is the most abundant component of fibre wall and contributes to 40 – 45% of wood’s dry 

mass. Cellulose consists of linear chains of glucose bonded to a degree of polymerisation 
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(Biorefinery Edu, 2018; Brigham, 2018). The molecular structure of cellulose is responsible for its 

characteristic properties such as hydrophilicity, chirality, degradability, and chemical inconstancy 

instigated by the high reactivity of hydroxyl groups (Biorefinery Edu, 2018; Singh et al., 2020).  

Hemicellulose is a heterogeneous polymer that is comprised of different sugars. In some cases, it is 

the second most abundant component material in wood, depending on the amount of lignin, with a 

composition ranging from 25 – 35% dry weight of wood (Abu Ghalia & Dahman, 2017; Ahmad & 

Zakaria, 2019). Hemicellulose differs from cellulose in linearity and degree of polymerisation. 

Hemicellulose has a side group on the chain molecule and has a much lower degree of 

polymerisation than cellulose. Hemicellulose is amorphous (Biorefinery Edu, 2018; Patel & Parsania, 

2018). The main hemicellulose in softwood is galactoglucomannans and arabinoglucuronoxylan, 

while the hemicellulose in hardwood is glucuronoxylans (Biorefinery Edu, 2018). Hardwood and 

softwood are not distinguished by their appearance or physical attributes. Generally, deciduous 

trees, which lose their leaves annually, are classified as hardwood and conifer trees as softwood, 

which remain evergreen. Hardwood is generally denser than softwood because deciduous trees 

have a lower growth rate than conifer trees (Middleton, 2020).  

Lignin mainly consists of three kinds of alcohols: coumaryl, coniferyl, and sinapyl. These subunits 

together form the phenylpropanoid units (Kumar & Dixit, 2021). In some cases, lignin is the second 

most abundant component in plant mass, comprising 27 – 32% of the dry weight of wood (Calvo-

Flores, 2020). Lignin is a class of hydrocarbon polymers consisting of aromatic and aliphatic 

structures. Lignin is an amorphous polymer with a high molecular weight (Abu Ghalia & Dahman, 

2017).   

Extractives in wood are natural products originating from lignocellulose cell walls. They are present 

in the cell walls but not chemically bonded to them. Extractives can be divided into three major 

subgroups: aliphatic compounds (fats and waxes), aromatic phenolic compounds, and terpenes and 

terpenoids (Chateigner-Boutin & Saulnier, 2022). 

2.4 Co-firing of Biomass and Coal 

Fossil fuel combustion has long been the primary energy source for power generation, 

transportation, and industrial processes. However, the burning of fossil fuels releases significant 

amounts of harmful gaseous emissions, such as nitrogen oxides (NOₓ), sulphur dioxide (SO2), and 

carbon dioxide (CO2), which contribute to air pollution and climate change. Numerous techniques 

and methods have been proposed to mitigate these emissions and reduce associated costs in 

response to these environmental challenges. One such technique gaining popularity among coal-

fired plants is co-firing, which involves combusting a renewable fuel, typically biomass, alongside the 

primary fossil fuel (Easterly & Burnham, 1996; Hein & Bemtgen, 1998; Hughes & Tillman, 1998).  
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Co-firing biomass with coal can be useful to reduce emissions by substituting a measure of the base 

fuel (coal) with a carbon-neutral fuel (biomass). Wood is considered a carbon-neutral fuel because 

it releases the same amount of CO2 that was absorbed by the plants during their growth (Grainger 

& Smith, 2021). 

2.4.1 Emissions from Blended Fuel Stock 

Co-firing’s ability to reduce net CO2 emissions is one of the primary drivers behind its popularity. The 

reduction in CO2 emissions is due to biomass being a carbon-neutral fuel source. Biomass is 

considered carbon-neutral because burning biomass results in net CO2 emissions of zero. Biomass 

co-firing appears to be a viable option for CO2 mitigation when the cost of CO2 avoidance is 

considered. Co-firing is a more researched and secure technology than other options (Basu et al., 

2011; Farrelly et al., 2013; Nocito & Dibenedetto, 2020). In addition, it has been demonstrated that 

the co-firing of biomass and coal consistently reduces both SOx and NOₓ emissions (Basu et al., 

2011; Leckner & Karlsson, 1993; Maxwell et al., 2020a; Pedersen et al., 1997; Skodras et al., 2002). 

This reduction is because biomass contains lower sulphur concentrations than coal. However, it is 

anticipated that the alkali and alkaline earth components (such as Ca and K) in biomass fuels retain 

sulphur from coal, leading to a more significant reduction in SOx emissions (Agbor et al., 2014; Jiang 

et al., 2022; Mitchell et al., 2016). Thermal NO from the N2 in the air and fuel NO from coal are the 

primary sources of NOₓ emissions during biomass co-firing. However, NOₓ emissions from biomass 

combustion are comparatively low. In contrast to the HCN generally produced by coal combustion, 

the nitrogen component of biomass is primarily converted into NH3 during combustion, which has a 

reduced potential for conversion to NO (Jiang et al., 2022; Leckner & Karlsson, 1993; Mitchell et al., 

2016). 

2.4.2 Blending Ratios 

Considering costs and plant performance, ideal co-firing ratios for coal and biomass blends must be 

established. Based on energy content, co-firing is possible with blends consisting of more than 20% 

biomass. The configuration of the plant and the co-firing technique determines how much coal may 

be substituted, if at all (more than 50%) (Bhuiyan et al., 2018; Tillman, 2000). The compatibility of 

the fuels is to be considered when combining coal and biomass for co-firing. The parameters of 

combustion and overall performance can be affected by factors such as fuel particle size, density, 

moisture content, and chemical makeup. For effective and stable co-firing, a complete understanding 

of the fuel characteristics and how they interact is essential (Ahn et al., 2014; Madanayake et al., 

2017). Coal and biomass combustion properties differ regarding burnout efficiency, ash behaviour, 

and ignition temperature. The proportion of coal to biomass in the mixture can have an impact on 

the stability of the flame, combustion behaviour, and emission levels. Experimental investigations 
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and modelling techniques are applied to evaluate the effects of fuel mixing on combustion processes 

and improve the co-firing operation (Priyanto et al., 2016; Sami et al., 2001).  

2.5 Torrefaction of Wood 

Torrefaction is a thermal treatment at relatively low temperatures ranging from 225 to 300 °C. The 

process aims to produce a fuel with increased energy density by decomposing the reactive 

hemicellulose and depolymerising the lignin. The cellulose partially depolymerises, producing a more 

porous and energy-dense material (Prins et al., 2006a). The process can improve the fuel 

characteristics of biomass for better co-combustion with coal (Gent et al., 2017; Kartal & Özveren, 

2022). The bulk of the depolymerisation of biomass occurs at this stage. The degree of 

depolymerisation depends on the torrefaction temperature and the resistance time (Basu, 2018).  

2.5.1 Advantages of torrefaction 

Torrefaction improves biomass's physical and chemical properties regarding combustion (Gent et 

al., 2017; Kartal & Özveren, 2022; Prins et al., 2006a). Agricultural waste, such as maise stalks and 

animal dung, do not have favourable heating properties. These properties generally include high 

moisture content and low energy density. Torrefaction can remedy these shortcomings of fuel 

sources (Nunes et al., 2018; Shah, 2018).  

Physical advantages 

The grindability of torrefied biomass is improved compared to raw biomass. The improvement is due 

to torrefaction disrupting biomass's cell structure, thereby increasing brittleness (Nunes et al., 2018; 

Shah, 2018). Brittleness is essential when producing pellets since the biomass needs to be fine. The 

energy consumption for the milling of torrefied biomass is three to seven times lower than that of raw 

biomass (Nunes et al., 2018).  

The bulk density of the biomass is increased due to the released moisture and volatile matter during 

the torrefaction process (Shah, 2018). The increase makes transport and storage easier since the 

large volume of biomass is decreased (Nunes et al., 2018). 

Chemical advantages 

The energy density of the biomass is increased through the torrefaction process (Shah, 2018). 

Tumuluru et al., (2011) found that the calorific value of biomass typically increases from 11,6 – 16,3 

MJ/kg to 19,8 – 24,4 MJ/kg. The reactivity of the biomass increases due to the increase in porosity 

after torrefaction (Nunes et al., 2018). 
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According to research, torrefaction lowers biomass's sulphur and chlorine content while barely 

affecting the alkali level. Refractory elements, such as Mg, Ca, and Fe, remain mostly unaffected. 

Torrefaction transforms alkali and alkaline earth metals into less reactive forms. As a result, alkaline 

earth metals are retained in aluminosilicates, and the production of PM1 is decreased (Han et al., 

2023). It also decreases alkalis, S, and Cl vaporisation during biomass burning. PM emissions during 

the co-combustion of coal and torrefied biomass are influenced by elemental vaporisation, 

competitive interactions between alkalis and other elements (Mg, Ca, and Fe), metal retention in 

aluminosilicates, and chloride sulfation. Torrefaction prevents mineral vaporisation, which lessens 

PM1 generation. However, due to the encouraged retention of metals in coarse particles, the 

emission of PM10 may increase or it may decrease as larger particles (PM10+) clump together (Basu, 

2018; Han et al., 2023; Kartal & Özveren, 2022; Shah, 2018). 

2.5.2 Cost of Torrefaction 

Biomass torrefaction is a process that involves the thermal treatment of biomass under inert 

conditions. Constructing torrefaction plants on a commercial scale necessitates large capital 

expenditures. The facility's scale, the feedstock type, the torrefaction conditions, and the potential 

use of heat or volatile organic compounds (VOCs) for secondary purposes, such as offsetting heating 

costs, impact the operating costs of a torrefaction plant. The reported cost of torrefaction per ton of 

torrefied biomass varies greatly, from 300 ZAR to 1300 ZAR per tonne (Bergman et al., 2005). 

1. Investment: Due to the need for specialised reactors, process equipment, and infrastructure, 

the building of commercial-scale torrefaction facilities requires a sizeable upfront capital 

investment. The capital expense varies according to the torrefaction system's complexity and 

intended production capacity (Bergman et al., 2005; Demirbas, 2004; Nunes et al., 2014; 

Sermyagina et al., 2016). 

2. Operating Costs: The operational expenses of torrefaction are influenced by several factors. 

Costs are primarily influenced by a facility's size, with larger installations typically benefiting 

from economies of scale. Operating expenses are also influenced by the availability and type 

of feedstock used. Torrefaction operating conditions, such as temperature and residence 

time, impact energy usage and process effectiveness (Bergman et al., 2005; Nunes et al., 

2014; Sermyagina et al., 2016). 

3. Utilisation of Heat and VOCs: Torrefaction economics considers the potential use of heat and 

VOCs produced during the process. These by-products can be used for other purposes or to 

offset the facility's heating expenditures, which lowers operating costs and boost overall 

energy efficiency (Bergman et al., 2005; Demirbas, 2004; Nunes et al., 2014; Sermyagina et 

al., 2016).  
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4. Environmental: During the torrefaction process, the devolatilisation of wood releases volatile 

organic compounds (VOCs) that can pose environmental and health risks to the surrounding 

environment and individuals close to the torrefaction reactor. Consequently, flue gas 

treatment becomes an expenditure to mitigate these potential hazards. VOC Capture and 

Removal: Flue gas treatment systems are designed to capture and remove VOCs emitted 

during torrefaction. Techniques such as condensation, adsorption, and thermal oxidation can 

effectively remove and treat these pollutants (Bergman et al., 2005; Nunes et al., 2014; 

Sermyagina et al., 2016; Tillman, 2000). 

2.6 Combustion in Household Devices 

The majority of coal in South Africa is used for electricity generation. However, high levels of 

household coal use still exist in rural/urban developments, especially in areas close to coal mines. 

An estimated 950,000 households use coal as an energy source (Balmer, 2007). In many cases, 

biomass is the preferred source of fuel. Between one-third and one-half of the world rely on biomass 

to meet their energy needs (Bailis, 2004). 

2.6.1 Stove classification 

Taylor, (2009) specifies the base classifications for household combustion devices: Fuel type, 

feeding procedure, combustion regime, ignition and draft direction, heat transfer mechanism, and 

exhaust area. 

Fuel type 

Mitchell et al., (2016) tested different fuels in a single-chamber stove and reported that the fuel type 

influenced the emission production. The particulate matter production during the burning of wood 

was heavily dependent on the volatile matter content of the wood, while coal showed a different 

trend. NOₓ formation was found to be dependent on the nitrogen content of the fuel.  

Mitchell et al., (2016) also found that the torrefied wood had the lowest emissions from all the fuel 

types. Trubetskaya et al., (2021) found that wood logs generated the most PM, whereas the torrefied 

fuel produced the lowest PM. 

Feeding procedure 

Domestic stoves have three main fuel-feeding procedures: continuous-feed, batch-feed, and mixed-

feed. Continuous-feed stoves allow fuel to be added at any time during combustion, for example, an 

open fire. This procedure requires direct access to the combustion chamber. Continuous-feed stoves 

can be extinguished by cutting off the fuel supply. Batch-feed stoves are fed once before ignition and 
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can only be refuelled after the burn-cycle. Batch-feed stoves are extinguished either by burnout or 

cutting the oxygen supply. Mixed-feed stoves are batch-feed stoves but allow discreet quantities of 

fuel to be added throughout the burn cycle (Taylor, 2009). 

Combustion regime 

The combustion regime indicates the degree of coupling between primary and secondary 

combustion. Primary combustion is the initial burning of the fuel in the fuel bed, including the pyrolysis 

of the fuel and the reactions with carbon in the solid phase. Secondary combustion occurs when the 

primary combustion superheats the surrounding air, causing gas-phase reactions (Taylor, 2009). 

The combustion regime of a stove can be classified as one of three categories: gasifier, non-gasifier, 

and semi-gasifier. Gasifier stoves can separate the gas generation from the gas combustion. The 

fuel undergoes pyrolysis, and the solid fuel is converted into gas. The gas is transported to a different 

chamber where it is combusted, usually with a secondary oxygen supply (Energypedia, 2018; Taylor, 

2009). Njenga et al. (2016) tested gasifier stoves against conventional stoves and reported that 

gasifier stoves use less time and fuel to cook a meal and produce less CO and PM than the 

conventional stove and the basic three-stone stove. The difference is due to primary combustion 

relying mainly on the exothermic reaction from the conversion of char to CO and CO2, and the 

secondary combustion converting unreacted CO to CO2 with an abundance of oxygen, which is also 

an exothermic reaction, resulting in more heat generated and less CO pollution (Taylor, 2009).  

Ignition direction versus draft 

An important classification is the direction of the ignition in the fuel bed compared to the direction of 

the draft. Three main classifications describe the airflow direction: concurrent-flow, counter-flow, and 

cross-flow. Concurrent-flow describes combustion where the ignition travel and airflow are in the 

same direction and are the most common (e.g., open fires).  

Counter-flow describes combustion, where the ignition and airflow travel in opposite directions. This 

design is typical with top-lit updraft (TLUD) combustion devices. TLUD devices are lit at the top of 

the bed, and the air inlet is at the bottom of the device. Obi et al., (2016) found that the TLUD stove 

was significantly influenced by fuel type. The TLUD stove performed better than a conventional stove 

in all performance parameters investigated. Obi et al., (2016) also tested the TLUD stove with 

different biomass fuels and found that woodchips offered better stove performance. Ahmed et al., 

(2019) found that wood chips and corn cobs had similar performance in a TLUD stove, but peanut 

shell pellets had the highest system efficiency.  

Cross-flow describes combustion where the airflow travels perpendicular to the ignition direction. 

These stoves are uncommon in the domestic setting and are rarely researched. 
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Heat transfer mechanism 

The heat transfer mechanism between the stove and the cooking pot significantly influences thermal 

efficiency. Heat can be transferred to the cooking pot from the stove via convection, conduction, and 

radiation (Taylor, 2009; Thomas, 2003). Convection stoves place the cookpot directly in the path of 

the hot combustion gas. The heat from the gas is used to heat the cooking pot (Agenbroad et al., 

2011; Taylor, 2009). Conduction stoves use a boundary layer between the combustion zone and the 

cooking pot (usually a material with high thermal conductivity and weak insulative properties) that 

heats the pot (Prasad et al., 1985; Taylor, 2009). Combustion devices that use radiation as a heat 

transfer mechanism to cook usually work by suspending the cooking pot over the bed of coals 

(Taylor, 2009). Radiation and convection stoves usually exhaust the combustion products in the 

surrounding area, making conduction stoves the preferred mechanism regarding human health. 

 

Figure 2-1: Heat transfer mechanism: A) Conduction; B) Radiation; C) Convection 

 

Exhaust-area 

An important classification regarding human health is the area where the combustion products are 

exhausted. The two main criteria for classification are room-exhausted and outside-exhausted 

(Taylor, 2009). Chimneyed stoves are reliant on a draft to guide the flue gas. Stoves can rely on 

natural drafts or forced drafts. 

2.6.2 Ignition methods for domestic combustion devices 

Two ignition methods are used to ignite the fuel bed of cooking stoves. The most common method 

used by most combustion devices is the bottom-lit updraft (BLUD) method. This method entails 

lighting the fuel bed from the bottom (Figure 2-2a). The top-lit updraft ignition method entails lighting 

the fuel bed from the top (Figure 2-2b).  
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Figure 2-2: Ignition methods: A) BLUD; B) TLUD 

 

Makonese et al., (2017) conducted experiments to determine the difference between the two ignition 

methods regarding emissions and reported that the BLUD method produced four to five times the 

PM compared to the TLUD method, slightly less CO and NOₓ, and relatively the same amount of 

CO2.  

The reasoning behind this is due to the draft direction compared to the direction of ignition travel. 

Using the BLUD method generally implies a concurrent-flow. The heat generated from initial 

combustion travels through the fuel bed and pyrolyses the fuel, causing spikes in VOCs and PM. 

Makonese et al., (2015) conducted experiments to determine the effect of the ignition methods in 

coal-burning braziers and reported similar results. Pemberton-Pigott, (2010) reported that a TLUD 

Vesto gasifier stove produces a low CO/CO2 ratio and a high thermal efficiency. Azom et al., (2017) 

reported that when using the TLUD method, the ignition was highly sensitive to the moisture content 

of the fuel and that wet fuel would sometimes not ignite. A survey reported that it takes time to size 

the fire-starting biomass when using the TLUD ignition method. Persons must also be educated to 

use the TLUD ignition method since it is not commonly used in rural communities. 

2.6.3 Requirements for household combustion 

There are three requirements for combustion to take place (Figure 2-3): fuel, air, and an initial ignition 

source (heat) to initiate the reaction (Thomas, 2003).  
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Figure 2-3: Combustion triangle 

The combustion is firstly fuel-limited until the ignition process is complete. After ignition, the 

combustion is draft-limited, meaning that the heat can be controlled by controlling the air supply to 

the combustion zone. After the fuel has been sufficiently depleted, the combustion is fuel-limited 

once again (Thomas, 2003). 

For a household, these parameters must be suitable for specific activities that the community relies 

on. The two primary uses for solid-fuel stoves are generally cooking and space heating. Many stoves 

possess the ability for both. Stoves that serve the purpose of space heating are generally indoors. 

These stoves are preferably required to exhaust outside due to health concerns. These stoves 

generally use conduction as a heat transfer method to cook (Taylor, 2009).  

Fuel consumption paired with thermal efficiency is essential in rural communities. Bolaji & Olalusi, 

(2009) tested an improved coal stove against a traditional coal stove and a kerosene stove. The 

study found that the improved stove had a coal burning rate of 0.15 kg.h-1 whereas the traditional 

stove had a coal burning rate of 0.20 kg.h-1. This difference could be due to ineffective draft control 

(Thomas, 2003). Furthermore, Bolaji & Olalusi, (2009) found that the thermal efficiency of the 

improved stove, kerosene stove, and traditional stove were 42.6%, 40.5%, and 28.2%, respectively. 

The high fuel consumption of the traditional stove contributes to its low thermal efficiency since the 

two parameters are inversely proportional to each other (Bolaji & Olalusi, 2009). Adeyemi et al., 

(2017) reported similar findings running an improvised stove on high-power. The stove fuel 

consumption and thermal efficiency resulted in 0.31 kg.h-1 and 35%, respectively. The comparatively 

low thermal efficiency is a result of the higher fuel consumption.  
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2.7 Measuring of Stove Emissions 

2.7.1 Hood-method 

The Hood Method is a technique for carefully collecting coal stove emissions. By using this 

technique, the pollution that results from burning coal is lessened. The Hood Method involves 

covering the stove with a hood or canopy that collects emissions as they are produced (Ballard-

Tremeer & Jawurek, 1999; González et al., 2008; Witt et al., 2006). 

The hood or canopy is made to fit entirely around the stove to ensure that all emissions are collected. 

A duct system connects the hood, often made of metal, to a filtering system. The filtering system is 

made to take out harmful gases and particles that coal combustion releases (Ballard-Tremeer & 

Jawurek, 1999; González et al., 2008; Witt et al., 2006). 

Because it captures emissions at the source, the Hood Method effectively captures combustion 

emissions. This trait suggests that pollutants are not dispersed into the atmosphere, where they 

might endanger people and the environment. The Hood Method is a realistic option for 

experimentation because it is inexpensive and easy to implement (Ballard-Tremeer & Jawurek, 

1999; González et al., 2008; Witt et al., 2006). 

2.7.2 Dilution Tunnel Method 

The dilution tunnel method is a standard method for determining the emissions from coal stoves. By 

diluting the sample with either nitrogen or clean air, this technique can calculate the amount of 

pollutants in the exhaust gas (Allen et al., 2022). 

A tube with sampling openings at both ends makes up the dilution tunnel. One end of the tube is 

used to collect the sample, while the other is used to pump clean air or nitrogen through the tunnel. 

As a result, the exhaust gases become diluted, lowering the concentration of pollutants and 

facilitating accurate measurement (Allen et al., 2022; Hildemann et al., 1989). 

A probe is put into the chimney or exhaust pipe of the stove to collect the sample. The probe is 

attached to the sample port at one end of the dilution tunnel. The diluter feed is activated, drawing 

fresh air or nitrogen into the tunnel to saturate the exhaust gases. At the other end of the tunnel, 

samples of the diluted gases are taken, and various instruments, such as gas analysers, are used 

to measure the concentrations of pollutants (Allen et al., 2022; Hildemann et al., 1989). 

The dilution ratio, a component of the Dilution Tunnel Method, determines the precision of the 

measurement. The dilution ratio is determined by dividing the diluter flow rate by the exhaust gas 
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flow rate. The measurement accuracy is increased by a lower concentration of contaminants caused 

by a larger dilution ratio (Hueglin et al., 1997). 

2.8 Thermal Efficiency of Domestic Stoves 

Domestic stoves are frequently used in homes worldwide for heating and cooking. Many of these 

stoves are inefficient, leading to higher fuel consumption, which increases indoor air pollution and 

harms the environment. So, it is necessary to evaluate the thermal efficiency of household stoves 

and find measures to enhance their performance (Trubetskaya et al., 2021). 

A residential stove's thermal efficiency is evaluated by comparing the amount of heat it produces to 

the amount of fuel it consumes. Careful calculations of the fuel consumption, fuel heating value, and 

stove output are necessary for this process. The thermal efficiency of domestic stoves has been 

measured using a variety of techniques (Islam et al., 2022; Mekonnen, 2022). 

The heating value of the fuel, the stove's ability to transfer heat, and thermal losses are only a few 

of the variables that calculate household stoves' thermal efficiency. Depending on the type and 

quality of the fuel, the heating value may vary. Several elements, such as the stove's design, the 

combustion process, and insulation usage, affect the stove's ability to transmit heat efficiently. 

Radiation, conduction, and convection are three ways heat losses can occur (Kole et al., 2022a; 

Pasha et al., 2023). 

Reducing the fuel consumption, indoor air pollution, and greenhouse gas emissions of household 

stoves can all result from increasing their thermal efficiency. The efficiency of stoves can be 

increased in several ways, including stove design, fuel quality, and user behaviour. For instance, 

better stove designs can increase the efficacy of heat transfer, while utilising higher-quality fuels can 

enhance the heating value and reduce emissions (Mekonnen, 2022). 

In conclusion, figuring out how to increase the performance of domestic stoves requires monitoring 

and analysing their thermal efficiency. Stove efficiency has been measured using both direct and 

indirect approaches. Numerous steps may be taken to enhance performance, and increasing stove 

efficiency can result in considerable advantages. 

2.8.1 Water boiling test 

The water boiling method is a commonly employed technique to assess the thermal efficiency of a 

residential coal-burning stove. This method involves measuring the quantity of heat generated by 

the stove and the amount of water that can be heated by that heat (Islam et al., 2022; Mekonnen, 

2022; Pundle et al., 2019). The stove's efficiency can be evaluated by employing the following 

formula: 
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (

𝐻𝑒𝑎𝑡 𝑜𝑢𝑡𝑝𝑢𝑡

𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡
) × 100% 

(E2-1) 

The calculation of heat input involves the measurement of the weight of the coal utilised and 

determining its calorific value, which represents the amount of heat released when one unit mass of 

fuel is burned. Calorific value is typically quantified in joules per kilogram (J/kg). The formula for 

computing heat input is as follows: 

  𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡 = 𝑚𝑓𝑢𝑒𝑙  × 𝐶𝑉 (E2-2) 

In Equation 2.2, 𝑚𝑓𝑢𝑒𝑙 represents the mass of fuel burned, and 𝐶𝑉 represents the calorific value.  

Heat output is calculated by measuring the temperature of the water before and after the stove heats 

it. The amount of heat absorbed by the water can be calculated using the following formula: 

 𝐻𝑒𝑎𝑡 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑚𝑤 × 𝑐𝑝𝑤 × ∆𝑇 (E2-3) 

In Equation 2-3, 𝑚𝑤, 𝑐𝑝𝑤, and ∆𝑇 represents the mass of water boiled in the pot during the test, the 

specific heat capacity of water, and the temperature difference of the water in the pot. The specific 

heat of water is the amount required to raise the temperature of one unit of water by one degree 

Celsius. It is typically measured in joules per kilogram-degree Celsius (J/kg-°C). The formula for 

calculating the amount of heat absorbed by the water assumes no heat loss to the surroundings 

(Islam et al., 2022; Mekonnen, 2022; Pundle et al., 2019). 

2.9 Formation of Pollutants during Combustion  

Burning coal and wood is typical for producing energy and providing heat. However, these processes 

release many pollutants into the atmosphere, raising severe environmental and health issues. It is 

essential to comprehend how these pollutants are formed to mitigate their production. 

2.9.1 Gaseous pollutants 

Several gaseous pollutants are produced during combustion. The incomplete combustion of carbon-

containing fuels results in carbon monoxide (CO) formation. The oxidation of nitrogen in the 

combustion air produces nitrogen oxides (NOₓ). When the oxygen and sulphur in the fuel react, 

sulphur dioxide (SO2) is produced. There is also the production of particulate matter, which 

comprises different chemical species (Leckner & Karlsson, 1993; Makonese et al., 2017b; Shen et 

al., 2021). 
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Sulphur oxides 

Coal contains sulphur in various forms, including sulphides, sulphates, organic sulphur compounds, 

and traces of elemental sulphur. There is very little sulphur in biomass, such as wood. Most of the 

sulphur linked to the fuel is released into the gas phase during combustion. The organically bound 

component of sulphur in coal is another sizeable fraction. Coal generally has little sulphate (Fleig et 

al., 2009; Zaugg et al., 1989). Sulphides in the form of pyrite are usually the main fraction released 

according to the reactions: 

 2 𝐹𝑒𝑆2(𝑠) → 2 𝐹𝑒𝑆 (𝑠) + 𝑆2 (𝑔) (R2-1) 

 2 𝐹𝑒𝑆 (𝑠) → 2 𝐹𝑒 + 𝑆2 (𝑔) (R2-2) 

 𝑆2 + 2 𝑂2 → 2 𝑆𝑂2 (R2-3) 

Sulphur dioxide (SO2) is the thermodynamically preferred sulphur oxide at high temperatures 

(>1000°C) in oxygen-rich environments. Hydrogen sulphide (H2S) is created in the gas phase during 

sub-stoichiometric conditions in the flame or is released from organic sulphur compounds. When the 

temperature and oxygen content are higher, SO2 is significantly favoured in the equilibrium. 

Therefore, the concentration of H2S in the released gas is low when there is an excess of oxygen, 

as is often the case in pulverized coal combustors and fuels containing biomass (Fleig et al., 2009; 

Zaugg et al., 1989). The most prevalent SO3 formation occurs according to the following reactions: 

 𝑆𝑂2 + 1
2⁄ 𝑂2 → 𝑆𝑂3 (R2-4) 

 𝑆𝑂2 + 𝑂𝐻 → 𝐻𝑂𝑆𝑂2 (R2-5) 

 𝐻𝑂𝑆𝑂2 + 𝑂2 → 𝑆𝑂3 + 𝐻𝑂2 (R2-6) 

At lower temperatures, the equilibrium tends toward sulphur trioxide (SO3), while the reaction rate 

reduces with temperature. As a result, the concentration of SO3 in the released gas is much lower 

than that of SO2 by several orders of magnitude. About 0.1% to 1% of the SO2 in air-fired pulverized 

coal combustion is converted to SO3 by oxidation (Fleig et al., 2009; Pisupadti, 2003; Sarbassov et 

al., 2018). 



 

24 

 

Figure 2-4: Reaction routes for the formation of sulphur (Adapted from Fleig et al., 2009) 

Figure 2-4 displays the reaction routes that the sulphur in the coal can follow during the combustion 

process. In addition to creating gaseous sulphur products, reactions between sulphur and alkali and 

alkaline earth metals (Na, K, Mg, and Ca) in the ash can trap sulphur. Sulphur can, therefore, be 

bonded to minerals and remain there without being released. Reactions with calcium (Ca) dominate 

the sulphate retention in the ash. The degree of sulphur retention in the ash mostly depends on the 

coal's molar ratio of Ca to S (Fleig et al., 2009). With enough Ca present in the combustion zone, 

sulphur is retained according to the following reactions: 

 𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2 (R2-7) 

 2 𝐶𝑎𝑂 + 2 𝑆𝑂2 + 𝑂2 → 2 𝐶𝑎𝑆𝑂4 (R2-8) 

Calcination (Reaction 2-7) is inhibited in pressurized combustion conditions and prohibited in 

atmospheric pressure conditions (Fleig et al., 2009). 

Nitric oxides 

In the context of combustion, the formation of NOₓ can occur through three distinct mechanisms: 

Thermal NOₓ, Fuel NOₓ, and Prompt NOₓ. 

The molar concentrations of nitrogen and oxygen and the combustion temperature affect the 

concentration of thermal NOₓ. The production of thermal NOₓ is significantly reduced when 

combustion occurs at temperatures lower than 1,300°C (Hill & Smoot, 2000; Pisupadti, 2003; Zaugg 

et al., 1989). 

 𝑁2 + 𝑂 → 𝑁𝑂 + 𝑁 (R2-9) 
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 𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂 (R2-10) 

 𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻 (R2-11) 

Reactions 2-9 – 2-11 are referred to as the Zeldovich mechanism. Reaction 2-11 is included in the 

mechanism when combustion occurs in fuel-rich conditions. 

Fuel NOₓ is the most significant contributor to NOₓ production. Fuel NOₓ is a by-product of the 

oxidation of nitrogen already present in fuels containing nitrogen, such as coal. The common 

occurrence of fuel NO in coal systems can be attributed to the fuel-rich conditions and moderate 

temperatures (1500–2000 K) in coal flames. Due to the significantly weaker N-H and N-C bonds in 

nitrogen attached to the fuel, the creation of fuel NO occurs more frequently than thermal NO. In 

contrast, the triple bond in molecular nitrogen must be broken for thermal NO to form. This difference 

emphasizes why fuel NO is prevalent in coal systems (Hill & Smoot, 2000; Pisupadti, 2003; Zaugg 

et al., 1989). 

In fuel-rich conditions, which are present to some extent in all combustion processes, prompt NOₓ is 

produced when molecular nitrogen from the air reacts with the fuel. Then, as the nitrogen oxidizes 

with the fuel, NOₓ is created during combustion, comparable to fuel NOₓ (Hill & Smoot, 2000; 

Pisupadti, 2003; Zaugg et al., 1989). 

 𝐶𝐻 + 𝑁2 → 𝐻𝐶𝑁 + 𝑁 (R2-12) 

 𝐶 + 𝑁2 → 𝐶𝑁 + 𝑁 (R2-13) 

Understanding these three pathways of NOₓ formation in combustion processes is for effective 

management and control of nitrogen oxide emissions. 

Carbon monoxide 

Carbon monoxide is produced due to the incomplete combustion of carbon-based fuels. Various 

factors contribute to incomplete combustion (Gadsby et al., 1948; Makonese et al., 2017a). 

The appropriate ratio of oxygen to fuel may not be reached in some regions of the combustion 

process due to insufficient mixing of the air and fuel. Insufficient mixing prevents the fuel's complete 

oxidation, producing carbon monoxide (Pisupadti, 2003). 

A lack of air delivered to the flame can reduce the oxygen needed for complete combustion. In these 

circumstances, the fuel might not be completely oxidized, which would cause carbon monoxide to 

be produced (Bolaji & Olalusi, 2009; Pisupadti, 2003). 
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Insufficient residence time for the fuel in combustion systems can prevent complete combustion. 

Carbon monoxide is produced because the fuel is only partially reacted by the high temperatures 

and oxygen-rich environment (Bolaji & Olalusi, 2009; Pisupadti, 2003). 

Flame temperature reduction before combustion is finished can cause incomplete combustion. The 

combustion process can be stopped before all of the fuel molecules have been oxidized if the flame 

temperature drops too quickly, either from heat loss or an insufficient fuel-air mixture. The generation 

of carbon monoxide may be aided by early cooling (Greiner, 1997; Pisupadti, 2003). 

2.9.2 Formation of particulate matter 

Particulate matter (PM) emissions from coal combustion can occur through various mechanisms, 

each contributing to the formation of different types and sizes of particles. Black carbon, or soot, is 

a kind of PM created when coal is burned partially (Li et al., 2016). Poly-aromatic hydrocarbons 

(PAHs), or primary carbon-enriched particles, are aggregated together in chains. Soot particles are 

created by transforming a hydrocarbon fuel with a few carbon atoms into a carbonaceous collection 

with millions of carbon atoms. Soot particle composition and size distribution are influenced by 

combustion temperature, residence length, and aromatic hydrocarbons (Liang et al., 2023). The 

parent coal's rank-related aromatic hydrocarbons contribute to the increased soot output. If not 

oxidized within the flame zone, soot particles have been reported to increase heat transfer by 

radiation and can be released in the flue gas. This solid-vapour-particle pathway forms articulate 

agglomerates in the 1-2 μm size range and is associated with volatile elements in the PM  (Luan et 

al., 2022).  

Ash, previously disregarded as a pollutant, is now understood to be a transporter of harmful trace 

elements. It can be found as fly ash (smaller particles entrained in the gas flow) or bottom ash (larger 

particles left over after burning). Ash particles are entrained due to airflow across the coal bed (Liu 

et al., 2022; Xu et al., 2011). 
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2.9.3 Summary of Pollutants Formation 

 

Figure 2-5: Combustion products of coal 

(Adapted from Sumbane-Prinsloo et al., (2021) and Krawczyk & Zajemska, (2013)) 

Figure 2-5 provides an overview of the outcomes resulting from coal combustion. This process yields 

products categorized into three distinct groups: combustible gases, non-combustible gases, and ash. 

Combustible gases can undergo further combustion, transforming into non-combustible gases. 

When coal undergoes pyrolysis, it gives rise to char and hydrocarbon radicals. Char is particularly 

suitable for combustion or gasification processes, following a similar pathway as coal during 

combustion. CO2 and H2O are formed during the complete combustion of the fuel. CO is formed 

during incomplete combustion due to insufficient oxygen. CO can be further oxidised to CO2 if the 

temperature is high enough. 
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CHAPTER 3: MATERIAL PREPARATION AND CHARACTERISATION 

This section presents how the materials were prepared and the results obtained from the chemical 

and mechanical analyses. 

3.1 Materials 

This study uses discarded Grade D coal fines and pine wood chips. Grade D Highveld coal fines 

were selected to emulate the utilization of low-quality coal in coal-burning stoves commonly found in 

rural and urban households. Additionally, pine wood chips were chosen due to their widespread 

usage in construction, leading to an abundance of pine wood waste. The selection of pine wood in 

the form of chips offers advantages such as simplified storage and transportation logistics. Table 

3-1 summarises the material and equipment used to prepare the samples. 

Table 3-1: Material and equipment list 

Description Supplier Detail Use 

Materials and gasses 

Coal CoalTech 
Highveld grade D waste 

coal 
Raw material 

Wood Sappi Waste pine wood chips Raw material 

Nitrogen Afrox Purity: > 99.999% Torrefaction, TGA 

Polyethylene glycol Pennywise distributors  - Binding agent 

Equipment 

Three-phase 
horizontal tube 

furnace 
NWU Custom made Torrefaction trial run 

TGA instrument NWU 
SDT Q600 TGA from TA 

instruments 
Thermogravimetric 

analysis (TGA) 

Hammer mill NWU - Pulverising 

Grinder NWU - Grinding 

Rotary kiln Thermopower furnaces 
Indirectly fired, electrically 

heated 
Bulk torrefaction 

Steele stiff extruder BMMS - Extrusion of fines 
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3.2 Sample Preparation 

This section details the methods for preparing the raw materials for combustion experiments. 

 

Figure 3-1: Sample preparation overview 

Figure 3-1 displays an overview of the preparation route followed for the samples used in the 

combustion experiments. 

3.2.1 Coal preparation 

The key stages of this coal preparation process are visually depicted in Figure 3-1, summarising the 

consecutive and correlated steps undertaken to facilitate the preparation of the raw coal samples. 

The initial state of the acquired coal was fine (- 1 mm), containing some large clumps formed due to 

high moisture content. The coal was stored indoors under controlled conditions to gradually reduce 

its moisture content and prevent the agglomeration of coal particles during subsequent size reduction 

procedures. The coal was air-dried indoors for 14 days until further processing. 

The dried coal was finely crushed using a grinder, and the crushed coal was then sieved and 

separated into + 1 mm and - 1 mm particles. The + 1 mm particles were subjected to a further pass 

through the hammer mill, ensuring that any remaining coarse particles were uniformly reduced to 

the desired fineness. Meanwhile, the - 1 mm particles were dried indoors once more until they were 

needed for the blending procedure, approximately 5 weeks. 

3.2.2 Biomass Preparation 

The key stages of this biomass preparation process are visually depicted in Figure 3-1, summarising 

the consecutive and correlated steps undertaken to facilitate the preparation of the raw wood 

samples. These waste wood chips were obtained from a paper factory, and as a prerequisite to their 

use, they underwent a washing procedure before being discarded by the paper mill. Upon 
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acquisition, the wood chips were arranged indoors for controlled drying to reduce the moisture 

content. The wood chips were left to dry for 14 days in a controlled environment under atmospheric 

temperature and pressure before further processing. During this period, the average temperature 

and atmospheric pressure of Potchefstroom, South Africa, was 11 °C and 87 kPa, respectively. 

Table 3-2: Particle size distribution of wood chips 

Size Composition wt% 

Fines (- 2 mm) 1.3 

- 2 + 4 mm 11.5 

- 4 + 6 mm 59.3 

- 6 + 8 mm 21.7 

- 8 + 10 mm 3.9 

+ 10 mm 2.2 

Bark 0.1 

 

Table 3-2 summarises the particle size distribution of the wood chips received from the paper mill. 

The wood chips underwent a sieving process, separating the larger chips (+ 6 mm) from the overall 

stockpile. The + 6 mm particles were then subjected to a hammermill with a 6 mm sieve for size 

reduction, ensuring they fell within the desired size range (+2 mm -6 mm). The woodchips were 

stored within sealed containers. The fines (- 2 mm) were discarded, and the +2 mm -6 mm particles 

were subjected to further processing. 

Torrefaction process 

The rotary kiln used for the torrefaction process was set up at Thermopower Furnaces, 

Olifantsfontein, South Africa. Figure 3-2 and Table 3-3 display the torrefaction rig schematic and 

instrument list used to torrefy the wood chips, respectively. The pre-determination of the torrefaction 

operating conditions, temperature and residence time, can be seen in Appendix A Torrefaction 

pre-tests. 
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Figure 3-2: Torrefaction rig schematic 

 

Table 3-3: Instrument list of Torrefaction rig 

Displayed Text Description 

SF-01 Screw feeder 

SF-02 Insulated screw feeder 

RK-01 Rotary kiln 

H-01 Hopper 

N2 Nitrogen gas cylinders 

 

The wood chips were introduced into a hopper directly from dry storage containers. Subsequently, 

these wood chips were conveyed through a screw feeder rotating with the driving motor set to 19.2 

Hz, delivering a consistent feed rate of 30 kg.hr-1 into an indirectly fired, electrically heated rotary 

kiln. The rotary kiln has a 5 m length and a 960 mm internal diameter tube. The rotary kiln’s driving 

motor was set to 8.0 Hz, resulting in an observed rotational speed of 5 r.p.m. to guarantee a 

controlled residence time of one hour within the kiln. The wood chips travelled at a rate of 5 m.hr-1 in 

the kiln. The rotary kiln was operated at 278 °C (± 3 °C). A nitrogen flow was continuously introduced 

into the rotary kiln at 30 NL.min-1.  

Upon exiting the rotary kiln, the processed wood chips descended into a secondary hopper, where 

a second screw feeder further transported them. Similar to the initial stage, nitrogen was employed 

within the second screw feeder at 17 L.min-1 to maintain an inert atmosphere. The entire system, 

from the feedstock to the final product, is sealed to prevent air from entering and causing the wood 

to combust. 



 

32 

Furthermore, a cooling system was integrated into the second screw feeder. Cold water circulated 

through the feeder's insulation, facilitating the rapid and thorough cooling of the wood chips. This 

cooling process ensured that once the wood chips emerged from the system, they remained entirely 

inert and resistant to combustion upon contact with ambient air. 

3.2.3 Blending 

The coal and biomass were blended into different ratios in preparation for pelletisation. The seven 

ratios selected are given in Table 3-4: 

Table 3-4: Coal – Biomass blend ratios 

Sample 
Biomass 
weight % 

Coal 
weight % 

1 0 100 

2 10 90 

3 25 75 

4 50 50 

5 75 25 

6 90 10 

7 100 0 

 

The blending process involved mixing coal and torrefied wood fines following the specified ratios. 

The components were weighed on a scale before being added to a drum. After the coal and torrefied 

wood had been added to the drum in a specific ratio, 5 wt% polyvinyl alcohol (PVA) was used as a 

binder. The drum was then sealed and tumbled for 30 minutes to ensure homogeneity. The sealed 

drums prevent contamination and protect the samples from moisture adsorption.  

3.2.4 Pelletisation of blends 

Lab-scale pelletisation techniques were investigated before mass pelletisation was started. 

Extrusion was preferred because the drum method could not produce pellets with the desired 

biomass-coal ratios. Refer to Appendix B: Pelletisation pre-tests. 

Extrusion 

Moisture was introduced into the blends until a moisture content between 18 wt% and 20 wt% was 

achieved to produce a semi-slurry. The added moisture activates the adhesive properties of the 

materials without lowering the viscosity to the extent that the materials flow out of the extruder. The 

prepared blend was conveyed into the extruder with the assistance of a screw feeder. The extruder 
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was equipped with a 19 mm die. This pellet size was selected based on its suitability for the stove's 

dimensions and performance characteristics. The extruder operates at ambient temperature and a 

15 - 22 bar pressure. Following the extrusion process, the freshly formed pellets were set aside for 

air drying, given that a proximate analysis confirmed that their moisture content was 20 – 25 wt% 

due to the water added pre-extrusion. Figure 3-3 shows the extrudates produced from the coal-

biomass blends containing 0% biomass to 100% biomass. 

 

 

Figure 3-3: Picture of extrudates 
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3.3 Chemical and Physical Analysis 

Table 3-5 summarises the analyses conducted on the raw and processed material. 

Table 3-5: Overview of analyses 

Property Standard Laboratory Material 

Proximate analysis 

Moisture content (wt%)  ISO 11722:1999 

Bureau Veritas Testing 
and Inspections South 

Africa 

Coal, Torrefied 
wood, Raw wood, 

Pellet blends 

Ash (wt%) ISO 1171:2010 

Volatile matter (wt%) ISO 562:2010 

Fixed carbon (wt%) Difference 

Ultimate analysis 

Carbon (wt%) ISO 12902 – CHN 

Bureau Veritas Testing 
and Inspections South 

Africa 
 

Coal, Torrefied 
wood, Raw wood, 

Pellet blends 

Hydrogen (wt%) ISO 12902 – CHN 

Nitrogen (wt%) ISO 12902 – CHN 

Oxygen (wt%) Difference 

Total Sulphur (wt%) ISO 13909-4: 2001 

Mineral analysis 

X-Ray diffraction analysis Rietveld method 
XRD Analytics Coal 

X-ray fluorescence analysis ISO 13909-4: 2001 

Fibre analysis 

Fibre analysis ASM 060 NWU 
Raw wood, 

Torrefied wood 

Calorific value 

HHV ISO 1928:2009 NWU 
Coal, Raw wood, 
Torrefied wood, 

Pellet blends 

Structural integrity 

Compressive strength - NWU Pellets blends 

 

The compressive strength was determined using an LRXplus instrument from Loyd Instruments. A 

pellet is placed on the press between two plates. The instrument applies increasing force until the 

pellet cracks or brakes. The force applied before the pellet broke is the force recorded. Equation 3-

1 is used to determine the compressive strength (𝜎 [𝑀𝑃𝑎]) of the pellet: 

 
𝜎 =

𝐹𝑚𝑎𝑥

𝐴𝑝
 

(E3-1) 

Where 𝐹𝑚𝑎𝑥 is the max force applied measured in Newton and 𝐴𝑝 [𝑚𝑚2] is the contact area between 

the pellet and the instrument’s press. 
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3.4 Characterisation Results 

This section contains the results from sample preparation and analyses conducted on the raw 

materials and products. 

3.4.1 Coal Characterisation 

Proximate Analysis 

Table 3-6 summarises the proximate analysis of the parent coal in comparison to other typical 

Highveld coals. 

Table 3-6: Proximate analysis of parent coal (a.d) 

 This study 
(Kühn et al., 

2017) 
Sumbane-Prinsloo 

et al., (2021) 

Wagner & 
Hlatshwayo, 

(2005) 

% Moisture 4.7 2.1 2.6 4.2 

% Volatile matter 22.3 20.4 24.4 21.5 

% Ash 29.9 30.6 24.0 26.9 

% Fixed carbon 43.1 46.9 49.0 47.5 

 

The parent coal is compared to coals from the same origin. The proximate analysis of the parent 

coal compares to proximate analyses of different Highveld coal samples used in studies by 

Sumbane-Prinsloo et al., (2021), Wagner & Hlatshwayo, (2005), and Kühn et al., (2017). The 

composition of the parent coal suggests that the coal is classified as a highly volatile, high-ash 

bituminous coal (Mastalerz et al., 2011).  

Ultimate Analysis 

Table 3-7 summarises the ultimate analysis of the parent coal on a dried ash-free basis. 

Table 3-7: Ultimate analysis of parent coal (d.a.f) 

 This study (Kühn et al., 2017) 
Sumbane-Prinsloo 

et al., (2021) 

Wagner & 
Hlatshwayo, 

(2005) 

% Hydrogen 4.7 4.0 4.4 4.1 

% Nitrogen 1.8 1.9 1.9 1.9 

% Carbon 74.9 79.0 79.0 79.9 

% Oxygen (calculation) 17.3 14.1 14.2 12.4 

% Total sulphur 1.2 0.9 0.5 1.5 
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The ultimate analysis of the parent coal compares to ultimate analyses of different Highveld coal 

samples used in studies by Sumbane-Prinsloo et al., (2021), Wagner & Hlatshwayo, (2005), and 

Kühn et al., (2017). The parent coal contains relatively low carbon content compared to other 

Highveld coal samples and relatively high oxygen content. The hydrogen, nitrogen, and sulphur 

content compare to other Highveld coals. Chen et al., (2017) reported that the degree of surface 

oxidation of coal increases with an increase in surface area. The parent coal used in this study 

possibly oxidised to a greater degree due to its particle size consisting of fines and prolonged 

exposure to the environment. 

Calorific Value 

Table 3-8 shows the calorific value of the parent coal on an air-dried basis. 

Table 3-8: Calorific value of parent coal (a.d) 

 

The calorific value is relatively lower than typical highveld coal. The calorific value is directly related 

to the composition of the coal. The findings by Kühn et al., (2017), Sumbane-Prinsloo et al., (2021), 

and Wagner & Hlatshwayo, (2005) suggest that the low gross calorific value of the parent coal (air-

dried basis), in comparison, is due to its low carbon content (49.0%), high ash content (29.9%), and 

relatively high oxygen content (11.3%). Secondary factors may include the mineral composition of 

the coal. 

 

 

 

 

 

 

 Parent coal Kühn et al., (2017) 
Sumbane-Prinsloo 

et al., (2021) 

Wagner & 
Hlatshwayo, 

(2005) 

Gross Calorific Value 
(MJ/kg) 

20.4 22.4 22.8 22.6 
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X-Ray Diffraction analysis (XRD) 

Table 3-9 summarises the XRD analysis of the parent coal. 

Table 3-9: XRD analysis of parent coal 

 

                        

 

 

 

 

 

 

 

The composition of the coal sample is predominantly composed of organic carbon. The presence of 

clay minerals (kaolinite), mica (muscovite), and small amounts of quartz, calcite, dolomite, and 

diopside is not unusual in coal samples and can vary depending on the coal's geological origin (Kühn 

et al., 2017; Sumbane-Prinsloo et al., 2021). The kaolinite content in the parent coal is relatively 

high, typical for Highveld coals, and the organic carbon is relatively low compared to coal from the 

same region (Sumbane-Prinsloo et al., 2021). 

 

 

 

 

 

 

Mineral 
species 

Composition by weight (%) 

This study 
Sumbane-Prinsloo et al., 

(2021) 

Organic C 62.9 75.9 

Quartz 8.5 7.9 

Kaolinite 23.0 12.8 

Calcite 0.9 1.3 

Dolomite 0.9 2.0 

Diopside 0.6 n.r 

Muscovite 3.2 n.r 

Gypsum 0.0 n.r 

Siderite n.r 0.1 

Pyrite n.r 0.1 

Total 100 100 

n.r = not reported 
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X-ray Fluorescence analysis (XRF) 

Table 3-10 displays the results from the XRF analysis conducted on the parent coal. 

Table 3-10: Summary of XRF analysis of parent coal 

Ash 
Species 

Composition by weight (%) 

This study 
Sumbane-Prinsloo et al., 

(2021) 
Kühn et al., (2017) 

Al2O3 22.4 23.3 31.4 

CaO 11.4 11.9 5.7 

Cr2O3 0.04 0.03 n.r 

Fe2O3 4.6 1.1 1.2 

K2O 0.9 0.4 2.1 

MgO 2.3 3.8 0.8 

MnO 0.2 0.04 0.03 

Na2O 0.6 n.r 0.2 

P2O5 0.7 0.6 0.9 

SiO2 46.9 55.2 49.0 

SO3 6.5 2.3 6.7 

TiO2 2.5 1.3 1.9 

V2O5 0.02 0.03 n.r 

ZrO2 0.1 n.r n.r 

BaO 0.2 n.r n.r 

SrO 0.3 n.r n.r 

ZnO 0.04 n.r n.r 

Total 99.62 99.99 99.99 

  n.r = not reported 

High levels of Al2O3 and SiO2 indicate the presence of Al-containing species and silica in the parent 

coal. The parent coal has relatively low aluminium and silica and relatively high ferrous and titanium 

content compared to coals from the same region (Kühn et al., 2017; Sumbane-Prinsloo et al., 2021). 

3.4.2 Biomass Characterisation 

The total mass loss through torrefaction was determined by using an ash balance over the process. 

Equation 3-2 is used to determine the mass loss from the torrefaction process where 𝑥𝑎𝑠ℎ is the ash 

yield of the torrefied pine wood and 𝑥𝑎𝑠ℎ,0 is the ash yield in the raw pine wood (See Table 3-11). 

The total mass loss from the torrefaction process was determined as 36.4%. This value slightly 

deviates from the small-scale torrefaction test (See Appendix A: Torrefaction pre-test results). This 

difference can be attributed to the scale difference of the two processes. Variables such as particle-

 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠% = (1 −
𝑥𝑎𝑠ℎ,0

𝑥𝑎𝑠ℎ
) ∙ 100 

(E3-2) 
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particle interactions and temperature differences over the larger equipment may explain the slight 

difference in mass loss. 

The following observations were made following the completion of the torrefaction process on wood 

chips: The wood exhibited increased brittleness post-torrefaction, significantly enhancing its 

grindability. This brittleness facilitated the conversion of the wood into finer particles, simplifying the 

crushing step before the pelletisation process.  

Proximate Analysis 

Table 3-11 shows the proximate analysis of the raw and torrefied pine wood. 

Table 3-11: Proximate analysis of raw pine wood and torrefied pine wood (a.d) 

 Current study (McNamee et al., 2016) 

 Raw Pine wood Torrefied Pine wood Raw Pine wood Torrefied pine wood 

% Moisture 7.5 4.5 7.1 1.2 

% Volatile matter 79.6 78.3 77.9 75.5 

% Ash 0.7 1.1 0.3 0.5 

% Fixed carbon 12.2 16.1 14.7 22.8 

 

Upon observation, torrefaction mitigated the inherent hygroscopic nature of the wood, reducing its 

tendency to absorb moisture (Chen et al., 2018, 2019). A substantial amount of volatile matter and 

moisture were released during torrefaction, reducing by 37% and 62%, respectively. Although the 

composition of fixed carbon in the sample increased (due to the greater mass loss of volatile matter 

compared to fixed carbon), the mass of fixed carbon in the original material was reduced by 16%. 

The ash yield of the wood increased by 57.1%. The mineral matter remains unreacted at this low 

torrefaction temperature while moisture and volatile matter are released. McNamee et al., (2016) 

conducted torrefaction experiments on pine wood with similar operating conditions of 270 °C and 60 

minutes residence time and reported a total mass loss of 40.0%, similar to this study. Furthermore, 

an 89% reduction in moisture, 38% reduction in volatile matter, and 1% reduction in the mass fixed 

carbon in the sample was reported.  
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Ultimate Analysis 

Table 3-12 summarises the proximate analysis of the raw pine wood and the torrefied pine wood on 

a dried ash-free basis. 

Table 3-12: Ultimate analysis of raw pine wood and torrefied pine wood (d.a.f) 

 Current study (McNamee et al., 2016) 

 Raw Pine wood Torrefied Pine wood Raw Pine wood Torrefied Pine wood 

% Hydrogen 7.5 7.0 5.7 5.7 

% Nitrogen 0.2 0.1 0.1 0.1 

% Carbon 52.2 54.8 49.7 54.1 

% Oxygen (calculation) 48.3 42.6 44.5 40.1 

% Total sulphur 0.1 0.1 0.1 - 

 

The hydrogen, nitrogen, and oxygen content of the wood decreased by 39%, 41%, and 42% during 

the torrefaction, respectively. The carbon content and total sulphur content decreased by 31% and 

4.6% during the torrefaction, respectively. McNamee et al., (2016) conducted torrefaction 

experiments on pine wood with similar operating conditions of 270 °C and 60 minutes residence time 

and reported a hydrogen reduction of 35%, a nitrogen reduction of 51%, a carbon content reduction 

of 30%, and an oxygen reduction of 43%. These are similar to the findings of this study.  

Calorific Value 

Table 3-13 reports the calorific value of the raw pine wood and torrefied pine wood on an air-dried 

basis. 

Table 3-13: Calorific value of raw wood and torrefied wood (a.d) 

 

The torrefaction of the pine wood resulted in a 5% increase in calorific value due to the increased 

fixed carbon content. A study by Liao et al., (2021) noticed a 3% increase in calorific value after 

torrefaction of pine wood at 280 °C. 

 Current Study (Liao et al., 2021) 

 Raw Pine Wood Torrefied Pine Wood Raw Pine Wood Torrefied Pine Wood 

Gross Calorific Value 
(MJ/kg) 

18.5 19.5 17.7 18.2 
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Fibre Analysis 

Fibre analyses were done on the raw and torrefied wood chips. Table 3-14 summarises the fibre 

analysis results obtained. 

Table 3-14: Summary of fibre analysis conducted on biomass and torrefied biomass 

 

Raw Pine Wood Torrefied Pine Wood Raw Pine Wood Torrefied Pine Wood 

 
% Dry, ash free, extractive free 

 This study (De Oliveira Brotto et al., 2023) 

% Hemicellulose 14.7 4.4 16.8 2.5 

% Cellulose 46.5 45.3 42.4 39.3 

% Lignin 38.8 50.3 38.5 55.8 

% Extractives ND ND 2.3 2.4 

ND = not detected 

An 81% breakdown of hemicellulose occurred at a temperature of 275 °C. The cellulose decreased 

by 38%, and lignin decreased by 17%, causing the weight percentage to increase. These findings 

concur with the initial TGA tests (Refer to Appendix A Torrefaction pre-tests). De Oliveira Brotto 

et al., (2023) studied the torrefaction of pine wood chips at an operating temperature of 290 °C and 

residence time of 30 minutes. The study showed a 91% reduction of hemicellulose, 41% reduction 

of cellulose, and 7% decrease in lignin content. This reduction in hemicellulose is higher than 

reported in this study due to the elevated operating temperature. 

3.4.3 Pellet Characterisation 

Extrusion 

The pellets produced held their form after exiting the extruder. Their integrity can be attributed to the 

extrusion process, which relies on compression to shape the pellets. The compression exerted 

during extrusion ensured that the pellets possessed the necessary structural integrity for their 

intended applications. Notably, including biomass significantly compromised the structural integrity 

of the resulting pellets, rendering them too fragile for practical use in the absence of a binding agent. 

Conversely, the coal component did not exhibit such a requirement for an additional binder. The PVA 

was added to all blends, including the 0% and 100% biomass samples, for consistency. The 90% 

and 100% biomass pellets needed 3 wt% of starch to pelletise with sufficient structural integrity.  
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Proximate analysis 

Figure 3-4 shows the proximate analysis results of the pellet blends. 

 

Figure 3-4: Proximate analysis of pellet blends (a.d) 

Figure 3-4 depicts the volatile matter, fixed carbon, and ash yield of the pellet blends. Fixed carbon 

and ash yield steadily decreases with rising biomass content, while volatile matter shows a reciprocal 

rapid increase. These trends are because biomass inherently has lower ash content, lower fixed 

carbon, and higher volatile content. An additive model for the pellet composition is determined using 

the following equation: 

 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖 𝑤𝑡% = (𝑥𝑖,𝐶𝑜𝑎𝑙 ∙ 𝑦𝐶 + 𝑥𝑖,𝐵𝑖𝑜𝑚𝑎𝑠𝑠 ∙ 𝑦𝐵)  ∙ 100 (E3-3) 

In Equation 3-3, the weight percentage of component i is determined as a function of the inherent 

weight percentage of component i of the parent coal (𝑥𝑖,𝐶𝑜𝑎𝑙) and the inherent weight percentage of 

component i of the torrefied biomass (𝑥𝑖,𝐵𝑖𝑜𝑚𝑎𝑠). 𝑦𝐶 and 𝑦𝐵 represent the fraction of coal and the 

fraction of biomass in the pellet, respectively. 

The compositions of the pellet blends correlate with the respective additive models. This correlation 

suggests that the pellet blends are homogeneous since the compositions follow a linear function with 

the biomass content used as the independent variable. The ash yield in the 100% coal pellet is 

lowered by 4.3% from the parent coal while the volatile matter slightly increases. These trends are 

due to the added polyvinyl alcohol binder, which consists of C-OH polymers. The 100% biomass 

pellets showed a slight reduction in volatile matter due to adding 5 wt% polyvinyl alcohol and 3 wt% 

starch as binder. The binders are suspected to contain inherently less volatile matter than the wood, 

reducing the overall volatile matter content.  
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Ultimate analysis 

Figure 3-5 shows the ultimate analysis of the pellet blends. 

 

Figure 3-5: Ultimate analysis of pellet blends 

The analyses show that the compositions of the pellet blends correlate with the respective additive 

models determined using Equation 3-3. This correlation speaks to the homogeneity of the blends 

since the composition is a linear function of the biomass and coal percentages. 

Calorific Value 

Figure 3-6 shows the outcome of the gross calorific values obtained for the pellet blends. 

 

Figure 3-6: Calorific value of pellet blends 

A steady decrease in CV is noticed with an increase in biomass composition. This trend is due to 

biomass inherently having a lower CV than coal. In the coal–biomass blending range, 0% to 100% 

biomass, a CV decrease of 9% is measured, consistent with the ash contents and carbon contents 

of the samples. 
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Compressive Strength 

The pellets obtained through the extrusion processes were subjected to compressive strength testing 

to assess the structural durability of the pellets. The experimental deviation for the compressive 

strength was determined by repeating the compressive strength test for each pellet blend 5 times. 

 

Figure 3-7: Compressive strength of pellet blends 

Figure 3-7 shows the compressive strength of the different pellet blends. The compressive strength 

(MPa) steadily decreases with increased biomass content. The compressive strength decreases 

from 12.8 MPa (0 wt% biomass) to 4.7 MPa (90 wt% biomass). It becomes evident that coal particles 

generally tend to agglomerate, leading to higher compressive strength with higher coal content. This 

characteristic is often attributed to the cohesive properties of coal, including its higher carbon content 

and inherent binding capabilities (Yuan et al., 2022). Sawdust particles tend to have lower 

agglomeration tendencies due to their composition primarily consisting of wood fibres, which lack 

the same adhesive properties found in coal (Yuan et al., 2022).  
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3.5 Summary 

Table 3-15 summarises the analysis results reported on the raw materials and pellet blends. 

Table 3-15: Summary of analysis on pellet blends 

 % Biomass Torrefied 
wood 

Parent 
coal 

0 10 25 50 75 90 100 

Proximate analysis 

(air-dried) 

% Moisture 4.5 4.7 4.5 4.5 4.9 5.1 5.1 5.1 5.5 

% Volatile matter 79.5 22.3 25.1 29.9 37.5 47.2 57.5 72.7 78.2 

% Ash 0.9 29.9 25.6 23.3 18.9 16.7 9.1 4.6 1.1 

%Fixed carbon 15.3 43.1 44.8 42.3 38.7 31 28.3 17.7 15.2 

Ultimate analysis 

(air-dried) 

% Hydrogen 6.6 3.1 3.0 3.4 3.7 4.5 5.0 5.3 5.5 

% Nitrogen 0.1 1.2 1.3 1.1 1.0 0.7 0.5 0.3 0.2 

% Carbon 51.8 49.0 53.0 52.6 51.3 50.8 49.9 48.9 47.7 

% Oxygen (calculation) 40.3 11.3 11.9 14.5 19.6 21.7 24.2 34.7 36.7 

 % Total sulphur 0.09 0.8 0.72 0.7 0.58 0.43 0.25 0.2 0.13 

Gross calorific value (air-dried basis) (MJ/kg)  19.5 20.4 20.4 20.0 19.7 19.3 19.0 18.7 18.6 

Gross calorific value (ash-free basis) (MJ/kg) 19.7 29.1 27.4 26.1 24.3 23.2 20.9 19.6 18.8 

Lower heating value (ash-free basis) (MJ/kg) 18.5 28.4 26.7 25.4 23.4 22.1 19.7 18.4 17.6 

 Compressive strength (MPa) NA NA 12.7 10.8 9.2 7.4 6.2 4.7 4.1 
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This study focused on preparing and analysing coal-biomass blends in coal-burning stoves 

commonly used in households. Grade D coal fines and pine wood chips were chosen for their 

availability and ease of handling. Preparation methods were employed to ensure consistent sample 

quality. Torrefaction of wood chips was performed to modify specific characteristics for producing 

pellets with adequate integrity. Various blending ratios, ranging from 0% to 100% biomass, were 

tested, and polyvinyl alcohol (PVA) was added as a binder. Lab-scale techniques were used to make 

pellets, with extrusion being the preferred method for combustion experiments. The study found that 

as biomass content increased, the calorific value (CV) decreased due to the lower heating value of 

biomass. Coal exhibited higher agglomeration tendencies compared to wood, as the compressive 

strength of the pellets decreased as the biomass percentage increased. 
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CHAPTER 4: EXPERIMENTAL METHODS FOR COMBUSTION TESTS 

The experimental methods used during the experimentation are discussed in this chapter. Section 

4.1 summarises the material used during combustion experiments. Section 4.2 discusses the NWU 

semi-continuous stove and its operation. Section 4.3 Discusses the experimental setup and data 

capture. Section 4.4 discusses the processing of the experimentally obtained data. 

4.1 Materials 

Table 4-1 summarises the materials and gases used during combustion experiments. 

Table 4-1: Materials used during combustion experiments 

Description Supplier Detail Use 

Materials 

0% – 100% 
Biomass pellets 

NWU 

Produced with raw 
materials 

 
Table 3-15: Summary 
of analysis on pellet 

blends 

Combustion 
experiments 

Paraffin Redspot chemicals - Fire-starter 

Wood-chips Sappi Pine wood chips Fire-starter 

Acetone Redspot chemicals - Cleaning sample lines 

Ice NWU - Moisture traps 

Gases 

Nitrogen Afrox Purity: > 99.999% 
Zero calibration, dilution 

of flue gas 

CO Afrox 991 ppm Span calibration 

CO2 Afrox 20.4 vol% Span calibration 

NO Afrox 288 ppm Span calibration 

SO2 Afrox 525 ppm Span calibration 

Dry air Afrox 21.2 vol% O2 Span calibration 
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4.2 Stove Characterisation and Operation 

In this study, the combustion experiments were conducted using the NWU semi-continuous stove. 

This stove is primarily constructed from mild steel, except for the insulating material inside, which 

consists of refractory brick. It is designed to implement clean stove technology to ensure low 

emissions. 

4.2.1 Characterisation of stove 

The stove is operated based on how the stove is characterised. Taylor, (2009) used various criteria 

to characterise a solid fuel stove (Section 2.6.1: Stove classification). The NWU semi-continuous 

stove is characterised using the same criteria as a semi-continuous coal-burning stove. It features a 

mixed-feed system, essentially a batch-feed system that allows fuel to be added to the combustion 

zone during the burn cycle. This feature is possible due to the separate fuel hopper and combustion 

chamber. The stove operates under a non-gasifier combustion regime, which does not distinguish 

gas generation from gas combustion. Regarding ignition direction versus draft, the stove follows a 

cross-flow configuration, where the air supply flows perpendicular to the ignition direction. Heat 

transfer between the stove and cooking pot is primarily through conduction, with a steel plate 

between the combustion zone and the cooking pot. The combustion products are exhausted outside 

via a stack, making it an outside-exhausted stove, which improves indoor air quality and human 

health.  

4.2.2 Stove Operation 

  

Figure 4-1: a) Stove drawing  b) Grate 

 

a 
b 
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Table 4-2: Component list of NWU semi-continuous stove 

Displayed Text Description 

CS-01 Main cooking surface 

CS-02 Additional cooking surface 

HL Hopper lid 

HX Heat exchanger 

CC Combustion chamber 

HP Hopper 

AT Ashtray 

 

Figure 4-1a provides a side-view illustration of the stove, featuring three distinct compartments: the 

hopper, the combustion chamber, and the heat exchanger. The hopper functions as a fuel container, 

with the fuel resting on the grate depicted in Figure 4-1b. The grate, positioned at a 30° angle 

towards the combustion chamber, facilitates automatic fuel feeding. The hopper is insulated with 

refractory brick lining from the combustion chamber. Similarly, the combustion chamber is lined with 

refractory brick to isolate it from the heat exchanger. An opening in the refractory brick between the 

combustion chamber and the heat exchanger allows combustion gases to flow into the heat 

exchanger. Here, the combustion gas circulates, enabling the heat exchanger to recycle the 

combustion gases, allowing the stove more time to absorb the heat from these gases. The grate is 

situated directly above the ashtray, ensuring that ash generated in the combustion chamber and the 

hopper is gathered in the removable ash tray for convenient cleaning. The grate is positioned in the 

stove with a 15 mm leeway parallel to the grate (opposite to the direction of fuel movement). This 

gap allows for a grate-shake. This shaking action becomes necessary when the fuel becomes 

stagnant and fails to move toward the combustion chamber. Moving the grate back and forth puts 

the fuel in motion and dislodges accumulated ash, causing it to fall into the ashtray. The grate also 

has a rotating action to dislodge further if necessary. The stove has a cooking surface directly above 

the combustion chamber (CS-01) and another above the heat exchanger (CS-02). The air supply 

opening is not fixed, which can be manipulated to control the air supply to the combustion chamber. 

Sliding a steel sheet over the opening can adjust the opening size. This function is used to manage 

fuel consumption and heat output. A mostly closed air supply (low-power) causes a slower burn, 

resulting in smaller heat output. This setting is convenient for space heating. An open air-supply 

(high-power) causes higher fuel consumption, producing more heat. This setting is convenient for 

cooking. 
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4.3 Experimental Setup and Data Acquisition Procedures 

In preparation for the combustion experiment, the following steps were undertaken for emissions 

monitoring, temperature monitoring, and mass monitoring processes. Figure 4-2 represents a 

schematic of the complete experimental setup for emissions, temperature, and mass monitoring. 

Table 4-3 is an instrument list of the equipment used in the experimental setup. 

 

Figure 4-2: Stove experimental setup schematic 

 

Table 4-3: Instrument list of stove experimental setup 

Displayed text Description Displayed text Description 

T 01 - 15 K-type thermocouple MT 01 - 03 Moisture trap 

AA 01 Horiba PG 350 analyser (undiluted) PMP 01 Aquaria CF20 pump 

AA 02 Horiba PG 350 analyser (diluted) FAN 01 Extractor fan 

AA 03 DustTrak II TC 01 Temperature controller 

CU 01 Conditioning unit SC 01 
Sartorius platform 
scale 

CU 02 Conditioning unit SCR 01 Combix 2 

F 01 - 02 Filter COMP Computer 
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4.3.1 Standard Operating Procedures 

Cleaning Procedure 

In preparation for the combustion experiment, the experimental setup undergoes cleaning. The ash 

buildup inside the stove is cleaned. This buildup does not necessarily occur in the ashtray only since 

the fly ash from the previous combustion experiment can accumulate in the heat exchanger section 

of the stove. The sampling lines are purged with acetone and nitrogen. This procedure is carried out 

to eliminate residual soot and prevent moisture buildup within the lines, which could compromise the 

accuracy of subsequent measurements.  

Equipment Safeguard Procedure 

The temperature controller (TC-01) of the insulated sampling lines is set to 90 °C to safeguard 

against moisture-related issues. This precaution is taken to prevent the moisture present in the flue 

gas from condensing, which might lead to blockages and potentially harm the gas analysers. The 

conditioning units (CU-01, CU-02) feature filters that undergo cleaning in an ultrasonic bath with 

acetone to eliminate accumulated soot buildup. These filters are dried before they are installed into 

the conditioning units. The in-line filters are swapped with clean filters. The moisture traps (MT-01, 

MT-02, MT-03) are drained and filled with ice. 

Instrument Calibration 

The warmup procedure for the gas analysers is started. This procedure takes 30 minutes to 

complete. The gas analysers underwent zero calibration using nitrogen and span calibration for CO, 

CO2, NO, SO2, and O2. The DustTrak particulate matter analyser is zero-calibrated with a zero-filter 

that does not allow particulate matter to enter the sampling line. 

Instrument Response Delay 

The flue gas sampled by the gas analysers undergoes a travel time from the combustion zone. A 

temporal gap exists between the mass loss recorded on the scale and the corresponding readings 

captured by the gas analysers at that specific moment of mass loss. During commissioning 

experiments, it was observed that the effects following a grate shake were registered by the gas 

analysers five seconds after the initiation of the shake. The gas analyser data is adjusted to address 

the delay between the real-time measurements. 
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Start-up Procedure 

The scale is tared so that the initial mass reading is zero. The ignition process is prepared by adding 

fuel to the hopper until the grate is covered from the combustion zone to the hopper, approximately 

1 to 1.5 kg (depending on fuel density). Approximately 150 g of pine wood chips are placed on the 

fuel bed in the stove, above the 1.5 kg of fuel. Two wood chips soaked in paraffin are placed on the 

wood chips as fire starters. The air controller is closed (irrespective of the power setting of the 

experiment). The fire is started with a matchstick directly after all loggers are activated and logging 

has started. After the ignition phase is completed (fuel bed reaches 500 °C), the air controller is set 

to the intended power setting (completely open for high-power experiments and 2 mm open for low-

power experiments), and the hopper is filled with pellets and left until burnout. The experiments are 

done using a constant initial volume of fuel. This decision is based on the target demographic 

generally using the stove for cooking rather than heating, which entails a shorter run-time. 

Water Boiling Test Procedure 

The water boiling test procedure is standardized to isolate the manipulated variables outlined in this 

study as the sole factors affecting the boiling time of water. This method is consistent with previous 

studies conducted on the NWU semi-continuous stove. The procedure differs throughout literature 

due to factors such as stove size and atmospheric pressure, influencing the accuracy of the water 

boiling test. Before each experiment, the cooking pot is cleaned, and one litre of water is added. The 

cooking pot is placed on the cooking surface CS-01 (refer to Figure 4-1a) immediately following the 

initial grate-shake in each experiment. The pot is removed when the water reaches a temperature of 

95 °C. 

Grate Shake Procedure 

The grate-shake procedure is necessary due to ash accumulation in the combustion zone and fuel 

stagnation in the hopper. This procedure effectively resolved both issues through a dual-action 

motion, as detailed in Section 4.1.2. It remained consistent across all experiments. The grate-shake 

involves parallel and twist motions. Both motions are applied twice at high intensity to prevent 

procedure failure and the need for repetition. The grate-shake procedure is considered to have failed 

if the fuel and accumulated ash have not been sufficiently agitated. This procedure significantly 

impacted stove emissions performance, causing a sharp increase in fly ash and carbon monoxide 

production due to the disturbance of the fuel bed. The necessity for a grate shake was determined 

by two variables: the combustion zone temperature (T-07) drops below 600 °C, the oxygen content 

in the flue gas exceeds 12 vol%, or visible dead zones in the fuel bed are observed. 
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Handling of Ash 

The ash produced from combustion experiments was allowed to cool and was collected the day after 

the experiment. The ash was subjected to crushing and mixing in a ball mill to ensure a uniform 

mixture. The ash was then stored in sealed bags awaiting analysis. 

4.3.2 Emissions Monitoring 

Three distinct sample lines are deployed as the flue gas flows through the stack. Two of these lines 

allow the unaltered flue gas (without diluting the flue gas with nitrogen) to flow through. The first of 

these two lines incorporated a thimble filter designed to capture particulate matter. The flue gas is 

then directed to a moisture trap (MT-01) and a thimble filter pump (PMP-01). The second unaltered 

flue gas line leads to the second moisture trap (MT-02). The moisture traps are ice baths with the 

sample line leading through them. The condensed moisture leaks into a reservoir while the cool flue 

gas flows to the conditioning unit (CU-01) 

Higher up in the chimney, a diluter is positioned to blend the flue gas with nitrogen, thereby diluting 

it. The third sample line is connected to the diluter and guides the diluted flue gas to a third moisture 

trap (MT-03). This line is diluted because the PM concentration in the flue gas exceeded the 

DustTrak analyser’s detection range. To prevent condensation within the sample lines leading to the 

moisture traps, they are equipped with electrically heated lines that are wrapped around the sample 

lines. The sample lines and heated lines are wrapped in thermal foam for insulation, ensuring the 

preservation of the gas state until reaching the moisture traps. 

Two conditioning units (CU-01 and CU-02) are downstream from the moisture traps, each 

corresponding to a gas analyser. The primary function of these conditioning units is to eliminate 

residual moisture from the flue gas before analysis. Further downstream, just before reaching the 

gas analysers, in-line filters (F-01 and F-02) provide additional protection against moisture and 

particulate matter. These measures collectively ensured the safety of the gas analysers. An 

extraction fan (FAN-01) is directly above the chimney to extract the flue gas outside. 

Horiba PG-300 Series Portable Gas Analyser 

The gas analyser PG-300 utilizes different detection methods for various gases: NOₓ detection 

employs cross-modulation Chemiluminescence Detection (CLD) Method, while SO2 and CO 

detection use cross-modulation Non-Dispersive Infrared Absorption (NDIR) Method. CO2 detection 

utilizes Non-Dispersive Infrared Absorption (NDIR) Method, and O2 detection utilizes a Paramagnetic 

method. The cross-modulation mechanism alternates sample and reference gases in the same cell, 

reducing drift and enhancing stability. The device features a user-friendly LCD touchscreen, 
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advanced functions, and reduced warm-up time (30 minutes). The NOₓ converter ensures 95% 

efficiency, and the analyser is energy-efficient (35% reduced power consumption) and equipped with 

SD™ memory card slot and ethernet interface for data storage and real-time communication. 

DustTrak™ II Aerosol Monitor 8532 

The DustTrak™ II Aerosol Monitor 8532 is a handheld, battery-operated device utilizing light-

scattering laser photometry to provide real-time aerosol mass readings. Its sheath air system isolates 

aerosols in the optics chamber, ensuring clean optics, improved reliability, and low maintenance. 

Suitable for various environments, including clean offices and harsh industrial sites, it measures 

contaminants like dust, smoke, fumes, and mists. The device offers manual and programmable data 

logging, covers aerosol concentrations from 0.001 to 150 mg/m³, and detects particles corresponding 

to PM1, PM2.5, respirable, or PM10 size fractions. It is lightweight, portable, and is a single-channel, 

handheld unit. 

4.3.3 Temperature monitoring 

The internal and external surface temperatures of the stove are monitored during combustion 

experiments. The internal temperatures of the stove are measured in real-time, with 10-second 

intervals, using fixed K-type thermocouples placed inside the stove. A laser pyrometer measures 

The external temperature at specific intervals throughout the combustion experiment. Figure 4-3 

shows an isolated stove schematic with temperature monitoring equipment. 

 

Figure 4-3: Thermocouple placement in stove 
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A network of thermocouples monitors various temperature points within the stove. Three 

thermocouples (T-01, T-02, T-03) are positioned in the stove hopper (as indicated in Figure 4-1 

section HP) to measure the feed fuel temperature. This section feeds the combustion chamber. 

However, due to its proximity to the combustion chamber, temperature rises are anticipated during 

prolonged combustion. 

Within the combustion chamber (refer to Figure 4-1a section CC), four thermocouples (T-04, T-05, 

T-06, T-07) are deployed. T-07 is located directly above the grate in the fuel bed. T-04 monitors the 

temperature of the combustion gas entering the heat exchanger, while T-05 and T-06 are positioned 

to record the temperature of the fuel bed and flames. 

Moving into the heat exchanger section of the stove (refer to Figure 4-1a section HX), six 

thermocouples (T-08, T-09, T-10, T-11, T-12, T-13) are placed to outline the temperature profile of 

the flue gas movement within this area. Here, the flue gas circulates to dissipate heat, and the 

arrangement of thermocouples allowed for an analysis of the temperature variations throughout the 

heat exchanger. 

Additionally, to estimate the total heat loss through the chimney, two thermocouples (T-14, T-15) are 

positioned within the chimney to measure the temperature of the exiting flue gas. Each thermocouple 

is individually connected to a Combix unit (SCR-01), enabling the computer to record the 

temperature readings from the thermocouples.  

The surface temperature of the cooking surface is measured with a laser pyrometer at 30-minute 

intervals throughout the combustion experiment. This measurement is intended to give insight into 

when the stove surface is ready for cooking since all experiments are cold-started. 

4.3.4 Mass monitoring 

The stove is positioned on a platform scale (SC-01) to measure the mass throughout the combustion 

experiments at 10-second intervals. This data gives insight into the burning rate of the fuel and 

serves as the foundation for establishing the carbon balance. The scale is connected to a Combix 

unit (SCR-01), enabling the computer to monitor the mass of the setup as the experiment 

progresses. The ashtray is also on the scale, meaning the mass loss due to fuel combustion is ash-

free. 
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4.4 Data Processing and Analysis 

The methods used to determine the specific thermal and emissions performance of the semi-

continuous stove are discussed in this section. 

4.4.1 Thermal Performance 

The various thermal performance indicators use the temperature and mass data obtained from the 

combustion experiments. The thermal efficiency of the system is evaluated based on energy output. 

It includes the system efficiency (𝜂𝑠𝑦𝑠𝑡𝑒𝑚), which gives the fraction of total usable energy delivered, 

cooking efficiency (𝜂𝑐𝑜𝑜𝑘), indicating the fraction of energy released by the burning fuel delivered to 

the pot and heating efficiency (𝜂ℎ𝑒𝑎𝑡), describing the energy delivered into the room for space 

heating. Another parameter is combustion efficiency (𝜂𝑐𝑜𝑚𝑏), which accounts for the combustible 

fraction remaining in the residue after the fire has been extinguished. 

Ignition Time 

In the study conducted by Le Roux, (2009), ignition was characterized using an imbaula, which was 

defined as an elevation in temperature directly above the fuel bed. Similarly, Sumbane-Prinsloo et 

al., (2021) and Kühn et al., (2017) employed a conventional Union stove, defining ignition as a 

temperature increase within the fuel bed up to 500 °C. This study defines ignition as the temperature 

directly above the fuel bed, measured by the K-type thermocouple (T-06), attaining 500 °C (Refer to 

Figure 4-3). The time elapsed from the initiation of the ignition process to the point of achieving 

ignition is recorded for analysis. 

Fuel Burn Rate 

The fuel burn rate is the rate at which fuel is consumed in the stove on an air-dried basis. The ash 

produced by the burning fuel is factored into the mass loss. The energy output and heat transfer 

efficiencies in the stove's thermal performance context necessitate knowledge of the fuel burn rate. 

This parameter is derived from mass loss data obtained via the scale (SC-01) positioned beneath 

the stove (Refer to Figure 4-2) and the composition of the fuel.  

Data logging on the scale initiates after the experiment startup procedure is completed. This 

precaution is needed as any interactions with the stove cause fluctuations in mass loss readings. 

Some interactions are unavoidable, such as placing the cooking pot on the stove for the water-boiling 

test. To mitigate these fluctuations, holding one litre of water, the cooking pot is weighed before and 

after being placed on the stove. When the water temperature reaches 95 °C, the pot is removed, 

ensuring water evaporation does not impact the mass loss data. 
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During the experiment startup procedure, where fuel is added in two stages, the mass of the stove 

increases while data logging is ongoing. The mass of the second batch of fuel is weighed before 

being added to the stove to note the total mass of fuel used during the experiment, as mass loss 

occurred during the ignition of the first batch. Additionally, the grate-shake procedure, taking 

approximately two seconds to complete, has minimal impact on the data, given that its duration is 

smaller than the 10-second intervals between data logging points. The mass recordings (𝑚𝑡) are 

altered to 1-minute intervals (∆𝑡) to minimise the noise in the data using Equation 4-1. The mean 

burn rate is determined with Equation 4-2: 

 𝑑𝑚𝑎.𝑓

𝑑𝑡
≈

𝑚𝑡 − 𝑚𝑡−1

∆𝑡
 

(E4-1) 

 

𝑅𝑚𝑒𝑎𝑛 =

𝑑𝑚𝑎.𝑓
𝑑𝑡

⁄

(1 − 𝑥𝑎𝑠ℎ)
 

(E4-2) 

𝑑𝑚𝑎.𝑓

𝑑𝑡
 [

𝑔

𝑚𝑖𝑛
] is the mass loss recorded from fuel combustion on an ash-free basis in a 1-minute 

interval, and 𝑥𝑎𝑠ℎ is the ash yield of the fuel obtained from the proximate analysis.  

Power Output 

The power output (𝑃) of the stove refers to the rate at which the stove generates thermal energy or 

heat. In scientific terms, it can be described as the stove's heat output per unit of time. The lower 

heating value (𝐿𝐻𝑉𝑎.𝑓) on an ash-free basis is used to determine the power output. The lower heating 

value is determined using the calorific value and compensating for the heat lost to moisture formation 

and evaporation. The LHV can be calculated using the following equation (EPA, 2007): 

 𝐿𝐻𝑉𝑎.𝑓 = 𝐶𝑉𝑎.𝑓 − 𝐻𝑣,𝑤𝑎𝑡𝑒𝑟 ∙ (𝑥𝑚𝑜𝑖𝑠𝑡 + 9 ∙ 𝑥𝐻) (E4-3) 

 
𝑃 [𝑘𝑊] =

𝑚𝑎.𝑓 ∙ 𝐿𝐻𝑉𝑎.𝑓

60
 

(E4-4) 

Where 𝐶𝑉𝑎.𝑓  [
𝑀𝐽

𝑘𝑔
], 𝐻𝑣,𝑤𝑎𝑡𝑒𝑟  [

𝑀𝐽

𝑘𝑔
], 𝑥𝑚𝑜𝑖𝑠𝑡, and 𝑚𝑎.𝑓 [𝑔] represents the calorific value of the fuel on an 

ash-free basis, the heat of evaporation of water (2.24 [𝑀𝐽 𝑘𝑔⁄ ]), the moisture content of the fuel, and 

the mass loss recorded from fuel burned on an ash-free basis throughout the experiment, 

respectively.  
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System Efficiency 

The overall system efficiency determines the effective heat output provided by the system. This 

assessment encompasses the stove's dual heating and cooking device functionality. Specifically, it 

focuses on the heat lost through the stack as the only heat lost, given that the heat dispersed within 

the house environment is utilized for heating purposes. The system efficiency can be defined as the 

ratio of energy delivered to both the cooking pot and the room and the energy released during fuel 

combustion. The system efficiency also accounts for the heat lost through incomplete combustion. 

The CO2 to CO ratio indicates the degree of incomplete fuel combustion. The Siegert method is used 

to calculate the heat loss through the stack (Kumar & Singh, 2016; TSI, 2004; Verma et al., 2012): 

 
𝑆𝐿[%] = 𝑘𝑠 ∙

𝑇𝑓𝑔 − 𝑇𝑎

𝑦𝐶𝑂2
 

(E4-5) 

Where the flue losses are represented by 𝑆𝐿. 𝑇𝑓𝑔 and 𝑇𝑎 are the flue gas temperature and the ambient 

temperature, respectively. 𝑦𝐶𝑂2 is the fraction of carbon dioxide in the flue gas and 𝑘𝑠 is the Siegert 

constant. The value of the Siegert constant is 0.63 [
1

°𝐶
] for coal and 0.64 [

1

°𝐶
] for pine wood (Kumar 

& Singh, 2016). 𝑇𝑓𝑔 is the temperature at the chimney exit measured by thermocouple T-15. The 

heat loss due to incomplete combustion is given through the following equation: 

 
𝑆𝐶𝑂[%] =

𝛼 ∙ 𝑦𝐶𝑂

𝑦𝐶𝑂 + 𝑦𝐶𝑂2
 

(E4-6) 

Where 𝑆𝐶𝑂 represents the heat lost due to incomplete combustion. 𝑦𝐶𝑂 is the fraction of carbon 

monoxide in the flue gas, and 𝛼 = 0.75 is a coefficient based on the enthalpy of formation difference 

between CO2 and CO. 

The usable power output of the stove incorporates system efficiency (𝜂𝑠𝑦𝑠𝑡𝑒𝑚) determined with the 

heat loss factors  𝑆𝐿 and 𝑆𝐶𝑂: 

 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 100 − 𝑆𝐿 − 𝑆𝐶𝑂 (E4-7) 

 𝑃𝑈 = 𝑃 ∙
𝜂𝑠𝑦𝑠𝑡𝑒𝑚

100
 (E4-8) 

Where 𝑃 is the power output (E4-4) and 𝑃𝑈 is the usable power output of the stove. 

Cooking Efficiency 

The cooking efficiency (𝜂𝑐𝑜𝑜𝑘) is the relation between the energy used to boil water in the cooking 

pot and the total energy released from fuel combustion. Equation 4-8 is used: 
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𝜂𝑐𝑜𝑜𝑘 =

𝑚𝑊 ∙ 𝐶𝑝𝑊 ∙ ∆𝑇

∆𝑚𝑎.𝑓 ∙ 𝐿𝐻𝑉𝑎.𝑓
∙ 100 

(E4-9) 

Where 𝑚𝑊, ∆𝑚𝑎.𝑓, 𝐶𝑝𝑊, and 𝐿𝐻𝑉𝑎.𝑓 represent the mass of water in the cooking pot, the mass loss 

recorded from fuel burned (ash-free) to raise the water to the desired temperature, the specific heat 

capacity of water, and the lower heating value of the fuel on an ash-free basis, respectively. The 

variable ∆𝑇 denotes the temperature variation experienced by the water in the cooking pot. The 

designated temperature endpoint for the water in the cooking pot was set at 95 °C. This choice was 

made to prevent the heat energy from vaporising the water, thereby avoiding additional mass loss 

recorded on the stove. 

Heating Efficiency 

The heating efficiency (𝜂ℎ𝑒𝑎𝑡) is the relation between the energy used to heat the room and the total 

energy released from fuel combustion. Mathematically, the heating efficiency is the cooking 

efficiency subtracted from the system efficiency (Deng, Nie, Yuan, et al., 2022; Kühn et al., 2017; 

Sumbane-Prinsloo et al., 2021). Equation 4-9 is used: 

 𝜂ℎ𝑒𝑎𝑡 = 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 − 𝜂𝑐𝑜𝑜𝑘 (E4-10) 

The heat transferred to the room for heating corresponds to the residual thermal energy remaining 

after deducting the heat losses through the stack and the heat absorbed by the cooking pot and 

water from the total heat generated during fuel combustion. 

Combustion efficiency 

The combustion efficiency (𝜂𝑐𝑜𝑚𝑏) is defined as the ratio between the energy lost due to carbon in 

the ash that has not combusted as intended and the total energy released due to fuel combustion. 

Kühn et al., (2017) and Sumbane-Prinsloo et al., (2021) used a similar method during stove-

combustion experiments. Equation 4-10 is used: 

 

𝜂𝑐𝑜𝑚𝑏 =
32.8 ∙ 𝑚𝐴 ∙ (

𝐿𝑂𝐼
100)

𝑚𝑎.𝑓 ∙ 𝐿𝐻𝑉𝑓
∙ 100 

(E4-11) 

In the equation, the numerator signifies the overall energy loss attributable to unreacted carbon in 

the stove's ash chamber, where 32.8 represents the calorific value of fixed carbon, 𝑚𝐴 denotes the 

ash mass, and 𝐿𝑂𝐼 represents the loss of ignition. The loss of ignition is defined as the difference in 

mass before and after the ash is exposed to high temperatures (850 °C) for a prolonged period to 

burn the remaining combustible material in the ash. The denominator represents the complete 
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energy output resulting from the fuel combustion during the experimental process, where 𝑚𝑎.𝑓 

denotes the mass loss recorded from fuel burned (ash-free) from ignition to burnout and 𝐿𝐻𝑉𝑎.𝑓 

denotes the lower heating value of the fuel on an ash-free basis.  

4.4.2 Emissions Performance 

The gas analysers sample the flue gas in the stack and record the concentration of each pollutant 

(CO, CO2, NOₓ, SO2, and O2) in volume percentage (vol%) on a dry basis.  

Carbon Balance 

A carbon balance is done over the combustion process to quantify the pollutants in the flue gas. The 

mass loss data acquired from the mass monitoring equipment is used to determine the combusted 

carbon with the following: 

 𝑑𝑚𝐶

𝑑𝑡
=

𝑑𝑚𝑎.𝑓

𝑑𝑡
∙ 𝑥𝐶,𝑎.𝑓 

(E4-12) 

Where 
𝑑𝑚𝐶

𝑑𝑡
 [

𝑔

𝑚𝑖𝑛
] is the carbon mass loss recorded from fuel combustion in a 1-minute interval. 

𝑑𝑚𝑎.𝑓

𝑑𝑡
 [

𝑔

𝑚𝑖𝑛
] and 𝑥𝐶,𝑎.𝑓 is the mass loss recorded from fuel burned on an ash-free basis in a 1-minute 

interval and the carbon content of the fuel on an ash-free basis, respectively. The mass carbon is 

converted to mole carbon. 

Where 
𝑑𝑛𝑐

𝑑𝑡
⁄  [

𝑚𝑜𝑙

𝑚𝑖𝑛
] is the molar flow rate of carbon burned in the fuel in a 1-minute interval, and 

𝑀𝑊𝐶 is the molar mass of carbon. With the change in mass in the stove being monitored, the CO2 + 

CO fraction is known. The following equation represents the carbon balance over the combustion 

process: 

 
𝑑𝑛𝑓𝑔

𝑑𝑡
=

𝑑𝑛𝐶
𝑑𝑡

(1 − 𝑦𝐻2𝑂) ∙ (𝑦𝐶𝑂 + 𝑦𝐶𝑂2
)
 

(E4-14) 

Where 
𝑑𝑛𝑓𝑔

𝑑𝑡
⁄  [

𝑚𝑜𝑙

𝑚𝑖𝑛
] is the molar flow rate of the flue gas in the stack on a dry-basis measured in a 

1-minute interval. 𝑦𝐶𝑂 and 𝑦𝐶𝑂2
 is the molar gas fraction of carbon monoxide and carbon dioxide in 

the flue gas on a dry-basis. 𝑦𝐶𝑂 and 𝑦𝐶𝑂2
 are obtained from the gas analyser data. 𝑦𝐻2𝑂 is the fraction 

of H2O in the flue gas used to convert the flue gas interpretations to a wet basis. The fraction of H2O 

 
𝑑𝑛𝐶

𝑑𝑡
=

𝑑𝑚𝐶
𝑑𝑡

⁄

𝑀𝑊𝐶
 

(E4-13) 
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in the flue gas is assumed to be 5 vol% (Luo et al., 2023). The molar flow rates of carbon monoxide 

(CO), carbon dioxide (CO2), nitrogen oxides (NOₓ), and sulphur dioxide (SO2) in the flue gas can be 

determined using Equation 4-15: 

 𝑑𝑛𝑖

𝑑𝑡
=

𝑑𝑛𝑓𝑔

𝑑𝑡
∙ 𝑦𝑖 ∙ (1 − 𝑦𝐻2𝑂) 

(E4-15) 

Where 
𝑑𝑛𝑖

𝑑𝑡
⁄  [

𝑚𝑜𝑙

𝑚𝑖𝑛
] and 𝑦𝑖 represent the molar flow rate on a wet-basis and gas fraction of 

component 𝑖 in the flue gas on a dry-basis, respectively. The gas fraction is converted to a wet basis 

with the fraction of H2O (𝑦𝐻2𝑂) in the flue gas. The molar flow rate of the pollutants is then converted 

to mass flow rates with their respective molar mass: 

 𝑑𝑚𝑖

𝑑𝑡
=

𝑑𝑛𝑖

𝑑𝑡
∙ 𝑀𝑊𝑖 

(E4-16) 

Where 
𝑑𝑚𝑖

𝑑𝑡
⁄  [

𝑔

𝑚𝑖𝑛
] and 𝑀𝑊𝑖 represent the mass flow rate in 1-minute intervals and the molar weight 

of component 𝑖 in the flue gas, respectively.  

Emission Factors 

The emissions performance of the stove is defined by the emission factors of the pollutants that 

contribute to the composition of the flue gas. These include CO2, CO, NOₓ, SO2, and PM. The 

emission factors are calculated on an energy basis since the fuels used in this study vary in 

composition and energy content. 

 
𝐸𝐹𝑖 =

∫ 𝑚𝑖
𝑡

0

𝐸𝑈𝐻
 

(E4-17) 

 𝐸𝑈𝐻 = 𝑚𝑎.𝑓 ∙ 𝐿𝐻𝑉𝑎.𝑓 ∙ 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 (E4-18) 

where 𝐸𝐹𝑖 is the emission factor of component 𝑖 in the flue gas determined by integrating the mass 

of component 𝑖 (𝑚𝑖) detected in the flue gas in 1-minute intervals over the total duration of the 

combustion experiment (𝑡 [𝑚𝑖𝑛]) and dividing by the usable heat energy released from the burned 

fuel (𝐸𝑈𝐻 [𝑀𝐽]). 𝐸𝑈𝐻  is determined with the mass fuel burned on an ash-free basis (𝑚𝑎.𝑓), the lower 

heating value of the fuel on an ash-free basis (𝐿𝐻𝑉𝑎.𝑓), and the system efficiency (𝜂𝑠𝑦𝑠𝑡𝑒𝑚) of the 

stove. An example of the carbon balance and overall mass balance can be seen in Appendix C: 

Carbon Balance. 
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Flue gas flow rate 

The flue gas flow rate is the flue gas volume flowing through the chimney. The flue gas volume 

encompasses the combustion products and the excess oxygen and nitrogen entering the stove air 

supply. Equation 4-19 is used to determine the volumetric flow rate (𝑉0  [
𝑚3

𝑠
]) of the flue gas: 

 
𝑉𝑜 =

𝑑𝑛𝑓𝑔

𝑑𝑡
∙

𝑅 ∙ 𝑇𝑐ℎ𝑖𝑚𝑛𝑒𝑦

𝑃𝑎𝑡𝑚
 

(E4-19) 

Where 𝑅 [
𝐽

𝑚𝑜𝑙𝑒∙𝐾
] is the ideal gas constant, 𝑇𝑐ℎ𝑖𝑚𝑛𝑒𝑦 [𝐾] is the temperature of the chimney, and 

𝑃𝑎𝑡𝑚 [𝑘𝑃𝑎] is the atmospheric pressure. The atmospheric pressure in Potchefstroom, South Africa, 

is 87.5 kPa. 

The velocity of the flue gas (𝑣 [
𝑚

𝑠
]) through the chimney is determined with Equation 4-20: 

 
𝑣 =

𝑉𝑜

𝐴
 

(E4-20) 

 
𝐴 = 𝜋 ∙ (

𝑑

2
)

2

 
(E4-21) 

Where 𝐴 [𝑚2] is the cross-sectional area of the inner chimney determined with the inner diameter of 

the chimney (𝑑 [𝑚]). The chimney has a cross-sectional diameter of 96 mm. 
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CHAPTER 5: RESULTS AND DISCUSSION 

This chapter discusses the results of the combustion experiments, as detailed in Chapter 4. Section 

5.1 discusses the qualitative observations resulting from the combustion experiments, focusing on 

the operation of the stove. Section 5.2 discusses the quantitative measurements done regarding 

the thermal performance of the fuel and stove. Section 5.3 discusses the quantitative 

measurements done regarding the emissions performance of the fuel and stove. 

5.1 Stove Operation 

This section discusses the qualitative observations from the combustion experiments with the pellet 

blends.  

5.1.1 Fuel Consumption and Run-time 

Figure 5-1 displays the fuel consumption rate and burnout times for the pellet blends during high-

power experiments. 

 

Figure 5-1: Fuel consumption as a function of combustion time and pellet composition (High-power 
experiments) 

The pellet blends exhibit an increased fuel consumption proportional to the increase in biomass 

content. Pellets with 0% biomass (100% coal) display the lowest fuel consumption rate. Pellets 

containing 10% and 25% biomass demonstrate comparable run times. Pellets containing 75% and 

higher biomass exhibit a significant increase in burn rate, resulting in a prominent decrease in 

runtime. Onuegbu et al., (2011) reported similar results when conducting combustion experiments 

on a stove using coal and biomass blends. Yuan et al., (2022) reported that biomass pellets burned 

faster than coal pellets during thermogravimetric analysis of the two samples. 
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Figure 5-2 displays the fuel consumption rate and burnout times for the pellet blends during low-

power experiments. 

 

Figure 5-2: Fuel consumption as a function of combustion time and pellet (Low-power experiments) 

The low-power experiments demonstrate a consistent trend with the high-power experiments 

concerning the correlation between burn rate and biomass content. The low-power experiments 

showcase an extended runtime when the fuel hopper is fully loaded compared to the high-power 

experiments. The 10% biomass pellets exhibit the largest increase in runtime of 31%. Consistent 

with the high-power experiments, a significant increase in burn rate and reduction in runtime is 

observed from a biomass content of 75% and higher in the low-power experiments. Deng et al., 

(2020) reported that increased air supply flow rates initiated increased burn rates, similar to this 

study, after conducting combustion experiments on a forced-draft stove with varying air supply flow 

rates. 

5.1.2 Flue gas velocity 

Table 5-1 shows the average volumetric flow rate and velocity of the flue gas through the chimney 

during combustion experiments. The experimental uncertainty is based on the deviation determined 

in Appendix F for the burn rate, as the volumetric flow rate is a function of the mass loss rate. 

Table 5-1: Average flue gas volumetric flowrate and velocity of pellets through the chimney 

% Biomass 0 10 25 50 75 90 

Average volumetric flowrate through chimney (L/s) 

High-power 6.8 ± 0.4 5.9 ± 0.4 5.7 ± 0.4 9.1 ± 0.6 9.6 ± 0.6 10.3 ± 0.7 

Low-power 5.4 ± 0.4 4.4 ± 0.4 5.6 ± 0.5 4.7 ± 0.4 5.8 ± 0.5 5.8 ± 0.5 

Average flue gas velocity in chimney (m/s) 

High-power 1.0 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 

Low-power 0.8 ± 0.1 0.6 ± >0.1 0.7 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 
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The volumetric flow rate and velocity of the flue gas display an initial decrease with the addition of 

biomass at low quantities, 25% during high-power experiments and 50% during low-power 

experiments. Pellets with a higher biomass content significantly increased volumetric flow rate and 

chimney velocity. The burn rate is the main factor influencing the flue gas volume and velocity. The 

more fuel burned in a time interval, the greater the volume of combustion gas is formed in that time 

interval. However, the composition of the flue gas can influence the volume thereof (Felder et al., 

2017). 

5.1.3 Stove Temperature 

Figure 5-3 displays the temperature measurements of the combustion chamber inside the stove 

during a high-power combustion experiment using 0% biomass pellets. The four thermocouple 

readings are from T-04, T-05, T-06, and T-07 (Figure 4-3). The thermocouple T-07 is situated directly 

within the fuel bed (layer of fuel resting on the combustion zone surface), while T-04, T-05, and T-

06 are uniformly spaced above the fuel bed, with T-04 positioned farthest up from it. 

 

Figure 5-3: Combustion chamber temperatures (0% biomass, high-power experiment) 

During ignition, the thermocouples above the fuel bed initially display similar temperatures. The 

temperature profile within the fuel bed demonstrates an initial delay, as the temperature only starts 

to increase 5 minutes after ignition. This delay is attributed to the top-lit ignition method employed in 

the fuel bed, necessitating additional time to reach the temperature in the centre. The combustion 

chamber temperature experiences an initial peak linked to the ignition of paraffin-soaked wood chips 

utilized as fire starters. Subsequently, a second peak is observed upon opening the air controller 

supplying air to the combustion zone. The temperature of the fuel bed (T-07) shows higher 

temperatures than the temperature above the fuel bed throughout the experiment. During the 

combustion phase, roughly 40 minutes after ignition, the temperature above the fuel bed. The 

temperature trend within the fuel bed diverges from the observed temperature trends above the fuel 
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bed. The temperatures above the fuel bed follow the same trend with minor temperature differences, 

primarily influenced by fluid dynamics (gas flow). Distinct temperature fluctuations are evident in T-

07 at approximately 96, 138, 170, and 220 minutes into the experiment, coinciding with the 

implementation of grate-shake procedures, while the temperature fluctuations above are less 

noticeable. These intervals are marked by a temperature reduction followed by an immediate 

increase. Following the grate-shake procedure executed 170 minutes into the experiment, the 

temperature within the fuel bed corresponds with the temperatures recorded above the fuel bed. 

Noticeably, the temperature of the fuel bed (T-07) decreases at approximately 120 minutes after 

ignition starts while the temperatures above the fuel bed increase. A possible cause for this is the 

formation of ash between the pellets. Ash build-up around the thermocouple inhibits heat transfer 

and redirects the airflow between the pellets (Strandberg et al., 2018). At approximately 140 minutes 

after ignition, the fuel bed temperature decreases below the temperatures above the fuel bed (T-06, 

T-05, and T-04) and increases to a higher temperature immediately after the grate-shake procedure 

is implemented. The grate shake procedure agitates the fuel bed, causing the accumulated ash to 

detach from the pellets, thereby increasing the reactive surface area of the pellets and the reaction 

rate. Öhman et al., (2000) reported that during the combustion of pellets, a homogenous layer of ash 

is formed, coating the particles. The ash coat inhibits combustion due to reducing the reactive 

surface area of the pellet. 

Figure 5-4 displays the temperature measurements of the combustion chamber inside the stove 

during a high-power combustion experiment using 100% biomass pellets. 

 

Figure 5-4: Combustion chamber temperatures (100% biomass, high-power experiment) 

The temperatures within the combustion chamber display similar trends to those observed during 

the 0% biomass pellets regarding the ignition and combustion phase. An initial peak is evident during 

the ignition phase, corresponding to the ignition of paraffin-soaked wood chips utilized as fire 
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starters. This peak correlates with the initial peak observed in the combustion of 0% biomass pellets 

(100% coal). The temperature decrease after the initial peak is smaller than that observed during 

the combustion of 0% biomass pellets, suggesting swift ignition after the initiation of the paraffin-

soaked wood chips. Onuegbu et al., (2011) conducted combustion experiments using coal and 

biomass blended pellets and reported shorter ignition times with increasing biomass content. 

Following the second peak, induced by the opening of the air controller allowing airflow to the 

combustion chamber, there is no discernible decrease in temperature until the execution of the grate-

shake procedure at approximately 26 minutes into the experiment. Due to the increased burn rate, 

the first grate-shake procedure was necessary earlier than the combustion of the 0% biomass 

pellets. Due to the short run time compared to the 0% biomass pellets, the conditions that dictate 

whether a grate-shake is necessary are only met once during the experiment. In contrast to the 

combustion of 0% biomass pellets, the temperature trend of the fuel bed demonstrates less 

divergence from the temperatures recorded above the fuel bed. A plausible explanation for this 

phenomenon is the elevated combustion rate associated with 100% biomass pellets. This higher 

combustion rate results in an increased flow rate of combustion gases and elevated flames, yielding 

combustion chamber temperatures similar to those observed within the fuel bed. The fuel bed 

temperature decreases below the temperatures above the fuel bed only once during the experiment. 

Similar to the 0% biomass pellets, this could be due to ash build-up within the fuel bed. However, 

this occurs less frequently in the 100% biomass pellets due to their significantly lower ash yield 

(Öhman et al., 2000).  

Increasing biomass content reduces the frequency at which the fuel bed temperature drops below 

the temperatures above the fuel bed. However, the magnitude of the temperature drops increases 

with an increase in biomass content in the pellets. Refer to Appendix H for the combustion chamber 

temperatures for all combustion experiments. The magnitude of temperature drops increases with 

the addition of biomass due to the thermal degradation of the pellets at high temperatures. 

Strandberg et al., (2018) conducted combustion experiments on biomass pellets and reported that 

rapid devolatilization compromises the structural integrity of the pellets and creates internal cavities. 

These trends hold for pellets with increasing biomass content.  

Figure 5-5 displays the temperature measurements of the hopper inside the stove during a high-

power combustion experiment using 0% biomass pellets (100% coal). The three thermocouple 

readings are from T-01, T-02, and T-03 (Figure 4-3). The thermocouple T-03 is on the grate 

supporting the fuel directly next to the combustion zone. T-01 and T-02 are uniformly placed above 

the grate, with T-01 the farthest up. 
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Figure 5-5: Hopper temperatures (0% biomass, high-power experiment) 

The temperatures within the hopper persist below 100 °C for most of the combustion experiment. 

Approximately 120 minutes into the experiment, the fuel in the hopper nearest to the combustion 

zone underwent ignition. The fuel resting directly on the grate experiences full ignition, facilitated by 

its proximity to the air inlet. Temperature spikes observed directly above the grate (T-03) coincide 

with the grate-shake procedures implemented 138 and 170 minutes into the combustion experiment. 

Ignition of the fuel within the mid-section and top of the hopper occurs gradually, as it is in contact 

with the burning fuel on the grate. However, the temperatures attained by this section do not reach 

the elevated levels observed in the fuel resting directly on the grate. This difference is due to a deficit 

in air supply, impeding the full combustion potential of the fuel within the hopper. 

Figure 5-6 displays the temperature measurements of the hopper inside the stove during a high-

power combustion experiment using 100% biomass pellets.  

 

Figure 5-6: Hopper temperatures (100% biomass, high-power experiment) 
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The temperature profile of the fuel situated on the grate within the hopper closest to the combustion 

zone resembles the temperature curve observed for the fuel bed in the combustion zone (T-07), as 

illustrated in Figure 5-4. This correspondence suggests simultaneous fuel ignition on the grate and 

the fuel bed within the combustion chamber. The remaining fuel within the hopper undergoes a 

gradual ignition process due to a limited air supply. In the mid-section (T-02) of the hopper, a notable 

peak temperature of 600°C is reached, surpassing the temperatures observed during the 

combustion of 0% biomass pellets. The noticeable decrease in temperature observed in the T-03 

curve aligns with the grate-shake procedure executed at approximately 26 minutes into the 

experiment.  

Figure 5-7 displays the temperature measurements of the combustion chamber inside the stove 

during a low-power combustion experiment using 0% biomass pellets. 

 

Figure 5-7: Combustion chamber temperatures (0% biomass, low-power experiment) 

The temperature profile of the fuel bed (T-07) consistently exhibits elevated temperatures compared 

to the region above the fuel bed throughout the experiment. Initially, the thermocouples positioned 

above the fuel bed register similar temperatures. However, approximately 15 minutes after ignition, 

noticeable temperature differences emerge in the upper region. These differences can be attributed 

to the large flame from the paraffin fire starters prevalent during the start of ignition. Proximity to the 

fuel bed is associated with higher temperatures in the thermocouples. The temperatures of the fuel 

bed and the region above it exhibit parallel trends with minor temperature differentials, predominantly 

influenced by the dynamics of combustion gases. Notably, distinctive temperature fluctuations 

manifest around 77, 122, 161, 188, and 216 minutes into the experiment, corresponding with the 

implementation of the grate-shaking procedures. These instances are characterized by a 

temperature decrease followed by an immediate increase. Similar to the high-power experiments, 

the grate-shake agitates the fuel bed, causing the ash coating the pellets to detach, creating more 
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surface reactions (Öhman et al., 2000). The fuel bed temperature (T-07) does not drop below the 

temperatures above the fuel bed due to the grate-shake procedure being implemented because of 

a combination of temperature decreases, oxygen surplus in the flue gas, and visible dead zones in 

the combustion zone. After the second grate-shake, the frequency of the procedure becomes more 

pronounced, resembling the pattern observed in the high-power experiments. 

The frequency of temperature drops during low-power experiments is similar to that of high-power 

experiments. However, the magnitude of the drops decreased compared to high-power experiments. 

Refer to Appendix H for the combustion chamber temperatures for all combustion experiments. 

Figure 5-8 displays the temperature measurements of the hopper inside the stove during a low-

power combustion experiment using 0% biomass pellets. 

 

Figure 5-8: Hopper temperatures (0% biomass, low-power experiment) 

The temperature profile of the fuel situated on the grate within the hopper closest to the combustion 

zone exhibits a high temperature similar to that of the combustion zone. This correlation suggests 

fuel ignition on the grate and the fuel bed within the combustion chamber. Ignition of the fuel within 

the mid-section and top of the hopper occurs gradually, as it is in contact with the burning fuel on the 

grate. However, the temperatures in this section do not reach the elevated levels observed in the 

fuel resting directly on the grate. This difference is due to a deficit in air supply, impeding the full 

combustion potential of the fuel within the hopper, similar to the high-power experiments.  
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5.1.4 Observed Flue Gas Composition 

The 0% biomass pellets and 90% biomass experiments are discussed in this section to compare the 

two extremes of the blends used in this study, while the intermediate blend ratios are available in 

Appendix I. 

Figure 5-9 displays the CO2, O2, and CO concentrations in the flue gas during the high-power 

combustion experiment of the 0% biomass pellets. 

 

Figure 5-9: CO2, O2, and CO concentrations over time (0% biomass, high-power experiment) 

The CO2 and O2 concentrations follow inverse trends throughout the experiment. This trend would 

suggest that O2 is predominantly converted to CO2 throughout the combustion experiment, while 

other oxidised species have little influence. The grate-shake procedures promote the oxidation of 

carbon in the fuel. The spikes in CO concentration correspond with the grate-shake procedures. This 

correlation suggests that the disturbance of the fuel bed promotes a rapid reaction between oxygen 

and the carbon in the fuel, causing an increased consumption and rapid depletion of O2. The O2 

deficiency causes an increased production of CO. Deng, Nie, Yuan, et al., (2022) investigated the 

effect of oxygen content available in the combustion zone on the emissions performance of a 

biomass stove and reported that the stove has a range of oxygen concentration at which minimal 

CO is formed. Falling out of this range, whether it be over this range or under, would lead to increased 

production of CO. Deng, Nie, Yuan, et al., (2022) reported an oxygen concentration ranging from 19 

vol% to 20 vol% producing the lowest CO emissions, compared to an oxygen concentration ranging 

from 9 vol% to 12 vol% found in this study. These differences can be attributed to the stove design 

and fuel type. 
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Figure 5-10 displays the CO2, O2, and CO concentrations in the flue gas during the low-power 

combustion experiment of the 0% biomass pellets. 

 

Figure 5-10: CO2, O2, and CO concentrations over time (0% biomass, low-power experiment) 

The CO2 and O2 concentrations follow inverse trends throughout the experiment. This trend would 

suggest that similar to the high-power experiment, O2 is predominantly converted to CO2 throughout 

the combustion experiment, while other oxidised species have little influence. The grate-shake 

procedures promote the oxidation of carbon in the fuel. The dips in O2 and increases in CO2, initiated 

by the grate-shake procedure, are more profound than the high-power experiments. The CO 

concentration follows the inverse trend seen by the concentration of oxygen in the flue gas, indicating 

that more CO is produced when the O2 is less abundant in the combustion zone. The spikes in CO 

concentration correspond with the grate shake procedures, where the O2 is rapidly consumed, 

leading to an O2 shortage. The grate-shake procedures during the experiment resulted in greater O2 

dips than the high-powered experiment. The overall O2 concentration is lower than the high-power 

experiments. The CO concentration was lowest during an O2 concentration of 5 vol% to 10 vol%. 

Similar to the high-power experiment and the findings of Deng, Nie, Yuan, et al., (2022), falling out 

of the favourable oxygen range leads to increased production of CO.  

The average O2 concentration in the low-power experiments is higher than in the high-power 

experiments during the ignition phase and lower during the combustion phase. These differences 

are due to ignition being slower during low-power experiments. During the combustion phase, the 

air supply is less during low-power experiments, causing lower O2 concentrations. The average CO 

concentration is also higher for low-power experiments compared to high-power experiments. This 
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trend correlates with the lower O2 concentrations. Noticeably, the magnitude of the CO spikes 

correlating with a grate-shake is greater during low-power experiments. This correlation is due to the 

O2 taking longer to replenish after rapid oxidation of carbon in the fuel, caused by agitation of the 

fuel bed, thereby depleting the available oxygen in the combustion zone. All pellet blends follow this 

trend. Refer to Appendix I for the observed flue gas compositions for all combustion experiments. 

Figure 5-11 displays the CO2 and O2 concentration in the flue gas during the high-power combustion 

experiment of the 90% biomass pellets.  

 

Figure 5-11: CO2, O2, and CO concentrations over time (90% biomass, high-power experiment) 

Throughout the majority of the 90% biomass high-power experiment, the oxygen concentration is 

very low. The O2 falls below the range of the gas analysers (1 vol %), causing the data to produce a 

straight line. Only during ignition and burnout is the oxygen concentration not depleted. This 

phenomenon can be seen in pellets containing 75% biomass and higher (refer to Appendix I: Figure 

I-9). This oxygen deficiency is the cause of the elevated CO production (Deng, Nie, Yuan, et al., 

2022). The CO2 and O2 concentrations follow inverse trends throughout the experiment. This trend 

would suggest that, similar to the 0% biomass pellets, O2 is predominantly converted to CO2 

throughout the combustion experiment. The CO concentration follows an inverse trend of the O2 

concentration. This trend is due to the O2 in the combustion zone being depleted. The cause of this 

could be attributed to the high burn rate of the 90% biomass pellets (refer to Figure 5-1).  

The average O2 concentration decreases with increased biomass content in the pellets. This trend 

can be attributed to the increased burn rate of the fuel. O2 deficiency can be observed during 

combustion experiments using pellets containing 75% and higher biomass. Refer to Appendix I for 

the observed flue gas composition for all combustion experiments. 
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5.1.5 Combustion Temperature and CO/SO2/NOₓ Concentration 

Figure 5-12 displays the CO concentration and the combustion zone temperature throughout the 

high-power combustion experiments using 0% biomass pellets. 

 

Figure 5-12: CO concentration and combustion zone temperature over time (0% biomass, high-power 
experiment) 

The fuel bed temperature decreases with an increase in the CO concentration. This trend is due to 

CO2 having a higher heat of formation than CO. The more carbon in the fuel is oxidised to CO2, 

resulting in less CO formation, the more heat is released (Senneca, 2017). Sumbane-Prinsloo et al., 

(2021) reported similar findings during coal combustion in a coal-burning stove. 

Figure 5-13 displays the SO2 concentration and the combustion zone temperature throughout the 

high-power combustion experiments using 0% biomass pellets.  

 

Figure 5-13: SO2 concentration and combustion zone temperature over time (0% biomass, high-
power experiment) 
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SO2 formation mirrors the temperature of the combustion zone, where an increase in temperature 

corresponds with an increase in SO2 concentration in the flue gas. Wang et al., (2022) and Sumbane-

Prinsloo et al., (2021) reported similar findings from the combustion of coal in coal-burning stoves. 

This trend can be attributed to insufficient contact time between SO2 and Ca-containing species due 

to the rapid generation of SO2, leading to insufficient sulphur retention (Wang et al., 2022). 

Figure 5-14 displays the NOx concentration and the combustion zone temperature throughout the 

high-power combustion experiments using 0% biomass pellets. 

 

Figure 5-14: NOx concentration and combustion zone temperature over time (0% Biomass, High-
power experiment) 

The formation of NOx correlates with the temperature of the combustion zone, where an increase in 

temperature corresponds with an average increase in NOx concentration in the flue gas. However, 

at temperatures above 800 °C, the NOx concentration shows fluctuations that do not correspond to 

temperature. Wang et al., (2022) reported similar findings in a coal-burning stove. A possible 

explanation for this is variation pattern is a result of competition between the oxidation of fuel-N and 

the heterogeneous reduction of NO to other N-species such as HCN (Smoot et al., 1998; Wang et 

al., 2022). 
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5.2 Thermal Performance 

5.2.1 Ignition Times 

Table 5-2 displays the average ignition times for the different fuels. Refer to Appendix F for the 

experimental uncertainty.  

Table 5-2: Ignition times of pellets at high- and low-power 

 Average Ignition Time (min) 

% Biomass 0 10 25 50 75 90 100 

High-power 36 ± 4 24 ± 2 18 ± 2 10 ± 1 6 ± 1 3 ± 1 3 ± 1 

Low-power 47 ± 5 38 ± 4 25 ± 3 16 ± 2 11 ± 1 5 ± 1 3 ± 1 

 

The ignition times (until the fuel bed reaches 500 °C) of the fuels decrease with increased biomass 

content in both high and low-power experiments. The ignition times in the combustion experiments 

show correlations with several factors. Higher levels of volatile matter result in quicker ignition as 

easily combustible materials vaporize and burn readily (Jeguirim & Khiari, 2022). Sumbane-Prinsloo 

et al., (2021) reported similar findings regarding the correlation between volatile matter and ignition 

time. Onuegbu et al., (2011) investigated the ignition times of briquettes produced with coal and 

biomass blends and reported a decrease in ignition time as biomass content increased and attributed 

this finding to the increased volatile matter in the fuel, similar to the findings of this study. Lower ash 

content correlates with shorter ignition times, indicating that the absence of non-combustible 

materials facilitates faster combustion (Jeguirim & Khiari, 2022). 

High-power, characterized by open air supplies and increased oxygen, accelerates combustion, 

leading to significantly shorter ignition times across biomass compositions. Deng, Nie, Yuan, et al., 

(2022) reported that increased airflow to the combustion zone resulted in faster ignition. Low-power, 

involving closed air supplies and reduced oxygen, slows combustion, resulting in comparatively 

longer ignition times. However, the compressive strength of biomass pellets introduces complexity. 

The pellets with higher compressive strength resist breaking down and igniting during the initial 

stages of combustion, potentially leading to prolonged ignition times (Ferreira et al., 2023). The 

interplay between composition, structural factors, and power settings impacts pellet ignition times. 

Sumbane-Prinsloo et al., (2021) studied the effect of coal particle size on a coal stove and found 

ignition times ranging from 23 minutes to 50 minutes, depending on the particle size. The fuel closest 

to the fuel used in this study is the 20 mm coal particles, which resulted in an ignition time of 38 

minutes, closely resembling the ignition time seen from the 0% biomass (100% coal) pellets during 

a high-power experiment. 
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5.2.2 Fuel Burning Rates and Peak Temperatures 

Figure 5-15 displays the mean burn rates of the pellet blends during high-power and low-power 

experiments. Refer to Appendix F for the relevant experimental uncertainty analysis. 

 

Figure 5-15: Burn rates of pellet blends during high-power and low-power experiments 

Mean burn rates increased with higher biomass content, peaking at 100% in both high-power and 

low-power experiments, with a marginal decrease in mean burn rate afterwards. The slight difference 

between the 75%, 90%, and 100% biomass pellets could be due to the oxygen-depleted combustion 

zone (refer to Appendix I), causing mass transfer limitations. 

Figure 5-16 displays the peak temperatures of the pellet blends during high-power and low-power 

experiments. Refer to Appendix F for the relevant experimental uncertainty analysis. 

 

Figure 5-16: Peak temperatures of pellet blends during high-power and low-power experiments 
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Increasing biomass content led to a rising peak temperature until reaching a maximum at 75% 

biomass. Subsequently, there was a decline in peak temperature at this composition for both high-

power and low-power experiments. Transitioning from 90% to 100% biomass showed a slight 

temperature increase. Low-power experiments consistently exhibited a 7% to 10% reduction in peak 

temperature compared to high-power experiments. 

Burn rates increased with an increase in volatile matter, contributing to higher peak temperatures, 

particularly in high-power experiments. Onuegbu et al., (2011) reported similar findings when 

investigating the burn rate of briquettes produced with coal and biomass blends. The peak 

temperatures of the pellets increase as the ash yield decreases (Aich et al., 2020). Jayanti et al., 

(2007) investigated the effect of fuel ash yield on combustion and reported that peak temperatures 

increased as ash yield decreased, similar to the findings of this study. The increased temperatures 

also affect the burn rate (Ferreira et al., 2023). Similarly, burn rates and peak temperature increased 

with a decrease in the fixed carbon content of the fuel, suggesting that fuels with stable compounds 

require more ignition energy, resulting in slower combustion and lower mean burn rates (Aich et al., 

2020; Ferreira et al., 2023; Sumbane-Prinsloo et al., 2021). Compressive strength negatively 

correlates with burn rates and peak temperatures. Pellets with higher compressive strength resist 

breaking down and igniting, potentially resulting in slower combustion, lower peak and mean burn 

rates, and peak temperatures (Biswas et al., 2014; Cheng et al., 2018). 

Sumbane-Prinsloo et al., (2021) reported a burn rate of 0.4 – 0.6% per minute during experiments 

conducted on a coal stove using Highveld coal. This finding closely aligns with the results of this 

study's combustion experiments utilizing 0% biomass pellets. Furthermore, Sumbane-Prinsloo et al., 

(2021) identified a peak temperature of 837 °C, which is approximately 15% lower than the peak 

temperature observed in the 0% biomass, high-power experiments and approximately 8% lower than 

in the 0% biomass, low-power experiments conducted in this study. In the investigation by Deng et 

al., (2020), a wood-burning stove was examined under low-power and high-power settings, using 

unspecified wood pellets as fuel. The reported burn rates were 20 g.min⁻¹ and 18 g.min⁻¹ for high-

power and low-power experiments, respectively. These rates are notably lower than the burn rates 

observed in this study when using 100% biomass pellets. Contributing factors to this difference are 

the larger stove used in this study and the fact that this stove was designed specifically for coal 

combustion. Kole et al., (2022) evaluated the performance of a smaller husk biomass stove, 

observing an average burn rate of 32 g.min⁻¹, significantly lower than the burn rate recorded in this 

study during the combustion of 100% biomass pellets. In a study by Deng et al., (2022), on a biomass 

stove using maize-produced pellets at high-power and low-power conditions, burn rates of 17 g.min⁻¹ 

and 10 g.min⁻¹ were found, respectively. These rates are remarkably lower than the burn rate 
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observed during this study using 100% biomass pellets and exhibit a closer similarity to the burn 

rates of 0% biomass pellets. 

The stove utilized in our study demonstrates a notably higher biomass consumption rate than other 

biomass stoves while maintaining a relatively standard coal consumption rate. Specifically, the NWU 

semi-continuous stove exhibits a burn rate for biomass pellets comprising 50% biomass or less that 

aligns with conventional biomass stoves. 

5.2.3 Power Output 

An investigation of the stove's usable power output with the different pellet blends was conducted at 

high-power and low-power. The findings are illustrated in Figure 5-17 and Figure 5-18, respectively, 

depicting the usable energy generation concerning mass loss percentage (calculated on an ash-free 

basis) for the stove utilizing distinct fuel blends during high-power and low-power combustion 

experiments, respectively. Note that the figures are not lines but individual points, with only outliers 

removed. 

 

Figure 5-17: Power output of pellet blends versus mass loss (a.f.b), High-power experiments 
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Figure 5-18: Power output of pellet blends versus mass loss (a.f.b), Low-power experiments 

In both high-power and low-power experiments, the power output of the pellets increases with 

increased biomass content. In high-power experiments, pellets composed mainly of biomass (90% 

biomass) achieve a peak power output of approximately 30 kW, while in low-power experiments, the 

corresponding value is approximately 25 kW. Conversely, pellets devoid of biomass (0% biomass) 

exhibit a peak power output of around 10 kW in high-power experiments and approximately 8 kW in 

low-power experiments. Intermediate biomass compositions within the pellet blends fall within this 

power output range for both high-power and low-power experiments, with power output increasing 

with biomass composition.  

The rise in power output corresponds with a decrease in calorific value, indicating that the higher 

burn rates contributed to the increased power output. Grimsby et al., (2016) reported similar results 

when conducting combustion experiments on a biomass stove with different biomass fuels. 

Sumbane-Prinsloo et al., (2021) found the average power output of a coal-burning stove to be 10 

kW, which is similar to the power output noticed in this study during the 0% biomass pellets, high-

power experiments and slightly higher than the 0% biomass pellets, low-power experiments. Kole et 

al., (2022) evaluated the power output of a husk biomass stove and found a power output of 7.5 kW, 

which is remarkably lower than the power output seen from the 100% biomass pellets combustion 

experiments. However, this was strongly related to the size of the stove and the initial mass fuel 

loaded. 
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5.2.4 Water Boiling Test 

Table 5-3 shows the results from the water boiling test. 

Table 5-3: Water boiling test results 

% Biomass 
Mass Burned 

(kg) 
Fuel CV 
(MJ/kg) 

Boiling Time 
(min) 

High-power 

0 0.33 20.2 11 ± 2 

10 0.48 20.1 8 ± 1 

25 0.49 19.9 9 ± 1 

50 0.53 19.7 6 ± 1 

75 0.64 19.5 10 ± 2 

90 1.01 19.4 10 ± 2 

Low-power 

0 0.40 20.2 17 ± 2 

10 0.41 20.1 14 ± 2 

25 0.52 19.9 11 ± 2 

50 0.37 19.7 8 ± 1  

75 0.80 19.5 10 ± 2 

90 0.38 19.4 10 ± 2 

 

In the high-power experiments, it was observed that the mass of fuel necessary to raise the water 

temperature to 95 °C exhibited an increase corresponding to the rise in biomass content within the 

pellets. Similarly, the low-power experiments demonstrated a consistent pattern, aligning with the 

trend observed in the high-power experiments up to a 50% biomass content threshold. Beyond this 

point, there was a decrease in the mass of fuel required to reach the same temperature, excluding 

the 75% biomass content. Onuegbu et al., (2011) conducted a water boiling test on a stove using 

briquettes made from coal and biomass blends and reported faster boiling times as the biomass 

content in the briquettes increased. Kole et al., (2022) conducted water boiling tests on a biomass 

stove using husk biomass as fuel and reported a time to bring 3.5 L of water of 9 minutes. This time 

is faster than the boiling times reported in this study due to the increased water in the pot compared 

to this study. Sumbane-Prinsloo et al., (2021) conducted water boiling tests on a coal stove and 

reported a boiling time between 17 minutes and 28 minutes for different size coal particles using 2 L 

water in a pot. The coal samples closest to the coal pellets used in this study displayed a boiling time 

of 23 minutes. This time is comparable to the 0% biomass, low-power experiments boiling time 

exhibited in this study, as boiling 2 L would take twice as long. Grimsby et al., (2016) conducted 

water boiling tests on a biomass stove using different biomass fuels and reported boiling times of 

36, 18, and 10 minutes using the different fuels. Grimsby et al., (2016) also reported an increase in 

boiling time when conducting low-power experiments compared to high-power experiments. These 

findings align with the results of this study.  
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5.2.5 Energy Efficiencies 

Energy efficiencies indicate how efficiently the stove transfers energy expended from the fuel. 

System Efficiency 

Figure 5-19 summarises the system efficiency observed for each pellet blend in the context of high-

power combustion experiments. This analysis incorporates stack temperature, as it affects the 

system efficiency substantially. The system efficiency is presented over the mass loss fractions on 

an ash-free basis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The system efficiency for all high-power experiments shows an initial peak. This trend can be 

attributed to the heat absorbed by the stove. Once the stove has reached temperature, the stack 

temperature increases and lowers the system efficiency. At roughly 60% conversion, the system 

efficiency starts to increase slightly. This increase can be attributed to the combustion efficiency 

Figure 5-19: System efficiency of pellets during high-power combustion experiments (a.f.b) 
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reaching its peak, where CO production is at its lowest. The dips can also be attributed to the grate-

shake procedure, which significantly lowers CO2 production and increases CO production. The 10% 

biomass pellets exhibited the highest system efficiency, showing steady efficiency with minimal 

decreases, while the 75% and 90% biomass pellets exhibited the lowest system efficiency.  

Sumbane-Prinsloo et al., (2021) assessed the system efficiency of a Union coal-burning stove 

employing methodologies similar to those applied in this study. Their results yielded a system 

efficiency of approximately 70%, which is approximately 10%-15% less efficient than the outcomes 

observed in our study. 

In a study conducted by Vitoussia et al., (2020), the performance of a biomass stove utilizing pellets 

derived from three distinct biomasses—palm nut shells, palm nut fibres, and coffee husk was 

evaluated. The reported system efficiencies were 69%, 80%, and 78%, respectively. Notably, palm-

nut shell pellets exhibited a substantial deviation from the efficiency observed in the current study, 

while palm nut fibre and coffee husk pellets displayed minor deviations. 

Thermal Efficiency 

The thermal efficiencies, such as cooking efficiency, system efficiency, heating efficiency, and 

combustion efficiency, were determined, and the results are summarised in Table 5-4. 

Table 5-4: Thermal efficiencies of pellet blends 

% Biomass 
Cooking 

Efficiency (%) 
System 

Efficiency (%) 
Heating 

Efficiency (%) 
Combustion 

Efficiency (%) 

High-power 

0 4.5 89 79 92 

10 3.6 93 91 98 

25 3.3 90 87 99 

50 5.5 89 83 99 

75 2.8 80 77 97 

90 1.7 77 72 96 

Low-power 

0 3.9 83 84 91 

10 3.8 96 92 97 

25 4.1 91 90 99 

50 4.6 94 90 99 

75 2.1 95 89 97 

90 2.4 95 88 96 

 

The data reveals trends between energy output and cooking efficiency. In the high-power category, 

as energy output increases, cooking efficiency decreases. The 90% biomass pellets exhibit the 

highest energy output during the cooking phase but the lowest cooking efficiency. Conversely, the 
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50% biomass pellets have the lowest energy output during the cooking phase but a relatively higher 

cooking efficiency. This inverse relationship suggests diminishing returns concerning efficiency at 

higher energy outputs in the high-power category. In the low-power category, a similar trend is 

observed. The 75% biomass pellets produced the highest energy output but lowest efficiency. The 

50% biomass pellets, with the lowest energy output, demonstrate the highest efficiency regarding 

low-power experiments. This trend also indicates a consistent pattern of decreasing efficiency with 

increasing energy output in the low-power category. Sumbane-Prinsloo et al., (2021) determined the 

cooking efficiency through a water boiling test on a coal stove and found a cooking efficiency of 1.4% 

- 2.6%, slightly lower than the thermal efficiency exhibited by the stove and pellets used in this study. 

As for the system efficiency, a general pattern emerges in the high-power experiments where system 

efficiency experiences an initial increase with lower percentages of biomass, reaching its peak at 

10% biomass. However, a gradual decline in efficiency is observed with increasing biomass content, 

with the most substantial drop occurring at 75% and 90% biomass concentrations. This trend 

suggests that the combustion dynamics at higher power levels are more sensitive to changes in 

biomass content, leading to diminishing efficiency as biomass concentration increases. A possible 

explanation is that an oxygen surplus occurs due to the increased inherent oxygen content of 

biomass. Kole et al., (2022) conducted combustion experiments while manipulating the oxygen 

content in the stove air supply and reported that an oxygen deficit and surplus inhibits combustion, 

producing more CO. As the system efficiency in this study is sensitive to heat lost through incomplete 

combustion, this would cause fluctuations. In contrast, low-power experiments exhibit a different 

trend, improving system efficiency as biomass content increases. The highest efficiency is observed 

at 10% biomass, and while there is a decline at higher biomass percentages, it is less pronounced 

compared to high-power experiments. This difference suggests that air supply influences the system 

efficiency. Incorporating biomass into pellet blends at a 10% concentration yields an initial increase 

in heating efficiency, as observed in both high-power and low-power experiments. However, beyond 

this initial enhancement, heating efficiency experiences a subsequent decline with increasing 

biomass content in the pellets. This trend can be attributed to the high velocity of the flue gas, 

resulting in substantial heat loss through the stack. Notably, in experiments conducted at low-power, 

the heating efficiency surpasses that of high-power experiments at corresponding biomass 

percentages. In high-power experiments, pellet blends containing 10%, 25%, and 50% biomass 

exhibit greater heating efficiency than pellets devoid of biomass (0%). Conversely, in low-power 

experiments, all biomass-containing pellet blends exhibit larger heating efficiency than the 0% 

biomass pellets. The combustion efficiency increases with the addition of biomass. This trend could 

be due to the biomass creating cavities in the pellets, leading to larger reactive surface areas within 

the pellets and thorough combustion, as seen by Strandberg et al., (2018). The proximate analysis 
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results on the ash can be found in Appendix E: Table E-1. The fixed carbon remaining in the ash 

after burnout supports the findings regarding combustion efficiency, as the two are closely related. 

5.3 Emissions Performance 

The emission factors of the combustion pollutants are presented in mass per unit energy [𝑔 𝑀𝐽⁄ ]. 

Note that the 100% biomass pellets are not included because the gas analysers cannot analyse the 

high flue gas flow rate caused by the high burn rate. 

5.3.1 CO and CO2 Emission Factors 

Figure 5-20 and Figure 5-21 show the CO2 and CO emission factors resulting from the combustion 

of the different pellet blends, respectively. 

 

Figure 5-20: CO2 emission factors of pellet blends (g/MJ) 

The high-power experiments produced more CO2 than the low-power experiments, except for the 

50% biomass pellets. There is a slight decrease in CO2 emission factors with increasing biomass 

content, with 25% biomass pellets exhibiting the lowest CO2 emission factors, after which the 

emission factors increase with rising biomass content. The 0% biomass pellets displayed the highest 

CO2 emission factors.  
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Figure 5-21: CO emission factors of pellet blends (g/MJ) 

In contrast to the CO2 emission factors, the low-power experiments generally produced more CO 

than high-power experiments (refer to Figure 5-9 and Figure 5-10). CO emission factors initially 

decreased with the addition of biomass and increased significantly at higher biomass content during 

both high-power and low-power experiments. 

The CO2 and CO emission factors are quantified in Table 5-5 in [𝑔 𝑀𝐽⁄ ] and emission rates in 

[𝑔 𝑚𝑖𝑛⁄ ]. Refer to Table F-3 and Table F-4 in Appendix F for the respective uncertainty analysis. 

Table 5-5: CO2 and CO emission factors of pellets 

CO2 

% Biomass 0 10 25 50 75 90 

High-power 

EF (g/MJ) 97 ± 3 90 ± 3 89 ± 3 90 ± 3 95 ± 3 94 ± 3 

ER (g/min) 47 ± 2 55 ± 2 56 ± 2 85 ± 3 123 ± 4 129 ± 4 

Low-power 

EF (g/MJ) 95 ± 3 90 ± 3 87 ± 3 94 ± 3 93 ± 3 94 ± 3 

ER (g/min) 43 ± 2 42 ± 2 46 ± 2 53 ± 2 79 ± 3 95 ± 3 

       

CO 

High-power 

EF (g/MJ) 1.41 ± 0.20 0.90 ± 0.15 0.87 ± 0.15 0.77 ± 0.13 4.36 ± 0.74 4.04 ± 0.69 

ER (g/min) 1.02 ± 0.17 0.54 ± 0.09 0.54 ± 0.09 0.74 ± 0.13 5.83 ± 1.00 5.34 ± 0.91 

Low-Power 

EF (g/MJ) 2.05 ± 0.35 0.57 ± 0.10 0.91 ± 0.15 1.43 ± 0.24 4.48 ± 0.76 4.38 ± 0.74 

ER (g/min) 0.62 ± 0.11 0.26 ± 0.04 1.02 ± 0.17 0.80 ± 0.14 3.64 ± 0.62 4.37 ± 0.74 
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The CO2 emission factors for the different pellets only differ slightly, while the emission rate increases 

with increased biomass content. This trend is due to the increase in burn rate as the biomass content 

increases. Sumbane-Prinsloo et al., (2021) reported CO2 emission factors ranging from 85 g/MJ to 

106 g/MJ and CO emission factors ranging from 2.9 g/MJ to 5.4 g/MJ during combustion of different-

sized coal in a coal-burning stove. The CO2 emission factors are comparable to the results from this 

study, where the CO emission factors are comparable to the 0% biomass pellets and 75%+ biomass 

pellets used in this study. Deng, Nie, Lu, et al., (2022) reported CO emission factors ranging from 

0.5 g/MJ to 3.4 g/MJ with coal and emission factors ranging from 0.1 g/MJ to 1.2 g/MJ with the 

biomass used as fuel in combustion experiments on a domestic stove. These CO emission factors 

closely align with the results of this study. Shrestha et al., (2021) investigated the emissions 

performance of four different biomass stoves using biomass pellets as fuel and reported CO2 

emission factors ranging from 99 g/MJ to 107 g/MJ and CO emission factors ranging from 0.86 g/MJ 

to 1.74 g/MJ, which closely aligns with the results from this study, excluding the 75% and 90% 

biomass pellets. Table 5-6 summarises emission factors of CO2 and CO from similar studies. 

Table 5-6: Summary of CO and CO2 emission factors from literature 

Study Fuel Power setting 
CO2 EF 
[g/MJ] 

CO EF 
[g/MJ] 

This study 0% - 90% biomass pellets 
High-power 89 - 97 0.77 – 4.36 

Low-power 87 - 95 0.57 – 4.48 

(Meyer et al., 2020) Grade A and D Lump coal 
High-power 90 – 92 0.16 – 0.53 

Low-power 88 – 92 0.57 – 0.68 

(Bentson et al., 2022) Unspecified biomass 
High-power - 0.7 – 2.7 

Low-power - 2.4 – 11.2 

(Sumbane-Prinsloo et 
al., 2021) 

15 mm – 40 mm lump coal - 85 - 106 2.27 – 5.35 

(Himanshu et al., 
2022) 

Unspecified biomass 
High-power - 0.91 

Low-power - 0.98 

(Kole et al., 2022) Coffee husk and rice husk - - 4.2 - 5.0 

(Chen et al., 2016) Cornstalk pellets - - 0.86 – 2.36 

(Deng, Nie, Lu, et al., 
2022) 

Biomass pellets 
High-power - 0.11 – 0.30 

Low-power - 0.85 – 1.18 

Lump coal and coal briquettes 
High-power - 0.46 – 1.25 

Low-power - 2.19 – 3.36 

 

The CO2 emission factors are comparable to other studies, the CO emission factors on the lower 

end are comparable to most studies, and the higher end is only comparable to the study conducted 

by Kole et al., (2022). 
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5.3.2 NOₓ Emission Factors 

Figure 5-22 shows the levels of NOₓ emission factors resulting from the combustion of the different 

pellet blends.  

 

Figure 5-22: NOₓ emission factors of pellet blends (g/MJ) 

The NOₓ emission factors show a decrease with increasing biomass content except for the 0% 

biomass pellets during the low-power experiment, which shows a lower NOX emission factor 

compared to the 10% biomass pellets. The low-power experiments also exhibit lower NOₓ emission 

factors than the high-power ones. The 10% biomass pellets displayed the largest NOₓ emission 

factors of both high-power and low-power experiments. This trend would suggest that oxygen 

deficiency inhibits the oxidation of the nitrogen in the fuel. There is a positive correlation between 

the NOₓ emission factors and the nitrogen content of the fuel. Deng, Nie, Lu, et al., (2022) conducted 

a study on the performance of a solid fuel stove at high-power and low-power settings using 

bituminous coal and biomass, including wood, as fuel. The NOₓ emission factors resulting from the 

experiments decreased under low-power conditions compared to the high-power conditions, similar 

to the results in this study. The NOₓ emission factors of the fuels are proportional to the nitrogen 

content in the fuel. Rahman et al., (2022) found that at temperatures lower than 1500 °C, fuel-NO is 

the only contribution to the NO formed (thermal-NO formation does not occur). This trend would 

correspond with the correlation between the NOₓ emission factors and the nitrogen content of the 

fuel. 

The NOₓ emission factors and recovery are quantified in Table 5-7 in [𝑔 𝑀𝐽⁄ ]. Refer the Table F-6 

in Appendix F for the respective uncertainty analysis and the mass balance of the combustion 

experiments. 
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Table 5-7: NOₓ emission factors of pellets 

% Biomass 0 10 25 50 75 90 

High-power 

Recovery (%) 8 8 10 11 9 9 

EF (g/MJ) 0.11 ± 0.02 0.11 ± 0.02 0.10 ± 0.02 0.07 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

Low-Power 

Recovery (%) 6 8 8 8 7 10 

EF (g/MJ) 0.09 ± 0.02 0.10 0.02 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

EF = Emission factor 

Meyer et al., (2020) reported emission factors of 0.13 g/MJ to 0.15 g/MJ while conducting combustion 

experiments on the same stove used in this study using lump coal. These results closely align with 

the results reported in this study. Deng, Nie, Lu, et al., (2022) reported NOₓ emission factors of 0.26 

g/MJ for bituminous coal and 0.19 g/MJ for wood pellets. Sumbane-Prinsloo et al., (2021) reported 

NOₓ emission factors ranging from 0.25 g/MJ to 0.55 g/MJ during coal combustion in a coal stove. 

These emission factors are higher than the results of this study. This difference can be attributed to 

the lower nitrogen content of the fuel used in this study. Zeng et al., (2022) and Smoot et al., (1998) 

reported that reburning could reduce the NOₓ in a flue gas. This result is a possible explanation for 

the low NOₓ emission factors in this study. The NWU semi-continuous stove recycles the flue gas in 

the heat exchanger compartment of the stove. Any hydrocarbons released by the fuel in the hopper 

while it undergoes pyrolysis due to the hopper's high temperature and oxygen-deficient conditions 

would produce nitrogen compounds from the NO in the heat exchanger (Gil, 2002). Table 5-8 

summarises emission factors of NOₓ from similar studies. 

Table 5-8: Summary of NOₓ emission factors from literature 

Study Fuel Power setting NOₓ EF [g/MJ] 

This study 0% - 90% biomass pellets 
High-power 0.03 – 0.11 

Low-power 0.03 – 0.10 

(Sumbane-Prinsloo et 
al., 2021) 

15 mm – 40 mm lump coal - 0.25 – 0.52 

(Li et al., 2020) Lump coal from 7 regions - 0.04 – 0.09 

(Meyer et al., 2020) Grade A and D Lump coal 
High-power 0.14 – 0.15 

Low-power 0.11 – 0.13 

(Maxwell et al., 2020b) 7 different wood species - 0.05 – 0.14 

(Deng, Nie, Lu, et al., 
2022) 

Biomass pellets 
High-power 0.19 – 0.46 

Low-power 0.16 – 0.43 

Lump coal and coal briquettes 
High-power 0.14 – 0.26 

Low-power 0.14 – 0.25 

 

The NOx emission factors observed in this study align with the studies of Li et al., (2020), Meyer et 

al., (2020), and Maxwell et al., (2020b), who reported relatively low NOx emission factors. 
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5.3.3 SO2 Emission Factors 

Figure 5-23 shows the levels of SO2 emission factors resulting from the combustion of the different 

pellet blends. 

 

Figure 5-23: SO2 emission factors of pellet blends (g/MJ) 

SO2 emission factors initially decrease with rising biomass in pellets until reaching a minimum at 

50% biomass. Afterwards, SO2 factors increase with higher biomass content. Emission factors 

decrease with a decrease of fuel sulphur content up to 50% biomass, then show the inverse beyond 

50% biomass. The ash yield of the pellets decreases with increased biomass content, and 

subsequently, the calcium species also decreases. A possible explanation for the increasing SO2 

emission factors seen during the combustion of high biomass content pellets is the reaction between 

calcium species, which is abundant in the parent coal, and sulphur to form CaSO4, which would 

remain in the ash after combustion (Xiao & Song, 2011). This correlation could explain why, with a 

biomass content of 75% and greater, more of the sulphur content in the fuel is formed into SO2 since 

there are fewer calcium species to react with. According to the mass balance of 50% biomass 

experiments (Appendix D), approximately 27% of the sulphur content in the fuel is recovered as 

SO2. In contrast, approximately 89% and 85% of the sulphur content in the 90% biomass pellets 

were recovered as SO2 in the high-power and low-power experiments, respectively. 

The low-power experiments generally displayed lower SO2 emission factors than the high-power 

experiments, except for the 25% biomass pellets, where the difference between the high-power and 

low-power experiments was insignificant. Deng, Nie, Lu, et al., (2022) conducted a study on the 

performance of a solid fuel stove at high-power and low-power settings using bituminous coal and 

biomass, including wood, as fuel. The SO2 emission factors resulting from the experiments 
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decreased under low-power conditions compared to the high-power conditions, similar to the results 

in this study. The oxygen deficiency in the combustion zone could be a contributing factor, as 

oxidation is inhibited. The SO2 emission factors are quantified in Table 5-9 in [𝑔 𝑀𝐽⁄ ]. Refer the 

Table F-5 in Appendix F for the respective uncertainty analysis. 

Table 5-9: SO2 emission factors of pellets 

% Biomass 0 10 25 50 75 90 

High-power 

Recovered (%) 24 23 23 27 96 89 

EF (g/MJ) 0.22 ± 0.02 0.18 ± 0.02 0.14 ± 0.02 0.11 ± 0.01 0.16 ± 0.02 0.19 ± 0.02 

Low-Power 

Recovered (%) 25 18 23 24 44 85 

EF (g/MJ) 0.21 ± 0.02 0.15 ± 0.02 0.14 ± 0.02 0.11 ± 0.01 0.13 ± 0.01 0.15 ± 0.02 

  EF = Emission factor 

Meyer et al., (2020) reported similar SO2 emission factors ranging from 0.33 g/MJ to 0.39 g/MJ while 

conducting combustion experiments on the same stove design used in this study, using lump coal. 

Deng, Nie, Lu, et al., (2022) reported SO2 emission factors ranging from 0.1 g/MJ to 0.16 g/MJ for 

bituminous and anthracite coal and emission factors ranging from 0.0 g/MJ to 0.04 g/MJ for biomass 

combustion in a domestic stove. Notably, Deng, Nie, Lu, et al., (2022) attributed the reduced SO2 

emission factors observed in low-power experiments to an oxygen deficit during combustion. Both 

studies concluded that the primary determinant of SO2 emission factors is the sulphur content of the 

fuel. These conclusions align with the findings of the present study. Table 5-10 summarises emission 

factors of SO2 from similar studies. 

Table 5-10: Summary of SO2 emission factors from literature 

Study Fuel Power setting 
SO2 EF 
[g/MJ] 

This study 0% - 90% biomass pellets 
High-power 0.11 – 0.22 

Low-power 0.11 – 0.21 

(Sumbane-Prinsloo et 
al., 2021) 

15 mm – 40 mm lump coal - 1.01 – 4.18 

(Meyer et al., 2020) Grade A and D Lump coal 
High-power 0.33 – 0.39 

Low-power 0.32 – 0.39 

(Deng, Nie, Lu, et al., 
2022) 

Biomass pellets 
High-power 0.00 – 0.04 

Low-power 0.00 – 0.02 

Lump coal and coal briquettes 
High-power 0.09 – 0.16 

Low-power 0.03 – 0.06 

 

The SO2 emission factors observed in this study align with the studies of Deng, Nie, Lu, et al., (2022) 

and Meyer et al., (2020). 
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5.3.4 Particulate Matter Emission Factors 

Figure 5-24 shows the levels of PM10 emission factors resulting from the combustion of the different 

pellet blends. 

 

Figure 5-24: PM emission factors of pellet blends (g/MJ) 

The low-power experiments produced more PM than the high-power experiments with pellets 

containing biomass content ranging from 0% to 25%, with the inverse true from 50% to 90% biomass. 

The trends observed with the PM emission factors regarding biomass content in the pellets are 

different for high-power and low-power experiments. During high-power experiments, the PM 

emission factors decreased with the initial addition of biomass from 0% to 10%. With an increase in 

biomass content greater than 10%, the PM emission factors see a slight increase from 10% to 25% 

biomass content and a significant increase from 50% to 90% biomass, with the 90% biomass pellets 

displaying the overall highest PM emission factors during high-power experiments. During low-power 

experiments, the PM emission factors show an initial increase with the addition of biomass from 0% 

to 10%. With an increase in biomass content greater than 10%, the PM emission factors exhibit a 

steady decrease from 10% to 50% biomass, with the 50% biomass pellets resulting in the lowest PM 

emission factors during low-power experiments. With an increase in biomass content greater than 

50%, the PM emission factors rapidly increase from 50% to 90% biomass. Deng et al., (2020) studied 

the effects of airflow on a force-draft biomass pellet stove and reported that, during biomass 

combustion, increased airflow to the combustion zone results in an increase in PM emission. This 

result aligns with the results found in this study. Deng, Nie, Yuan, et al., (2022) investigated the effect 

of oxygen content in a force-draft biomass pellet stove and reported an increase in PM2.5 emissions 

with an increase in oxygen content in the combustion zone. This trend correlates with the increased 

PM emissions reported during the high-power experiments of this study. The PM emission factors 
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are quantified in Table 5-11 in [𝑔 𝑀𝐽⁄ ]. Refer the Table F-7 in Appendix F for the respective 

uncertainty analysis. 

Table 5-11: PM10 emission factors of pellets 

% Biomass 0 10 25 50 75 90 

High-power 

EF (g/MJ) 0.06 ± 0.02 0.04 ± 0.01 0.05 ± 0.01 0.48 ± 0.15 1.9 ± 0.67 5.2 ± 1.66 

Low-Power 

EF (g/MJ) 0.08 ± 0.03 0.18 ± 0.06 0.10 ± 0.03 0.03 ± 0.01 1.2 ± 0.38 1.4 ± 0.45 

  EF = Emission factor 

Himanshu et al., (2022) reported PM emission factors of 0.04 g/MJ and 0.03 g/MJ during the 

combustion of wood pellets in an improved gasifier stove. These results are similar to the 50% 

biomass pellets during low-power experiments and 25% biomass pellets during high-power 

experiments. The 75% and 90% biomass pellets exhibit higher PM emission factors than other 

biomass stoves. A possible explanation for this is the high velocity of the flue gas caused by the 

pellets' high burn rate (refer to Table 5-1), as reported by Deng et al., (2020). Another contributing 

factor is the thermal degradation of the high biomass content pellets due to their weak structural 

integrity (Refer to 3.4.3.5: Compressive Strength). Strandberg et al., (2018) conducted combustion 

experiments on biomass pellets and reported that rapid devolatilization compromises the structural 

integrity of the pellets and creates internal cavities. After the pellets decompose, the high flow rate 

of the flue gas suspends the decomposed particles in the air. Upon inspection of the inner stove 

compartments, large amounts of fly ash are observed in the heat exchanger, confirming the 

generation of fly ash. The inverse is valid for the 50% pellet, low-power experiments. The ash in the 

stove ash tray seems to keep its original pellet form after combustion, and some ash pellets formed 

clinkers. Upon closer inspection, the finer ash particles also formed smaller agglomerates, prohibiting 

fly ash production (Refer to Appendix E). This tendency could be a possible explanation for the low 

PM emission factors of these experiments. Table 5-12 summarises emission factors of PM from 

similar studies. 
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Table 5-12: Summary of PM emission factors from literature 

Study Fuel Power setting 
PM EF 
[g/MJ] 

This study 0% - 90% biomass pellets 
High-power 0.06 – 5.2 

Low-power 0.08 – 1.4 

(Sumbane-Prinsloo 
et al., 2021) 

15 mm – 40 mm lump coal - 0.75 – 5.41 

(Meyer et al., 2020) Grade A and D Lump coal 
High-power 0.02 – 0.04 

Low-power 0.20 – 0.24 

(Deng, Nie, Lu, et 
al., 2022) 

Biomass pellets 
High-power 0.01 – 0.05 

Low-power 0.03 – 0.13 

Lump coal and coal briquettes 
High-power 0.03 – 0.15 

Low-power 0.16 – 0.26 

 

The PM emission factors on the lower end are comparable to most studies, while those on the higher 

end are only comparable to the emission factors reported by Sumbane-Prinsloo et al., (2021). 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

This study investigated the thermal and emissions performance of the NWU semi-continuous stove 

using coal and torrefied wood blended pellets. This section summarises and concludes the key 

findings from this study. 

6.1 Summary of Findings 

Torrefaction of Biomass 

The torrefaction process was conducted on wood chips at an operating temperature of 278 °C (± 3 

°C) and a residence time of 60 minutes, resulting in a total mass loss of 36.4%. Post-torrefaction, 

the wood exhibited increased brittleness. Torrefaction reduced the wood's hygroscopic nature, 

decreasing its moisture absorption tendency. Chemical analysis indicated alterations in wood 

composition during torrefaction. Oxygen content decreased by 42%, while carbon content decreased 

by 31%. Torrefaction resulted in a 5% increase in calorific value. Breakdown of hemicellulose during 

torrefaction occurred at a temperature of 275 °C, with an 81% reduction.  

Extrusion of Blended Pellets 

The pellets produced through the extrusion process maintained their form, which can be attributed 

to the compression-based shaping during extrusion. This compression ensured structural integrity 

for intended applications. However, the compressive strength of the pellets decreased with 

increasing biomass content. Pellet blend compositions displayed a linear relationship between coal 

and torrefied biomass, indicating blend homogeneity. 

Stove Operation 

Pellets with higher biomass content exhibited increased fuel consumption correlated with volatile 

matter in the fuel, resulting in a proportional decrease in runtime. Notably, pellets with 0% biomass 

displayed the lowest fuel consumption rate. The relation between burn rate and biomass content 

was consistent in both high- and low-power experiments. Flue gas volumetric flow rate and velocity 

initially decrease with low biomass content but significantly increase with higher biomass content. 

Flue gas volume and velocity were primarily influenced by the burn rate. 

The fuel bed temperature consistently exceeded temperatures above the fuel bed, and temperature 

fluctuations caused by ash detachment occur during grate-shake procedures. As biomass content 

increases, temperature drops in the fuel bed become less frequent but more pronounced, attributed 

to pellet thermal degradation. The hopper's temperatures remain below 100 °C, with gradual fuel 
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ignition closer to the combustion zone. The fuel bed and region above it exhibit parallel temperature 

trends, with distinct fluctuations during grate-shaking, influencing CO2 and O2 concentrations. Grate-

shake procedures lead to rapid char oxidation and O2 shortages, increasing CO production. CO 

spikes during grate-shakes are higher during low-power experiments due to O2 taking longer to 

replenish. Oxygen deficiency occurs in combustion experiments with 75% and 90% biomass pellets, 

leading to elevated CO production. Fuel bed temperature decreases with rising CO concentration, 

reflecting the higher heat of formation for CO2. SO2 and NOx formation correlate with combustion 

zone temperature, indicating potential factors influencing sulphur retention and NO reactions with 

hydrocarbons. 

Thermal Performance 

The ignition times of fuels decrease with higher biomass content in both high and low-power 

experiments. Volatile matter, ash content, and compressive strength influence ignition times. High-

power settings accelerate combustion, resulting in shorter ignition times. Pellet composition, 

structural factors, and power settings collectively influence ignition times. Increasing biomass content 

leads to a rise in peak temperature until 75%, followed by a decline. Burn rates and peak 

temperatures increase with a decrease in pellet compressive strength. The stove in this study 

demonstrates higher biomass consumption rates but maintains a similar coal consumption rate 

compared to other biomass and coal stoves. Power output increases with biomass content in both 

high and low-power experiments. The rise in power output corresponds to an increase in burn rate 

and a decrease in calorific value. The study compares to similar research on coal stoves but notes 

differences attributable to stove design and fuel characteristics. The mass of fuel needed to raise 

water temperature increases with biomass content in high-power experiments but decreases beyond 

50% in low-power experiments. System efficiency decreases with increasing biomass content. The 

system efficiency displayed sensitivity to combustion dynamics and oxygen surplus in high-power 

experiments. In low-power experiments, system efficiency generally improves with biomass content. 

Cooking energy output and efficiency exhibit an inverse relationship, indicating diminishing returns 

at higher energy outputs. 

Emissions Performance 

High-power experiments displayed higher CO and CO2 emission factors than low-power 

experiments. CO and CO2 emissions decreased with pellets containing low biomass content and 

increased with higher biomass content. The NOₓ emission factors exhibited a decrease under low-

power conditions, consistent with previous research, and were positively correlated with the nitrogen 

content of the fuel. The study attributed the low NOₓ emission factors to the recycling of flue gas in 

the stove, potentially reducing NOₓ through reactions with hydrocarbons to form N-species. The SO2 
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emission factors demonstrated a complex pattern, initially decreasing with biomass content up to 

50%, followed by an increase. This trend was attributed to reactions with calcium species in the 

parent coal and the formation of CaSO4. The low-power experiments generally showed lower SO2 

emission factors. Particulate matter initially decreased with adding biomass and increased with 

higher biomass content pellets. High-power experiments showed higher PM emissions compared to 

low-power experiments. The PM emissions displayed sensitivity to flue gas velocity, promoting fly 

ash generation. High flue gas velocity and weak pellet integrity are the main factors influencing 

increased PM emissions during the combustion of pellets with high biomass content. 

6.2 Conclusion 

The torrefaction process proved effective in enhancing biomass's energy density while improving its 

physical and chemical properties. The effective use of extrusion, facilitated by compressive forces, 

enabled the production of blended pellets, although those with high biomass content required 

additional binder for proper agglomeration. However, adding biomass impacted the structural 

integrity of the pellets, leading to reduced overall stability. 

The NWU semi-continuous stove demonstrated high combustion efficiency with coal pellets, 

surpassing benchmarks found in literature. Furthermore, the stove exhibited comparable fuel 

consumption rates with low biomass content pellets and extremely high rates with high biomass 

content pellets. The stove did not effectively regulate airflow and combustion rate with high biomass 

content pellets. 

Challenges arose due to ash accumulation on the grate and the fuel bed. This ash accumulation 

intensified with increased biomass content. The proximity of the fuel in the hopper to the combustion 

zone facilitated ignition in the hopper, especially with high biomass pellets. The air supply’s proximity 

to the hopper promoted combustion of the fuel in the hopper.  

Nevertheless, the stove demonstrated effectiveness in boiling water at rates comparable to other 

stoves in literature, maintaining similar cooking efficiency. Emission performance varied, with lower 

SO2 emissions noted for pellets containing less than 50% biomass, low NOx emissions across all 

pellet blends, and low CO emissions associated with pellets containing 25% biomass or less. 

Notably, the stove produced low PM emissions with pellets containing up to 50% biomass but 

exhibited higher PM emissions with pellets containing more than 50% biomass. In conclusion, the 

NWU semi-continuous stove effectively burned blended fuel with up to 25% biomass. 
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6.3 Recommendations 

The stove design could be altered to facilitate biomass combustion with the following: 

• Relocate air inlet: The fuel in the hopper is in a direct path of the airflow to the combustion zone, 

leading to hopper combustion and inefficient use of the oxygen supply. Relocating the air inlet to 

the side of the stove, perpendicular to the combustion chamber, would prevent hopper ignition 

and decrease oxygen shortages.  

• Grate design: The fuel in the hopper rests on a grate that allows air to flow to the hopper. 

Modifying the grate with a steel plate on the hopper section would inhibit airflow to the hopper 

and subsequently reduce hopper ignition. This modification would not decrease the grate 

functionality.  

• Utilise an automated grate-shake to minimise human error during laboratory experiments 

focused on scientific accuracy and manual grate-shakes for experiments focused on the real-life 

performance of the stove.  

• Fuel properties: The fuel properties, such as particle size, can be altered to facilitate slower 

combustion. 

• Utility: The heat exchanger section of the stove is large enough to incorporate an oven utility 

within. This design should be incorporated while allowing flue gas circulation around the oven. 

• Investigate more accurate methods for determining the fuel burn rate regarding fuel temperature 

and moisture content during combustion experiments. 
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ANNEXURES  

APPENDIX A TORREFACTION PRE-TESTS 

Thermogravimetric analysis (TGA) was conducted on the raw pine wood to determine the material's 

thermal degradation and preselect the torrefaction conditions. Non-isothermal torrefaction tests were 

performed on the pine sawdust in a controlled nitrogen environment. 

From literature, torrefaction conditions are often chosen such that a mass loss of 30% to 35% is 

realised. This mass loss is usually where the hemicellulose breaks down (Kartal & Özveren, 2022; 

Prins et al., 2006; Zhou et al., 2013). The TGA data is used to investigate the temperature at which 

the hemicellulose breaks down, and the wood chips lose approximately 35% of their mass. 

The residence time was determined by testing larger quantities of wood chips to account for the 

effect the particles might have on one another. A pyrolysis oven was used to study the effect of time 

on the mass loss at a constant temperature. The oven schematic and equipment list are displayed 

in Figure A-1 and Table A-1, respectively. 

 

Figure A-1: Schematic of pyrolysis oven 
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Table A-1: Valve and instrument list of pyrolysis oven 

Displayed Text Description 

V-1 Pressure regulator 

V-2 Purge valve 

V-3 Pressure release valve 

V-4 Check valve 

V-5 Purge valve 

PI-01 Pressure indicator 

PI-02 Pressure indicator 

TIC-01 Temperature indicator and controller 

TIC-02 Temperature indicator and controller 

 

The torrefaction rig employed in the experiments aimed at determining the residence time for the 

torrefaction process. The oven temperature was maintained at 275 °C, a value established through 

TGA experiments, while the residence time was varied. Nitrogen was introduced into the oven to 

establish an inert atmosphere. A sample of wood chips weighing roughly 160 g was placed inside a 

porcelain sample holder and inserted into the oven. After the designated residence time, the sample 

was cooled and its mass recorded. 

Torrefaction pre-test results 

The derived mass loss from the TGA experiments is displayed in Figure A-2. 

 

Figure A-2: DTG analysis of raw pine sawdust 
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Thermogravimetric analysis was performed on the raw pine sawdust, and the resulting mass loss, 

expressed as percentage loss per degree Celsius (%/°C), was recorded. Figure A-3 shows a peak 

at approximately 275 °C, indicating a sufficient breakdown of hemicellulose and devolatilization.  

 

Figure A-3: Mass loss of raw pine sawdust during TGA 

Consequently, the torrefaction operating temperature was set at 275 °C to ensure a mass loss of 

approximately 35%. Zhou et al., (2013) conducted thermogravimetric analysis on hemicellulose and 

reported that peak breakdown occurred at 274 °C. 

Table A-2 displays the total mass reduction observed after torrefaction at specific residence times. 

Table A-2: Residence time and mass loss correlation 

Residence time (min) Final mass loss (%) 

30 26.7 

45 31.3 

60 35.5 

75 36.1 

 

The experiments demonstrated that a 60-minute residence period was ample for achieving full 

torrefaction. Consequently, based on these findings, the bulk torrefaction process was standardized 

to a 60-minute residence time. 
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APPENDIX B PELLETISATION PRE-TESTS 

Various lab-scale techniques were employed to produce pellets from the coal-biomass blends. This 

endeavour aimed to assess and determine the most suitable method for large-scale pellet 

production. 

The agglomeration method involves a rotating drum set to a specific RPM and angle. Water is 

incrementally added to the blends until the moisture content reaches approximately 10%. The fine 

particles from each blend are introduced into the drum, where centrifugal forces, coupled with gravity, 

promote the agglomeration of particles into spherical pellets. The angle and rotational speed of the 

drum are adjusted to control pellet size. 

The 100% coal blend pelletisation was successful with the drum pelletisation technique. However, it 

was observed that this technique was incompatible with the blends containing biomass. The 

dissimilarity in the physical properties of coal and torrefied wood led to an unfavourable outcome; 

only the coal particles successfully agglomerated within the drum, while the torrefied wood particles 

remained unagglomerated. This outcome compromised the intended biomass-to-coal ratio within the 

resulting pellets, deviating from the desired composition.  

Table B-1 shows the compressive strength of coal pellets produced via drum pelletisation and 

extrusion. 

Table B-1: Compressive strength of drum coal pellets and coal extrudates 

Method Compressive strength (MPa) 

Drum pellets 6.9 ± 0.8 

Extrudates 12.8 ± 0.9 

 

The extrudates show higher compressive strength compared to the drum pellets. This difference is 

due to extrusion using compression to produce pellets, whereas drum pelletisation relies on the 

agglomerative ability of the material. 
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APPENDIX C CARBON BALANCE 

The following carbon and mass balance is conducted on the 0% biomass, high-power combustion 

experiment. Figure C-1 shows the mass loss detected by the scale over time (
𝑑𝑚𝑎.𝑓

𝑑𝑡
). 

 

Figure C-1: dm/dt raw data 

The mass loss detected on an ash-free basis is retrieved from the scale recordings as raw data. The 

detected mass loss and fuel composition are then used to determine the carbon consumption rate 

(
𝑑𝑚𝐶

𝑑𝑡
) in fuel due to combustion using Equation 4-12. Figure C-2 shows the mass rate of carbon 

oxidising due to combustion. 

 

Figure C-2: Mass carbon consumption rate of fuel 

The mass consumption of the carbon is then converted to mole flowrate of carbon (
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Equation 4-13. Figure C-3 shows the mol rate of carbon oxidising due to combustion. 
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Figure C-3: Mol carbon consumption rate of fuel 

Assuming that the carbon consumed in combustion only converts to CO2 and CO and that the carbon 

in the fuel is the only source, then the molar flow rate of the flue gas (
𝑑𝑛𝑓𝑔

𝑑𝑡
) is determined using 

Equation 4-14. Figure C-4 shows the molar flow rate of the flue gas. 

 

Figure C-4: Mol flow rate of flue gas 

The molar flow rate of the flue gas is then used to determine the molar flow rates of the pollutants 

using Equation 4-15. 
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Figure C-5 displays the molar flow rates of CO2, CO, NOₓ, and SO2 in the flue gas. 

 

Figure C-5: Molar flow rates of CO2, CO, NOₓ, and SO2 in flue gas 

Integrating over the CO and CO₂ curves results in the total mole CO and CO2 detected in the flue 

gas throughout the entire experiment. The total mole carbon in the flue gas during this period can 

be determined using stoichiometry. The mole carbon is converted to mass using Equation 4-16. The 

unreacted carbon in the ash is quantified in Appendix E: Table E-2. The carbon recovery is 

determined by Equation C-1: 

 
%𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

𝑚𝐶,𝑓𝑙𝑢𝑒 + 𝑚𝐶,𝑎𝑠ℎ

𝑚𝐶,𝑓𝑢𝑒𝑙
∙ 100 

(C-1) 

Where 𝒎𝑪,𝒇𝒍𝒖𝒆 is the mass of carbon detected in the flue gas, 𝒎𝑪,𝒂𝒔𝒉 is the mass carbon in the ash 

post-combustion, and 𝒎𝑪,𝒇𝒖𝒆𝒍 is the mass of carbon in the fuel. Table C-1 shows the carbon balance 

over the fuel, ash, and flue gas of the combustion experiments of all pellet blends. 

Table C-1: Carbon balance over the fuel, ash, and flue gas example 
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0 2409 11.7 2564 107 
10 2372 3.4 2341 99 
25 2431 0.9 2494 103 
50 2405 0.6 2518 105 
75 2226 0.5 2310 104 
90 1576 0.4 1520 96 

Low-power 

0 2382 11.9 2466 104 
10 2532 3.5 2313 91 
25 2284 1.0 2296 101 
50 2268 0.6 2283 101 
75 2080 0.5 2013 97 
90 1434 0.4 1389 97 

APPENDIX D MASS BALANCE 

Table D-1 summarises the mass balance conducted in the combustion experiments. The carbon, 

sulphur, and nitrogen detected in CO2, CO, SO2, and NOₓ are displayed. 

Table D-1: Mass balance recovery through flue 

  % Recovery 

% Biomass C S N 

High-power 

0 107 24 8 

10 99 23 8 

25 103 23 10 

50 105 27 11 

75 104 96 9 

90 96 89 9 

Low-power 

0 104 25 6 

10 91 18 8 

25 101 23 8 

50 101 24 8 

75 97 44 7 

90 97 85 10 
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APPENDIX E ASH BEHAVIOUR 

Figure E-1 shows the ash tray after the high-power combustion experiment using 0% (a), 25% (b), and 75% (c) biomass pellets. 

 

 

Figure E-1: Ash tray after high-power combustion experiments using 0%, 25%, and 75% biomass pellets 

 

a b c 
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The 0% biomass to 50% pellets maintain their pellet form after combustion, as the ash appears to 

have agglomerative characteristics. The ash’s tendency to agglomerate inhibits the production of fly 

ash, producing less fly ash production. The 90% biomass pellets disintegrated during combustion. 

The ash of these pellets displayed no resemblance to their original pellet form. Following the 

combustion of the 90% biomass pellets, the ashtray contained wood chips that were used as fire 

starters. 

Table E-1 shows the proximate analysis results on the ash post-combustion of the pellets on a dry-

basis. 

Table E-1: Proximate analysis of pellet ash post-combustion (d.b) 

% Biomass 0 10 25 50 75 90 

Volatile matter 1.6 2.1 1.9 2.9 3 3.3 

Ash yield 90.0 95.3 97.2 96.2 95.6 93.8 

Fixed carbon 8.4 2.7 1.0 0.9 1.4 2.9 

 

The volatile matter in the ash increases with pellets containing increased biomass. The fixed carbon 

in the ash initially decreases with the addition of biomass and increases with pellets containing high 

biomass content. The unreacted carbon in the ash is determined with the proximate analysis of the 

ash in Table E-1 with Equation E-1: 

Equation E-1 determines the ash mass in the tray after each combustion experiment using the ash 

yield of the pellets (refer to Table 3-15) and the ash yield of the ash samples collected post-

combustion (Table E-1). This method accounts for the ash lost due to fly ash generation and avoids 

detecting other materials in the ashtray, like wood chips used as fire starters. The carbon in the 

volatile matter is assumed to be negligible in small quantities, as seen in the ash's proximate 

analysis.  

Table E-2 shows the mass unreacted carbon in the post-combustion ash for all pellet blends. 

Table E-2: Mass unreacted carbon in post-combustion ash for each pellet blend 

Mass unreacted carbon in ash (g) 

% Biomass 0 10 25 50 75 90 

High-power 11.7 3.4 0.9 0.6 0.5 0.4 

Low-power 11.9 3.5 1.0 0.6 0.5 0.4 

 

 

 𝑚𝑎𝑠ℎ =
𝑚𝑓 ∙ 𝑥𝑎𝑠ℎ.𝑓

𝑥𝑎𝑠ℎ.𝑎
 (E-1) 
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APPENDIX F EXPERIMENTAL UNCERTAINTY 

To determine the experimental repeatability, experiments were repeated at the same operating 

conditions.  

Fuel Consumption 

Figure F-1 and Figure F-2 display the fuel consumption of 10% biomass pellets at high-power and 

low-power with their respective repeats. 

 

Figure F-1: Fuel consumption of 10% biomass pellets as a function of time at high-power 

 

Figure F-2: Fuel consumption of 10% biomass pellets as a function of time at low-power 
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The mean mass loss recorded during the high-power experiments using 10% biomass pellets was 

0.51 %/min and 0.48 %/min (ash-free), respectively. This translates to a mean fuel consumption rate 

of 32 g/min and 30 g/min. The two experiments show a 0.03 %/min difference in mass loss and a 2 

g/min difference in fuel consumption rate. The deviation for these two experiments is 6.5%. The 

mean mass loss recorded during the low-power experiments using 10% biomass pellets was 0.38 

%/min and 0.40 %/min (ash-free), respectively. This translates to a fuel consumption rate of 23 g/min 

and 25 g/min. The two experiments show a 0.02 %/min difference in mean mass loss and a 2 g/min 

difference in fuel consumption. The deviation for these two experiments is then 8.3%.  

Stove temperature 

Figure F-3 displays the fuel bed temperature (T-07) during the high-power experiments using 0% 

biomass pellets.  

 

Figure F-3: Fuel bed temperature of high-power experiment using 0% biomass pellets. 
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procedure are similar. Run 1 displayed a peak temperature of 987 °C, and run 2 displayed a peak 

temperature of 1032 °C. The deviation between the peak temperature of the two experiments is 

4.5%. This comparison, excluding the peak temperature, is used qualitatively and, therefore, does 

not have a deviation. 
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Ignition times 

Table F-1 shows the ignition times of the repeat experiments for 0%, 10%, 75%, and 90% biomass 

pellets. 

Table F-1: Ignition times of repeated experiments 

Ignition Time (min:sec) 

% Biomass Run 0 10 75 90 

High-power 

1 36:20 24:10 06:20 03:50 

2 34:10 22:50 06:50 04:30 

Deviation 6.1% 5.7% 7.6% 16% 

Low-power 

1 47:30 38:30 - - 

2 50:10 40:30 - - 

Deviation 5.5% 5.1% - - 

 

The 90% biomass pellets displayed the largest difference deviation. This can be attributed to the 

highly volatile nature of the pellets. Outside factors can easily influence the ignition time, significantly 

affecting the ignition time. 

Power output 

Figure F-4 displays the power output of the high-power combustion experiments using 0% biomass 

pellets as a function of the mass fuel used (ash-free). 

 

Figure F-4: Power output of 0% biomass pellets over mass loss (a.f.b) 
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grate-shake procedure not being administered on time. This comparison is used qualitatively and 

does not have a value for a deviation. 

Water boiling test 

Table F-2 shows the water boiling times for the repeat experiments and their deviation. 

Table F-2: Water boiling test times of repeated experiments 

Boiling time 

% Biomass Run 0 10 50 

High-power 

1 11 8 6 
2 13 8 6 

Deviation 16.7% 0% 0% 

Low-power 

1 17 14 - 
2 20 11 - 

Deviation 16.2% 24% - 

 

The boiling times for the water boiling test show increased deviations for longer boiling times and 

decreased deviations for shorter boiling times.  

Emission factors 

Table F-3 shows the deviation determined for CO2 emission factors from various pellet blends. 

Table F-3: Deviation of CO2 emission factors  

% Biomass  0 10 25 50 

 High-power 

EF (g/MJ) 
1 97 90 89 90 

2 95 88 91 92 

 Deviation 2% 2% 2% 2% 

 Low-Power 

EF (g/MJ) 
1 95 90 - - 

2 92 84 - - 

 Deviation 3% 7% - - 
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Table F-4 shows the deviation determined for CO emission factors from various pellet blends. 

Table F-4: Deviation of CO emission factors 

% Biomass  0 10 25 50 

 High-power 

EF (g/MJ) 
1 1.41 0.90 0.87 0.77 

2 1.24 1.11 0.73 0.94 

 Deviation 13% 20% 18% 17% 

 Low-Power 

EF (g/MJ) 
1 2.05 0.57 - - 

2 2.26 0.72 - - 

 Deviation 10% 23% - - 

 

The deviation for CO is relatively high and inconsistent. This is due to the various factors that 

influence the combustion efficiency of the stove. The main contributing factor is the form of the 

pellets. The fuel bed differs for each combustion experiment, causing the airflow between the pellets 

to differ. This has a significant influence on the production of CO throughout the experiment. 

Table F-5 shows the deviation for SO2 emission factors from various pellet blends. 

Table F-5: Deviation of SO2 emission factors 

% Biomass  0 10 25 50 

 High-power 

EF (g/MJ) 
1 0.22 0.18 0.14 0.11 

2 0.20 0.20 0.15 0.12 

 Deviation 9% 10% 7% 9% 

 Low-Power 

EF (g/MJ) 
1 0.21 0.15 - - 

2 0.22 0.18 - - 

 Deviation 5% 18% - - 

 

Table F-6 shows the deviation for NOx emission factors from various pellet blends. 

Table F-6: Deviation of NOx emission factors 

% Biomass  0 10 25 50 

 High-power 

EF (g/MJ) 
1 0.10 0.11 0.10 0.11 

2 0.11 0.09 0.10 0.08 

 Deviation 9% 20% 0% 31% 

 Low-Power 

EF (g/MJ) 
1 0.09 0.10 - - 

2 0.10 0.08 - - 

 Deviation 9% 20% - - 
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Table F-7 shows the deviation for PM emission factors from various pellet blends. 

Table F-7: Deviation of PM emission factors 

% Biomass  0 10 25 50 

 High-power 

EF (g/MJ) 
1 0.06 0.04 0.05 0.48 

2 0.07 0.09 0.07 0.40 

 Deviation 15% 77% 33% 18% 

 Low-Power 

EF (g/MJ) 
1 0.08 0.18 - - 

2 0.10 0.23 - - 

 Deviation 22% 24% - - 

 

The deviations for the SO2 and NOx emission factors are high due to the emission factors being 

relatively small. Equipment accuracy becomes a contributing factor when readings are low. 
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APPENDIX G CALIBRATION CURVES 

Table G-1 shows the calibration data of two consecutive experiments.  

Table G-1: Calibration data of two consecutive experiments 

Run NOx SO2 CO CO2 O2 

Span Calibration 

1 1.0743 1.1762 1.1412 1.0095 0.9878 

2 1.0615 1.2066 1.1496 1.0062 0.9881 

Zero Calibration 

1 1 1 0 5 4 

2 1 0 0 4 3 

 

The calibration data only differs slightly after experimenting. 
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APPENDIX H COMBUSTION EXPERIMENT TEMPERATURE DATA 

Combustion chamber temperatures 

Figure H-1 and Figure H-2 show the combustion chamber temperature of the high-power and low-

power experiments using 0% biomass pellets. 

 

Figure H-1: Combustion chamber temperatures (0% biomass, high-power experiment) 

 

Figure H-2: Combustion chamber temperatures (0% biomass, Low-power experiment) 
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Figure H-3 and Figure H-4 show the combustion chamber temperature of the high-power and low-

power experiments using 10% biomass pellets. 

 

Figure H-3: Combustion chamber temperatures (10% biomass, high-power experiment) 

 

Figure H-4: Combustion chamber temperatures (10% biomass, low-power experiment) 
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Figure H-5 and Figure H-6 show the combustion chamber temperature of the high-power and low-

power experiments using 25% biomass pellets. 

 

Figure H-5: Combustion chamber temperatures (25% biomass, high-power experiment) 

 

Figure H-6: Combustion chamber temperatures (25% biomass, low-power experiment) 
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Figure H-7 and Figure H-8 show the combustion chamber temperature of the high-power and low-

power experiments using 50% biomass pellets. 

 

Figure H-7: Combustion chamber temperatures (50% biomass, high-power experiment) 

 

Figure H-8: Combustion chamber temperatures (50% biomass, low-power experiment) 
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Figure H-9 and Figure H-10 show the combustion chamber temperature of the high-power and low-

power experiments using 75% biomass pellets. 

 

Figure H-9: Combustion chamber temperatures (75% biomass, high-power experiment) 

 

Figure H-10: Combustion chamber temperatures (75% biomass, low-power experiment) 
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Figure H-11 and Figure H-12 show the combustion chamber temperature of the high-power and 

low-power experiments using 90% biomass pellets. 

 

Figure H-11: Combustion chamber temperatures (90% biomass, high-power experiment) 

 

Figure H-12: Combustion chamber temperatures (90% biomass, low-power experiment) 
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Hopper temperatures 

Figure H-13 and Figure H-14 show the hopper temperatures for the high-power and low-power 

experiments using 0% biomass pellets. 

 

Figure H-13: Hopper temperatures (0% biomass, high-power experiment) 

 

Figure H-14: Hopper temperatures (0% biomass, low-power experiment) 
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Figure H-15 and Figure H-16 show the hopper temperatures for the high-power and low-power 

experiments using 10% biomass pellets. 

 

Figure H-15: Hopper temperatures (10% biomass, high-power experiment) 

 

Figure H-16: Hopper temperatures (10% biomass, low-power experiment) 
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Figure H-17 and Figure H-18 show the hopper temperatures for the high-power and low-power 

experiments using 25% biomass pellets. 

 

Figure H-17: Hopper temperatures (25% biomass, high-power experiment) 

 

Figure H-18: Hopper temperatures (25% biomass, low-power experiment) 
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Figure H-19 and Figure H-20 show the hopper temperatures for the high-power and low-power 

experiments using 50% biomass pellets. 

 

Figure H-19: Hopper temperatures (50% biomass, high-power experiment) 

 

Figure H-20: Hopper temperatures (50% biomass, low-power experiment) 
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Figure H-21 and Figure H-22 show the hopper temperatures for the high-power and low-power 

experiments using 75% biomass pellets. 

 

Figure H-21: Hopper temperatures (75% biomass, high-power experiment) 

 

Figure H-22: Hopper temperatures (75% biomass, low-power experiment) 
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Figure H-23 and Figure H-24 show the hopper temperatures for the high-power and low-power 

experiments using 90% biomass pellets. 

 

Figure H-23: Hopper temperatures (90% biomass, high-power experiment) 

 

Figure H-24: Hopper temperatures (90% biomass, low-power experiment) 
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APPENDIX I OBSERVED FLUE GAS COMPOSITION 

Figure I-1 and Figure I-2 display the CO2, O2, and CO concentrations in the flue gas during the high-

power and low-power combustion experiments of the 0% biomass pellets. 

 

Figure I-1: CO2, O2, and CO concentrations over time (0% biomass, high-power experiment) 

 

Figure I-2: CO2, O2, and CO concentrations over time (0% biomass, low-power experiment) 
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Figure I-3 and Figure I-4 display the CO2, O2, and CO concentrations in the flue gas during the high-

power and low-power combustion experiments of the 10% biomass pellets. 

 

Figure I-3: CO2, O2, and CO concentrations over time (10% biomass, high-power experiment) 

 

Figure I-4: CO2, O2, and CO concentrations over time (10% biomass, low-power experiment) 
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Figure I-5 and Figure I-6 display the CO2, O2, and CO concentrations in the flue gas during the high-

power and low-power combustion experiments of the 25% biomass pellets. 

 

Figure I-5: CO2, O2, and CO concentrations over time (25% biomass, high-power experiment) 

 

Figure I-6: CO2, O2, and CO concentrations over time (25% biomass, low-power experiment) 
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Figure I-7 and Figure I-8 display the CO2, O2, and CO concentrations in the flue gas during the high-

power and low-power combustion experiments of the 50% biomass pellets. 

 

Figure I-7: CO2, O2, and CO concentrations over time (50% biomass, high-power experiment) 

 

Figure I-8: CO2, O2, and CO concentrations over time (50% biomass, low-power experiment) 
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Figure I-9 and Figure I-10 display the CO2, O2, and CO concentrations in the flue gas during the 

high-power and low-power combustion experiments of the 75% biomass pellets. 

 

Figure I-9: CO2, O2, and CO concentrations over time (75% biomass, high-power experiment) 

 

Figure I-10: CO2, O2, and CO concentrations over time (75% biomass, low-power experiment) 
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Figure I-11 and Figure I-12 display the CO2, O2, and CO concentrations in the flue gas during the 

high-power and low-power combustion experiments of the 90% biomass pellets. 

 

Figure I-11: CO2, O2, and CO concentrations over time (90% biomass, high-power experiment) 

 

Figure I-12: CO2, O2, and CO concentrations over time (90% biomass, low-power experiment) 

  

 

 

 

 

0

2000

4000

6000

8000

10000

12000

14000

0

5

10

15

20

25

0 10 20 30 40 50 60

C
O

 c
o

n
ce

n
tr

at
io

n
 (

p
p

m
)

C
o

n
ce

n
tr

at
io

n
 (v

o
l %

)

Time (min)
CO₂ O₂ CO Grate-shake

0

2000

4000

6000

8000

10000

12000

14000

0

5

10

15

20

25

0 10 20 30 40 50 60

C
O

 c
o

n
ce

n
tr

at
io

n
 (

p
p

m
)

C
o

n
ce

n
tr

at
io

n
 (v

o
l %

)

Time (min)
CO₂ O₂ CO Grate-shake



 

152 

APPENDIX J COMBUSTION TEMPERATURE AND CO/SO2/NOX 

Figure J-1 shows the CO, SO2, and NOx concentration and combustion temperature during high-

power combustion experiments using 0% biomass pellets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure J-1: CO, SO2, and NOx concentration and combustion zone temperature over time (0% 

biomass, high-power experiment) 
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Figure J-2 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 0% biomass pellets. 
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Figure J-2: CO, SO2, and NOx concentration and combustion zone temperature over time (0% 
biomass, low-power experiment) 
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Figure J-3 shows the CO, SO2, and NOx concentrations and combustion temperature during high-

power combustion experiments using 10% biomass pellets. 
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Figure J-3: CO, SO2, and NOx concentration and combustion zone temperature over time (10% 
biomass, high-power experiment) 
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Figure J-4 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 10% biomass pellets. 
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Figure J-4: CO, SO2, and NOx concentration and combustion zone temperature over time (10% 
biomass, low-power experiment) 
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Figure J-5 shows the CO, SO2, and NOx concentrations and combustion temperature during high-

power combustion experiments using 25% biomass pellets. 
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Figure J-5: CO, SO2, and NOx concentration and combustion zone temperature over time (25% 
biomass, high-power experiment) 
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Figure J-6 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 25% biomass pellets. 
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Figure J-6: CO, SO2, and NOx concentration and combustion zone temperature over time (25% 
biomass, low-power experiment) 



 

158 

Figure J-7 shows the CO, SO2, and NOx concentrations and combustion temperature during high-

power combustion experiments using 50% biomass pellets. 
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Figure J-7: CO, SO2, and NOx concentration and combustion zone temperature over time (50% 
biomass, high-power experiment) 



 

159 

Figure J-8 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 50% biomass pellets. 
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Figure J-8: CO, SO2, and NOx concentration and combustion zone temperature over time (50% 
biomass, low-power experiment) 
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Figure J-9 shows the CO, SO2, and NOx concentrations and combustion temperature during high-

power combustion experiments using 75% biomass pellets. 
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Figure J-9: CO, SO2, and NOx concentration and combustion zone temperature over time (75% 
biomass, high-power experiment) 
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Figure J-10 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 75% biomass pellets. 
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Figure J-10: CO, SO2, and NOx concentration and combustion zone temperature over time (75% 
biomass, low-power experiment) 
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Figure J-11 shows the CO, SO2, and NOx concentrations and combustion temperature during high-

power combustion experiments using 90% biomass pellets. 
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Figure J-11: CO, SO2, and NOx concentration and combustion zone temperature over time (90% 
biomass, high-power experiment) 
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Figure J-12 shows the CO, SO2, and NOx concentrations and combustion temperature during low-

power combustion experiments using 90% biomass pellets. 
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Figure J-12: CO, SO2, and NOx concentration and combustion zone temperature over time (90% 
biomass, low-power experiment) 


