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ABSTRACT 

The world is currently challenged with an energy crisis associated with global warming, and 

environmental pollution caused by the increase of global population and industrial activities. 

Renewable energy sources such as biomass is an alternative source of fuel to traditional fossil 

fuel sources and their use could be an important contributor in satisfying South Africa’s 

growing energy demand. Biomass usually consists of an animal, forest, and agricultural 

residues. South Africa being the largest producer of maize (corn) in Africa generates 

approximately 5.1 million metric tonnes of corn residues per annum as agricultural wastes 

remain untapped. This is a potential renewable feedstock that is sustainably available with no 

competition for resources with no food/feed production. This study aimed to add value to corn-

stover (CS) by converting it into an eco-friendly solid fuel (briquettes) with high carbon content 

and high calorific value (HHV) to meet the increasing energy demand in South Africa through 

slow pyrolysis and densification process. This work investigated biochar and char briquettes 

in terms of its ultimate and proximate analyses. Moreover, a statistical optimisation tool, central 

composite design (CCD) was used to maximise the production of high-quality briquettes, in 

terms of HHV, compaction pressure, durability, and density. Furthermore, the optimised 

conditions were used to develop a process design and economic evaluation of a briquette 

production scale-up plant. The results indicate that the HHV (25.5-28.81 MJ/kg) of the 

briquettes was only influenced by binder concentration. Whereas the compressive strength 

(3.45-6.11 N/mm2) and density (420-788 kg/m3) of the briquettes were both influenced by 

compaction pressure and binder concentration. Finally, the results show that all 3 factors 

influenced the durability (97-100%) of the briquettes.  Therefore, under these optimised 

conditions compression pressure (40MPa), binder concentration (8.74%) and drying 

temperature (21.6 ºC), HHV, compressive strength, density and durability as predicted by the 

respective developed models are 27.32 MJ/kg, 5.48 N/mm2, 770.40 m3/kg and 98.87% 

respectively. These briquettes were comparable to that of domestic char bio-briquettes made 

from wood, and South African bituminous A grade coal used for domestic and industrial 

purposes. Techno-economic analysis of 550 kg/h of CS briquetting plant showed that it was 

able to generate 300 kg/h of dry briquettes. The economic evaluation of this study showed 

that with a total capital investment (TCI) of $518 790.68 the plant was found to be economically 

feasible with a DBPB <4 years and DCFROR >30%. Although this study is seen to be 

technically and economically profitable, the goals and environmental surroundings of the 

project should be decided based on the location and availability of feedstock. 
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CHAPTER ONE  

1. INTRODUCTION 

1.1. Introduction  

With the increasing global population and industrial activities, the world is currently challenged 

with energy crisis and waste management issues owing to the exhaustion of conventional fuel 

reserves and excessive waste generation. Fossil fuels consumption is increasingly becoming 

a major concern globally and locally due to their high greenhouse gases emissions, pollution 

to the environment and global warming contribution (Helwani et al., 2018). Consequently, 

these continuously increase the gap between environmental sustainability and economic 

growth thus leading to sustainable energy sources and waste management methods being 

implemented (Nizami et al., 2017). Mostly, waste management approaches are for pollution 

reduction and public health protection. However, it is essential to have an integrated approach 

that not only focuses on waste management but also energy recovery from these residues. 

Bioenergy is derived from biological sources, and it has recently gained interest due to it being 

renewable unlike, conventional fossil fuel. Renewable energy particularly lignocellulosic 

biomass is inexpensive and abundant, and it is derived from organic matter such as forest 

residue, agricultural residue, and municipal waste (Hiremath et al., 2009; Qiao et al., 2018). 

Furthermore, the properties of biomass such as low sulphur, and nitrogen content in addition 

to being CO2 neutral makes it a promising renewable energy source (Balasubramani et al., 

2016). South Africa is very active in crop production and its major driver is the agricultural 

sector. This indicates the potential of abundant agricultural residues/wastes attributed to the 

increase in food demand from population growth and rural-urban migration (Mohlala et al., 

2016).  

South Africa the largest producer of maize in Africa, is estimated to generate approximately 

16 million metric tonnes of corn-stover (CS) per annum. The untapped CS is around 5.1 million 

metric tonnes of total CS and is available in excess yearly (Batidzirai et al., 2016). Corn stover 

consist of the leaves, stalks and stems of a maize plant that remains after harvest (Schon, 

2012). In most cases, CS is used as a soil amendment and animal feed and the remaining 

gets disposed of or destroyed by burning for preparation of the next harvest (Anukam et al., 

2017).  Therefore, the disposal of these biomass wastes constitutes inefficiently can pose a 

threat to the environment by causing pollution and contributing to climate change during 

decomposition (Mohlala et al., 2016). 

Nevertheless, the significant amount of the biomass waste generated yearly can be converted 

to useful products. This essentially shifts the dependency on fossil fuels to using energy 
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conceived from the sunlight of which is renewable (Dhyani & Bhaskar, 2018). In addition to 

South Africa’s major energy challenges such as unplanned outages, high energy tariffs, and 

poor power infrastructure development, a significant energy shortage in low-income 

households is a serious issue (Pollet et al., 2015). To eradicate this, incorporating and 

harnessing the potential benefits of biomass residue will assist to secure a reliable energy 

supply to meet the basic living needs of the middle class and urban poor (Essex & Groot, 

2019). 

However, due to biomass’ unstable material and low energy and bulk density, it becomes very 

difficult to store and transport loose biomass. This is associated with high operational cost 

(Laird et al., 2010). Additionally, directly burning biomass leads to inefficient use of energy due 

to its hygroscopic nature (Si et al., 2016). Therefore, it is essential to use low cost, and 

environmentally friendly technologies to utilise these biomass residues efficiently.  Conversion 

process such as biological, thermochemical, and physical processes are commonly used or 

integrated to treat different residue feedstocks to produce value-added products for chemicals, 

fuel, power, and heat (Nizami et al., 2017). 

These biomass types can be utilised using one of the thermochemical processes known as 

pyrolysis (Russell et al. 2017). The pyrolysis process leaves a carbon-rich solid residue (char) 

from the thermal decomposition of organic polymers that release vapours of various molecular 

weight compounds (Park et al., 2014). These pyrolytic vapours can be separated into 

condensable and non-condensable volatiles (oil and gases). This technology can be 

integrated with the densification process to produce charcoal briquettes from the derived 

biochar in the pyrolysis process. Densification is also known as briquetting/pelletising is one 

of the most common ways to convert biomass into solid fuels by densifying the material into a 

uniform shape and increase its energy and bulk density (Si et al., 2018). Densification not only 

increases the bulk density of the biomass from approximately 40-200 kg/m3 up to 600-800 

kg/m3, but it also helps with handling, storage, and transportation-related problems (Brand et 

al., 2017). Pressure agglomeration which involves mechanical compression and tumble 

agglomeration where binding agents are used are the two key approaches in the briquetting 

process (Bajwa et al., 2018). 

Briquettes are blocks of combustible energy carrier made from typically compressed biomass 

residue for heating and cooking purposes (Onchieku et al, 2012). They are sustainable and 

eco-friendly, and their properties can be comparable to that of firewood and coal. Thermal and 

physical properties such as heating value, ash content, volatile matter content, moisture 

content, fixed carbon content and density amongst others are used to determine the quality of 

briquettes (Wilson, 2016). These properties are influenced by factors such as compaction 
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pressure, particle size, moisture content, drying temperature, binder ratio/concentration and 

others (Kaliyan & More, 2009b).  There is a wide range of studies that have shown the 

utilisation of corn-stover in South Africa particularly for bioethanol, biochar, bio-oil, and gases 

(Mohlala et al., 2016). However, there is a dearth of literature that covers the production of 

biochar briquettes from corn-stover (CS). Pyrolysis and densification are intricate and 

challenging processes and with each biomass material having unique process variables for 

briquettes to be produced with desirable thermal and physical properties, optimum process 

variables need to be determined. 

Therefore, the main aim of this study is to encourage sustainable growth through the creation 

of value addition to the CS into an eco-friendly solid fuel with high carbon content and high 

calorific value to meet the increasing energy demand in South Africa. This will be achieved by 

determining the influence of the densification parameters on the quality of the product 

employing experiments with a factorial design. The physical and densification characteristics 

of briquettes will be accessed via ultimate and proximate analyses. Statistical software 

package Design-Expert® will be used to optimise targeted variables due to their major 

advantages that they do use rough estimation and allows a larger number of factors to be 

assessed.  The targeted variables compaction pressure, binder concentration and drying 

temperature. Also, the economic analysis of the briquetting process be will then be assessed 

in terms of the major costs and SuperPro Designer® will be employed. 

1.2. Research problem  

The depletion of energy resources and the environmental impacts related to the use of 

conventional fossil fuels are major global concerns. Hence, there is a strong interest worldwide 

in the development of technologies that exploit renewable energy sources. Corn stover can 

be a major pollutant as solid waste and its disposal can be challenging which can pose a 

harmful threat to the environment. Corn-stover is a naturally abundant, potential energy 

source, that is promising to relieve energy scarcity. It can be treated via thermochemical and 

compaction technologies. Thus, integrating a strategy aimed at both reduction of pollution and 

energy generation by producing clean high-density fuels. 

1.3. Hypothesis and research questions  

It is hypothesised that energy can be harnessed from CS waste as solid fuel in the form of 

briquette. To validate the hypothesis, the following questions were formulated: 

• Can the biomass briquetting of biochar from corn residues be improved through 

process optimisation?  

• Is the process technically and economically feasible in the South African context? 
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1.4. Research aim & objectives  

This study explored the potential of CS as a feedstock for eco-friendly solid fuel production to 

meet the increasing energy demand in South Africa and to answer the research questions and 

achieve the aim, the following objectives were developed: 

• To produce biochar using slow pyrolysis at optimum conditions   

• To investigate carbonised corn-stover (CCS) /Briquette as an alternative fuel 

source to coal by characterisation 

• To optimise the densification of CS into briquettes 

• To investigate the techno-economic feasibility of the briquetting process  

1.5. Significance of research 

The search for renewable resources to replace the traditional fossil fuels and environmental 

issues motivates the need to explore other alternatives for producing green and clean energy. 

This research will be of significant benefits to relieve the energy crisis especially in small 

communities, the need for raw material and environmental issues. Hence the following 

rationale and significance could be an outcome based on the research scopes and objectives 

mentioned above: 

• Minimisation of handling, transport, and storage of corn-residues 

• Production of a valuable product (bio-briquette) from CS biomass waste  

• Production of alternative portable renewable energy source 

• Relief of environmental issues (waste management) 

1.6. Delineation/ limitations  

In this study, slow pyrolysis technology was used to produce biochar at optimum conditions 

obtained from the literature. While three products were produced via pyrolysis only char was 

utilised to produce briquettes. This study is only limited to the technical feasibility aspects of 

producing carbonised briquettes from CS. 

1.7. Thesis outline  

Chapter 1: This chapter provides a brief introduction to the thesis. It covers the problem 

statement, hypothesis, objectives, significance, and delineation of the study. 

Chapter 2: This chapter contains an overview of the literature that regarding lignocellulose 

biomass resource, agricultural residues and their micro-components, thermochemical and 
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densification processes. It describes the desirable briquette qualities, factors affecting 

briquetting, process optimisation as well as economic theory and analysis. 

Chapter 3: This chapter covers the research design and methodology. It describes the 

materials and methods used in this study to determine the objectives. The sampling 

procedures, production processes, analytical and optimisation techniques are described. 

Chapter 4: This chapter entails the results and discussion of the characterisation of the raw 

CS, biochar, and briquettes as well as the process optimisation of briquetting.  

Chapter 5: This chapter covers results and discussion of the techno-economic analysis which 

entails the process development and economic analysis of briquette. 

Chapter 6: This chapter entails the general conclusions and recommendations of the current 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

CHAPTER TWO  

2. LITERATURE REVIEW 

2.1. Biomass resource 

The organic polymers originally produced by sunlight is called biomass. It is a dry matter which 

is an abundant and very cheap source of renewable energy and can be referred to as 

lignocellulosic biomass (Dhyani & Bhaskar, 2018; Park et al., 2014). The categories of typical 

lignocellulose biomass sources are shown in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

Field residues       Softwoods        e.g Solid      e.g Food waste,      e.g Chemical     Perennial  

e.g Leaves,        e.g Pine,          Cattle manure    Newspaper,            pulps, Primary  grasses 

Stovers, Straws,      Cedar, Spruce,                           Kraft paper,             waste water      e.g Phalaris 

Seed pods        Cypress         Sorted refuse          solid                  Aquaric  

Processing         Hardwoods                                                                                        Plants 

residues        e.g Poplar,                              e.g Eichomia 

e.g Bagasse,        Willow, Oak 

Husks, Cobs,        Forests wastes 

Seeds, Rods        e.g Sawdust, 

         Woodchips 

 

Biomass resources 

Whole 
plants 

Forest 

biomass 

Agro-

wastes 

Municipal 

solid 
wastes 

Industrial 

wastes 

Agricultural 

residues 

 

Figure 2.1: Available resource of biomass waste (Adapted from Zabed et al., 2016). 

 

Lignocellulose biomass can be divided into mainly forest biomass and residues, municipal 

wastes, animal wastes and agricultural residues as demonstrated in Figure 2.1 (Biswas et al., 
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2017; Akubo et al., 2019). Biomass resources are cheap and easy to access as wastes than 

conventional fuel on an energy basis (Dhyani & Bhaskar, 2018). They contribute 10% globally 

as primary energy supply and have the potential to supplement fossil fuels in the rural 

economy as a source of energy (Naqvi et al., 2018).  

2.1.1. Agricultural residues  

The world’s total biomass is made up of agricultural residues obtained from crops which are 

wheat, rice, sugarcane, and corn (Zabed et al., 2016; Biswas et al., 2017). Apart from being 

environmentally friendly, agricultural residues are considered as short-harvest ration which 

makes them more readily available than forest residues and reduces the reliance on woody 

biomass which causes deforestation (Limayem and Rickle, 2012). Therefore, different high-

value products such as biofuels and added fine chemicals can be produced from the hugely 

available amount of agricultural residues. Agricultural residues possess high energy content 

in the form of cellulose, hemicellulose, and lignin (Biswas et al., 2017). According to Limayem 

and Rickle (2012), they are 25-35% more hemicellulosic than forest biomass. Potential 

agricultural lignocellulosic feedstocks and their composition are described in Table 2.1.  

 Table 2.1: Potential agricultural lignocellulosic feedstocks and their composition. 

Biomass Component composition (wt.%) Reference 

  Lignin Hemicellulose Cellulose   

Sugarcane bagasse  20 25 42-48 (Anwar et al., 2014) 

Rice straw 18 24 32.1 (Moneim et al., 2018) 

Corn stover 14.4 30.7 51.2 

(Dhyani & Bhaskar, 2018) Wheat straw 15-16.4 27.3-50 42-45 

Corn cobs 14-15 35-39 42-45 

(Zabed et al., 2016) Barley straw 14-19 27-38 31-45 

 

Agricultural residue’s high levels of hemicellulose (24-32%) and low levels of lignin (3-13%) 

makes them advantageous over woody biomass because they do not require as much energy 

during pre-treatment such as size reduction of their a less resistant texture (Limayem and 

Rickle, 2012). 

2.1.2. Lignocellulose biomass physicochemical characteristics 

Approximately 70% of the total biomass is made up of cellulose and hemicellulose. Due to 

covalent and hydrogen bonds, they are directly linked to the lignin component which makes 

the structure highly robust and resistant to any treatment (Limayem and Rickle, 2012; Viikari 

et al., 2012).  According to Zabed et al. (2016), the recalcitrance is attributable to the 
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crystallinity of cellulose, accessible surface area, and protection by lignin, and heterogeneous 

character of the biomass particle. As shown in Table 2.1 cellulose, hemicellulose and lignin 

proportions of lignocellulosic biomass components differ according to biomass types which 

gives variation in the digestibility. 

 

Figure 2.2: Components of lignocellulosic biomass: (a) cellulose, (b) structure monomers of hemicellulose, and 
(c) lignin (Dhyani & Bhaskar, 2018). 

2.1.2.1. Cellulose 

Cellulose (Figure 2. 2. a)) is an organic polymer that contributes approximately 30% of the 

plant composition (Limayem and Rickle, 2012). The polymer is joined with linear chains up to 

12 000 residues containing glucose and it is largely composed of (1,4)-D-glucopyranose units 

with an average molecular weight of around 100 000 which are connected by β-1,4 linkages 

(Anwar et al., 2014). This cross-link between numerous hydroxyl groups creates extensive 

hydrogen bonds among the cellulose molecules forming microfibrils that result in a crystalline 

matrix structure which makes molecules more rigid and water-insoluble and resistant to de-

polymerisation (Zabed et al., 2016). 

2.1.2.2. Hemicellulose 

Hemicellulose (Figure 2.2. b)) is a heterogeneous group of branched polysaccharides 

surrounding the cellulose fibres which is a connecting link to cellulose and lignin and its 

structure element contains various monomers such as glucose, galactose, mannose, xylose, 

arabinose, and glucuronic acid (Dhyani and Bhaskar, 2018). The β-1, 4 linkages that include 

approximately 90% D–xylose and 10% L–arabinose are made up of xylan which is the 

backbone chain of the polymer (Zabed et al., 2016). Comparing hemicellulose to cellulose, 

the degree of polymerisation is much lower by 50-200 monomers. Also, hemicellulose is 
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amorphous and has lower physical strength which makes it susceptible to hydrolysis by dilute 

acids, alkalis, and enzymes (Dhyani and Bhaskar, 2018). 

2.1.2.3. Lignin 

Lignin (Figure 4.2. c)) is a heterogeneous polymer that contributes approximately 10-25% of 

the biomass by weight and is largely composed of long-chain phenyl-propane units that are 

commonly linked by ether bonds (Anwar et al., 2014). It is present in all lignocellulosic 

biomass, and it binds cell walls component together by filling the gab around and between the 

cellulose and hemicellulose polymers (Dhyani and Bhaskar, 2018; Anwar et al., 2014). There 

is approximately 3-15% of lignin in agricultural residues (Zabed et al., 2016). 

2.1.3. Corn residues 

As mentioned earlier, agricultural residues make up a huge amount of the total biomass and 

its utilisation for bioenergy production is common for many countries but there is little 

experience in energy conversion for other agricultural residues (corn residues) for solid fuels 

production (Batidzarai et al., 2016). Thus, this study focuses on the use of South Africa’s staple 

food maize, where the interest is the corn-stover (CS) for bio-briquettes production.  

2.1.3.1.  Description of corn-stover 

Corn-stover is usually left in the field after the harvest of maize (Figure2.3). Its structural 

components comprise the leaves, stalks, husks and stem without the grain, accounting for 

80% of the corn residue in agricultural crop production (Barten, 2013). According to Danje 

(2011), CS contains 32.4% cellulose, 40.8% hemicellulose and 25% lignin. This composition 

illustrates that CS has a great potential as renewable raw material just like corn cobs. Due to 

the abundance of CS, it attracts interest in the energy sector to be used as a raw material to 

produce solid composite fuel known as briquettes for industrial and domestic uses (Klingenfeld 

et al., 2008). 

 

Figure 2.3: Corn stover biomass (Thoreson et al., 2010). 
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2.1.3.2. Characterisation  

Agricultural Biomass feedstocks have a variety of characteristics that are essential when 

considering their potential use (Milhollin et al., 2011). The key chemical characteristics in terms 

of HHV, ultimate and proximate analyses of various agricultural feedstocks are detailed in 

Table 2.2.  

 Table 2.2: Chemical characteristics in terms of HHV, ultimate and proximate analysis of various feedstocks. 

Reference (Capunitan 

& 

Capareda, 

2012) 

(Park et al., 

2014) 

(Dhyani & Bhaskar, 

2018) 

(Biswas et al., 2017) 

Biomass Corn-stover Rice straw 

Barley 

straw 

Flax 

straw 

Wheat 

straw 

Corn 

cob 

Ultimate analysis (wt%, dry basis) 

C 44.30 48.75 41.40 43.10 38.34 42.10 

H 6.28 5.98 6.20 6.20 5.47 5.90 

N 0.80 1.99 0.63 0.68 0.60 0.50 

S 0.23 - 0.01 0.09 0.37 0.48 

O 41.80 43.20 51.70 49.93 55.22 51.02 

Proximate analysis (wt. %, dry basis) 

Ash content 6.62 22.55 9.80 3.00 6.63 2.30 

Volatile 

matter 
78.70 60.84 78.50 80.20 83.08 91.60 

Fixed 

content 
14.70 16.61 4.80 8.80 10.29 6.54 

Moisture 6.18 7.30 6.90 7.90 12.81 12.77 

HHV (MJ/kg) 17.00 13.45 15.70 17.00 14.68 16.00 

 

According to Capunitan and Capareda, (2012) for biomass to render as suitable biofuel, the 

oxygen content must be reduced to improve its heating value. The authors further mentioned 

that it is desirable to have biomass with relatively low ash content and high volatile matter as 

a feedstock during any conversion process, because it readily releases a lot of volatile 

compounds while leaving the solid product with less ash and high fixed carbon content. Hence, 

improving its heating value and rendering it a valuable solid fuel. As shown in Table 2.2, CS 

is desirable as a potential feedstock for biofuel production as not only does it have lower ash 

contents and high volatile matter and it also has lower sulphur contents as well as being carbon 
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neutral. Also, although materials burn better than others, the easy access and availability of 

biomass is usually the determining factor for raw material selection (Sani, 2008). 

2.2. Corn-stover availability and its current use  

The agricultural sector generates corn residues every year particularly corn-stover (Salema et 

al., 2017). Power plants, cellulosic ethanol plants, and biomass densification businesses 

would be interested in potentially using this feedstock (Milhollin et al., 2011). It is estimated 

that a total amount of 16 million tonnes of CS biomass is generated per year in South Africa. 

This total includes the below and above ground biomass at 6.3 million and 9.7 million tonnes, 

respectively. CS is potentially available in different provinces across South Africa, with 

significant amounts in Mpumalanga (31%), Free State (32%) and Northern Cape (26%) 

(Batidzirai et al., 2016). Conventionally, CS is used for animal bedding and feed and as well 

as a soil amendment. (Klingenfeld, 2008; Salema et al., 2017). However, excess biomass 

remains, and the need to safely dispose of it is still a challenge (Huang et al., 2013). It is 

important to note that the below-ground biomass is not available for removal and can only be 

used for soil organic control maintenance. Therefore, the required CS for soil erosion control 

is about 4.2 million tonnes and about 9.3 million tonnes for soil organic carbon (SOC) 

maintenance. For districts that have excess residue, it is estimated that about 260 thousand 

tonnes of CS account for animal feed. This results in about 5.1 million tonnes of total CS that 

remains and is available in excess per year after the combined estimated required 9.5 million 

tonnes for soil amendment and animal feed (Batidzirai et al., 2016). This motivates the use of 

the most abundant agricultural biomass CS as the feedstock in this study.   

2.3. Limitations 

Despite CS being a potential renewable energy source, it has a very low bulk density, irregular 

shapes, and sizes, has high moisture content making it to be difficult to handle, transport and 

store (Wang et al., 2011). CS has a potential challenge such as high alkaline content in the 

stover ash when directly combusted. This usually causes slagging and fouling during burning 

in boilers etc (Milhollin et al., 2011). Also, CS as loose biomass tends to retain the moisture 

content of about 33% and high moisture content affects its higher heating value. The heating 

values of CS and various other solid fuels are shown in Table 2.3 where CS has the lowest 

HHV value in comparison to conventional fuels due to the characteristics it possesses. 
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Table 2.3: The heating values of corn-stover and various other solid fuels (NCPC-SA, 2019; Capunitan & 
Capareda, 2012). 

Fuel HCV (MJ/kg) 

Light fuel oil 44 

Heavy fuel oil 41.8 

Diesel 45.6 

Petrol 46.4 

Coal (Bituminous) 30.2 

Coal (Sub-bituminous) 24.4 

Wood fuel (dry) 16.2 

Natural gas (LNG) 55.2 

Liquid petroleum gas (LPG) 49.3 

Corn-stover 17 

 

2.4. Biomass conversion technologies  

To manage waste sustainably and meet the increasing energy demand, using cost-effective 

conversion technologies seems to be a solution. To convert biomass waste into fuels 

biochemical, thermochemical, and physical processes are often used (Nizami et al., 2017). An 

appropriate conversion method is selected based on the type and amount of biomass, desired 

products, environmental and economic standards, and conditions (Chen, 2012). 

 

2.4.1. Biochemical processes 

Biochemical conversion is when biomass is converted into reducing sugars by breaking down 

molecules into smaller molecules through pre-treatment (Shen et al., 2015). Digestion 

(anaerobic and aerobic), fermentation and hydrolysis (enzymatic or acid) are the three major 

routes for biochemical conversion. 

• Digestion (anaerobic and aerobic):  the process whereby biomass access oxygen 

from itself instead of ambient air is known as anaerobic. A solid residue, methane and 

carbon dioxide are the main products (Naqvi et al., 2018). On the other hand, aerobic 

digestion uses air to break down the biomass through composting by using different 

types of microorganisms that access oxygen from the air which results in the 

production of carbon dioxide, heat, and a solid digestate (Basu, 2010). The typical 

feedstocks for anaerobic digestion (AD) reactors are usually animal slurries, energy 

crops, and other agricultural, retail, and industrial wastes (Roddy, 2012). 

• Fermentation is a process where the mixed hexose and pentose sugars present in 

biomass are converted to produce fuel sugars using acid or enzymes 
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(Stephanopoulos, 2007). The main products are usually ethanol and other chemicals 

often from corn or sugarcane as feedstocks. 

• Hydrolysis is the process of breaking down cellulose and hemicellulose into 

fermentable sugars by enzymatic or acidic decomposition. Lignocellulose biomass like 

wood is appropriate feedstocks for hydrolysis (Chen et al., 2012). 

The complexity of the biochemical process and technical issues associated with low- bulk 

density feedstock, high viscosity substrate and low fermentability of some substrates makes 

end products from the process more costly than fossil fuels and the technology uncompetitive 

(Lin and Tanaka, 2006; Chen, 2012).  

2.4.2. Thermochemical processes 

Thermochemical conversion is the use of chemical and heat to convert biomass into solid, 

liquid, and gaseous high-value products for biofuels and energy purposes (Ubando, et al., 

2019). Thermochemical processes can be categorised into namely, combustion, gasification, 

and pyrolysis. According to Kunkes et al. (2008), the limited number of steps and process 

steps involved in thermochemical processes make it favourable over biochemical processes. 

The compatibility of thermochemical processes end products to the current fossil fuels makes 

it is easy to introduce them to the same distribution system. Besides, numerous sub-processes 

on a large scale have good economics as there are commercially proven technologies. Even 

though there are still issues surrounding the thermochemical process, they still have a good 

chance of being commercialised than the biochemical processes (Goyal et al., 2008).  

2.4.3. Combustion 

Combustion is a traditional conversion method that has been used for centuries since the 

discovery of fire (Quispe et al., 2017). The process involves the production of flame and smoke 

when a solid feedstock is reacted in the presence of oxygen at high temperatures. During the 

process, inorganic compounds burn completely (Quispe et al., 2017). Due to its commercial 

availability, it has been commonly used in biomass power generation methods over a wide 

range of scales (1-100 MW). One of the drawbacks of this method is the emission of by-

products, such as CO, CO2, NOx, dust, and soot (van de Kaa et al., 2017). 

2.4.4. Gasification 

Gasification is an endothermic process that involves a solid feedstock heated at high 

temperatures (>700 °C) to produce bio syngas in an absence of oxygen to prevent combustion 

(van de Kaa et al., 2017). The syngas product is a mixture of H2, CO, CO2, CH4 and N2 and 

steam, air, oxygen, and carbon dioxide are commonly used as gasification agents (Chan et 

al., 2019). The gas product is normally used to provide heat for steam production or electricity 
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generation (van de Kaa et al., 2017). Lower quality of syngas, tar and CO2 removal, char 

impurities, heating value and gas cleaning process are some of the challenges associated 

with this process (Khan et al., 2010; Pratama et al., 2016). 

2.4.5. Pyrolysis  

2.4.5.1. Introduction to pyrolysis 

Pyrolysis reaction is carried out under controlled conditions to convert lignocellulosic biomass 

with the aid of heat to produce brittle solid residue and volatiles under an inert atmosphere 

(Collard and Blin, 2014: Park et al., 2014).  The volatiles undergo condensation, then in the 

end, non-condensable gases remain. The targeted products depend on the operating 

conditions of the pyrolysis process. The pyrolysis process has been of interest due to its 

flexibility to adapt to a wide range of designs to process lignocellulosic biomass distribution 

(Collard et al., 2016). The thermal degradation of lignocellulosic biomass occurs to provide 

the main reaction products char, bio-oil, and non-condensable gas (Park et al., 2014).   

Pyrolysis involves a complex chemical process of primary, secondary, and tertiary reactions 

between reactive intermediates and the various components that are involved in the multiple 

reactions during the process can significantly influence the overall product distribution (Carrier, 

et al., 2011; Collard et al., 2016). Pyrolysis is affected by different parameters and conditions 

which are monitored according to the targeted products (Table 2.4). Thus, it is vital to study 

the process variables and conditions that influence the process (Park et al., 2014). There are 

different types of pyrolysis namely, torrefaction, slow pyrolysis, and fast pyrolysis.  

Table 2.4: Types of pyrolysis (Mohan et al., 2006; Bridgewater, 2012; Sharma et al, 2015; Chen et al., 2018; 
Zaker et al., 2019). 

Mode  Operating conditions Liquid Solid Gas 

Slow  Low-moderate temperature (~300-450°C), 

long solid residence time (>15 min) 

30% (70% 

water) 
35% 35% 

Intermediate  Low-moderate temperature (~500-650°C), 

hot vapour residence time (~10-20s) 

50% (50% 

water) 
25% 25% 

Vacuum  Medium temperature (~400-600°C), 

hot vapour residence time (~2-30) 
35-50% - - 

Fast Moderate temperature (~500°C), short hot 

vapour residence time (<1s) 

75% (25% 

water) 
12% 13% 

Gasification High temperature (>800°C), long vapor 

residence time (10-20s) 

5% tar (55 

water) 
10% 85% 
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2.4.5.2. Fast pyrolysis 

This process is operated under an oxygen-free environment in a short vapour residence time 

of <2s. Fast pyrolysis product yields are typically 50-75 wt. % of liquids, 12-25 wt. % of solid 

residue and 10-20 wt. % of non-condensable gas (Table 2.4) (Yang et al., 2019; Hu and 

Gholizadeh, 2019). The primary product of interest is bio-oil, and it can be characterised by its 

process parameters of high heating rates of approximately 10-200°C/s and high temperatures 

of 450-650°C (Bridgewater, 2012; Kan et al., 2016). Therefore, the reacting biomass needs to 

be operated at optimum conditions by avoiding lower temperatures which favour the 

production of solid residue. The typical biomass particle size required for fast pyrolysis is 

<2mm (Brown et al., 2011). Bio-oil can be used as high-value biochemicals such as food 

additives, phenols for resin production, pharmaceutical industries, etc (Al Arni, 2018; Nsamba 

et al., 2015). 

2.4.5.3. Intermediate pyrolysis 

The pyrolysis process that is utilised to make a balance between liquids and solid products is 

known as intermediate pyrolysis and its operation conditions are between slow and fast 

pyrolysis. Generally, the vapour pressure remains 0.1 MPa and the heating rate is between 

0.1-10°C/min (Table 2.4). This process typically operates in a temperature range of 500-

650°C and vapour residence times of 2-4s (Kebelmann et al., 2013; Tripathi et al., 2016). 

Hornung et al. (2011) reported that the product yield is typically distributed into 40-60 wt. % 

liquids, 15-25 wt. % solid residue and 20-30 wt. % non-condensable gases.  Dhyani and 

Bhaskar (2018) stated that intermediate pyrolysis entails, more controlled chemical reactions 

which makes it flexible for production optimisation. Moreover, compared to fast pyrolysis it can 

accommodate large biomass particles sizes without milling and this offers the opportunity for 

a gasifier to be operated with low ash, independent of the ash content of the material before 

pyrolysis. According to Mahmood (2013), the bio-oil produced does not contain a high quantity 

of reactive and thus, it can be used directly for boilers and engines. 

2.4.5.4. Vacuum pyrolysis 

One of the processes that are considered as a promising technology for resource and energy 

recovery is vacuum pyrolysis. Unlike slow pyrolysis, the process is done under vacuum, 

instead of inert gas to replace the air (Chan et al., 2019). It is conducted under low pressures 

between 0.05 and 0.20 MPa and the vacuum helps in the removal of pyrolysis vapours from 

the reaction which prevents further re-condensation and secondary reactions (Tripathi et al., 

2016; Chan et al., 2019). The reaction temperature is kept between 450 and 600°C and its 

short residence time (0.001-1s) and high heating rates (0.1-1°C/s) result in high liquid yields 

of 35-50 wt. % (Ma et al., 2017; Zaker et al., 2019).  According to Chan et al. (2019), vacuum 
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pyrolysis can reduce energy consumption by lowering the reaction temperature of organic 

materials and can prompt internal diffusion to produce relatively pure products. 

2.4.5.5. Slow pyrolysis 

Slow pyrolysis is the conventional type of pyrolysis known to produce biochar. It is performed 

at low heating rates and long residence time (Table 2.4) (Singh and Shadagi, 2011). Biomass 

is typically pyrolysed at a temperature range of 400–500 °C with a heating rate are between 

0.1 and 1°C/s for a vapour time of 300-550s (Park et al., 2014; Elkhalifa et al., 2019). Having 

low heating rates allows lower levels of volatile compounds such as gas and tar to be released 

while forming high char yields as this promotes the completion of secondary reactions (Tripathi 

et al., 2016; Machado et al., 2018). It has been reported that increasing the biomass particle 

size to at least <1 mm increases the char yield by more than 50% (Collard et al., 2016). 

Notably, larger amounts of biochar can be achieved at relatively lower temperatures. However, 

crucial biochar properties, such as pore structures and surface area are well developed around 

temperatures of 400-500°C (Lee et al., 2013). Slow pyrolysis product yields are typical, 35 wt. 

% biochar, 30 wt. % bio-oil and 35 wt. % combustible gasses (Song & Guo et al., 2012). 

The current study proposed to convert biomass into biochar to produce bio-briquettes with 

properties relative to low or medium solid fuels to help supplement conventional solid for 

heating and cooking purposes particularly in small communities. Slow pyrolysis is considered 

a simple, robust, and low-cost process as it applies to small scale setup for biochar production 

(Song & Guo et al., 2012). According to Tripathi et al. (2016), this process releases lesser 

amounts of harmful gases like SOX and NOX. This makes slow pyrolysis to be superior to other 

biochar production pathways. Also, the flexibility in handling various types of biomass and 

different operating conditions makes the process attractive (Elkhalifa et al., 2019). 

Accordingly, it has been reported that fluidised bed reactors and rotatory kiln reactors are the 

most suitable for slow pyrolysis (Czajaczyiska, 2017; Dhyani & Bhaskar, 2018). The influence 

of process variables has a significant impact on the quality and formation of various products. 

Therefore, critical factors influencing pyrolysis will be briefly discussed in the following 

sections. 

2.4.5.6. Influence of operating conditions on the yields of char  

The purpose of pyrolysing biomass is to maximise the product char yield as previously 

mentioned. It has been reported that temperature, heating rate, particle size, pressure, etc 

(Tripathi et al., 2016) influence the production of biochar. Also, not only do these parameters 

control the char yield but also affect the quality of the final product.  
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Temperature 

Collard et al. (2016) indicated that the most critical factor responsible for influencing the extent 

of reaction is temperature. The biochar yield is negatively affected when the temperature is 

increased as this promotes thermal cracking of heavy hydrocarbon materials and this leads to 

the decrease of biochar yield caused by the increase of liquid and gases etc (Tripathi et al., 

2016; Abbas, 2014). Hence, lower temperatures of 400–500°C are appropriate for high 

biochar yields as high temperatures may exceed the bond termination that supports the 

release of the volatile components of biomass when energy is given (Tripathi et al., 2016). 

Collard et al. (2016) also mentioned that this temperature range puts the HHV of the biochar 

at approximately 25 MJ/kg or higher which is comparable to South Africa’s sub-bituminous 

coals.   

Heating rate 

According to Pourkarimi et al. (2019), another significant factor is a heating rate which controls 

the nature and composition of the final products to a certain limit. The possibility of secondary 

pyrolysis reactions being reduced can be achieved by having lower heating rates. This 

prevents thermal cracking from taking place, hence, increasing biochar yield. Moreover, taking 

care of the particle size during pyrolysis is important as it is responsible for controlling the rate 

at which the heat is transferred to the biomass (Tripathi et al., 2016). The yields and properties 

can be influenced by the size of particles (Pourkarimi et al., 2019). A study on corn cob 

indicated that increasing the particle size from 0.5 to 2.2 mm increased the biochar yield from 

5.7 to 16.6% (Tripathi et al., 2016).  This is due to the delay of rapid heat flow from the cold to 

hot end and this temperature slope that aids an increased in char yield.  

Vapour residence time 

The vapour residence time directly affects the number of re-condensation and cracking 

reactions (Collard et al., 2016). Thus, for higher char yields vapour residence time needs to 

be increased as this allows enough time for the biomass constituents to respond to 

polymerisations to increase the latter and not only does it affect the biochar yield it promotes 

micro and macropore development on the biochar (Pourkarimi et al., 2019; Tripathi et al., 

2016). However, it should be noted that vapour residence will be affected by temperature and 

heating rate mostly which makes it difficult to understand its role in the production of biomass 

(Tripathi et al., 2016). 

2.4.5.7. Composition and use of char 

In this study, CS feedstock was pyrolysed to produce biochar. Biochar is a solid residue from 

pyrolysis which consists of unconverted organic solids and carbonaceous residues that 



18 
 

remains from the complete or partial decomposition of biomass feedstock (Kan et al., 2016). 

For biochar produced at temperature >400°C, the proportion of benzene rings increases from 

converted pyran and furan rings which result in a significant increase in carbon content 

(Collard & Blin, 2014; Collard et al., 2016). Moreover, around this temperature, the carbon 

content is expected to be up to 70% and an HHV usually higher than 25 MJ/kg. Biochar can 

be characterised in terms of proximate and ultimate analyses as well as HHV analysis and 

Table 2.5 shows biochar characterisation from various biomass feedstock. 

Table 2.5: Summary of corn stover biochar properties at different temperatures (Capunitan & Capareda, 2012) 

Pyrolysis temperature (°C)  300 500 600 

Proximate analysis (%dry) Volatile matter 26.50 18.80 12.00 

 Fixed carbon 56.50 62.90 67 

 Ash 16.90 18.30 20.10 

Ultimate analysis (%dry) C 71.20 74.40 74.90 

 H 3.80 2.50 1.70 

 N 2.10 2.10 1.70 

 S 0.20 0.10 0.15 

 O 5.70 2.50 1.50 

HHV (MJ/kg)  27.90 22.90 23.10 

Biochar can be used for different applications depending on its characteristics and without any 

physical and chemical improvements it can be used in composting, building sectors, textile, 

and energy applications (Abbas, 2014). According to (Chen et al., 2018) due to similar 

properties, biochar is a renewable substitute for coal. Hence, the high HHV makes it attractive 

in some fuel applications as a source of heat for domestic and industrial uses. Biochar 

produced from pyrolysis can further be converted into briquettes. Section 2.4.6 discusses the 

densification of biochar into bio-briquettes suitable for heating and cooking purposes. 

2.4.6. Physical processes  

2.4.6.1. Densification  

The current study aims to explore the potential of CS biomass as a feedstock for eco-friendly 

solid fuel production to meet the increasing energy demand in South Africa. An alternative way 

to conventional energy use is to beneficiate waste biomass through densification, which 

improves the physical properties and the combustion behaviour of the biomass (Mamvura et 

al., 2018). Densification promises to be a solution to handling, transporting, storage and waste 

management issue of CS biomass (Bajwa et al., 2018).  Also, densifying biomass increases 

the energy density, low moisture, and better fuel homogenisation (Gendek et al., 2018; Okot, 

et al., 2019). These densified solid fuels are called pellets or briquettes and they are 
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blocks/shapes of compressed combustible energy carriers used for heating and cooking 

purposes (Kongprasert et al, 2019). Notably, pellets and briquettes are commonly classified 

based on their sizes where pellets diameter range is 5-25 mm and length of 10-75 mm and 

briquettes diameter range is 50-100 mm and length of 50-250 mm (Tabakaev et al., 2017). 

However, for this study, only briquettes will be a focus. They are eco-friendly alternatives as 

fuel instead of charcoal, firewood, or coal because they are smokeless and characterised by 

low ash content and low sulphur content (Wang et al., 2019; Okot, et al., 2019).  

2.4.6.2. Briquetting 

Briquetting technology can be classified into two which can be by directly densifying the 

biomass and by densifying carbonised biomass to produce solid fuels. In the following section, 

a detailed review of each class will be discussed. 

2.4.6.3. Briquetting from direct biomass 

Direct biomass briquetting is often a high-pressure compaction process where raw biomass is 

compacted to produce briquettes (Kakooza, 2017). Even though this can be achieved with a 

binder present it is usually without a binder and the briquetting machine is often with a heating 

device which activates the lignin in the raw biomass to act as a binder (Oladeji, 2015; Shuma 

& Madyira, 2017).  Notably, biomass under high pressure creates mechanical interlocking that 

forms intermolecular bonds from increased adhesion between particles (Grover and Mishra, 

1996). Hence, the lignin will glue cellulose together from the high pressure and temperature, 

solidifying the biomass to form a briquette (Oladeji, 2015). However, according to Belay 

(2014), additional binding agents is necessary if high temperatures and pressure > 5MPa 

cannot be achieved. Ultimately, briquetting process reduces the bulk density of the biomass 

which reduces handling, storage, and transportation costs (Goh et al., 2013). The typical 

briquetting process of biomass is illustrated in Figure 2.4. 

 

Figure 2.4: Briquetting process for uncarbonized biomass (Adapted from Zubairu & Gana, 2014). 

The raw biomass briquetting process consists of sorting also known as sieving where 

unwanted materials and larger materials are removed (Chaney, 2010). Lignocellulose 

biomass is then shredded into the desired size to enhance its workability and compactness 

usually by chopping, crushing or by hand-cracked devices such as a pestle and mortar 

Mixing
Crushing Screening Briquetting Drying

Binder

Packaging 

Biomass



20 
 

(Oladeji, 2015). The next step is binder application which depends on the technology 

employed.  This is where the biomass and an appropriate binder is thoroughly mixed usually 

under medium to low pressures to prevent the biomass from disintegrating apart. Lastly, a 

briquette is formed through either low (1-5 MPa) or high pressure (~60-150 MPa) at room/low 

temperatures sometimes at high temperatures (200-300°C) for pressure lower than 5 MPa 

(Chaney, 2010; Oladeji, 2015; Aransiola et al., 2019). The briquettes produced can be in 

different shapes and sizes as shown in Figure 2.5. 

 

 

Figure 2.5: Common biomass shapes and sizes of briquettes; (a) Pellet (b) Briquette (c) Solid rod (d) Hollow rod 
(Xu et al., 2015). 

Direct biomass briquetting is a popular technology due to its simplicity, convenience, and low 

cost. However, it is characterised by low calorific values, high oxygen contents and limited 

fixed carbon fractions and smoky during combustion (Gan et al., 2019: Ifa et al, 2020) This 

remains a technical and economic issue in creating a sustainable energy source that 

competes with conventional fossil fuel (Kongprasert et al., 2019; Gan et al., 2019). Hence, 

Trubetskaya et al. (2019) mentioned that to increase the efficiency of biomass fuel, it can be 

converted into biochar via a thermochemical process before briquetting.  

2.4.6.4. Briquetting from carbonised biomass 

Properties such as better water resistivity, higher heating values and better-fixed carbon and 

durability are characteristics of biochar briquette. Hence, it has significant potential for 

domestic use and industrial processes, supplementing or replacing conventional fossil fuels 

such as coal (Wang et al., 2017). Also, pre-treatment methods to the biomass can be 

employed before densification to enhance better combustion quality and reduce biomass 

pollutant emissions. Thus, the implementation of pyrolysis is highly recommended to achieve 

a high-quality biofuel, particularly biochar. 

2.4.7. Carbonised briquettes  

In addition to densification, pre-treating the biomass before densification can improve the 

product significantly (Alanya-Rosenbaum and Bergman, 2019).  This helps in decreasing the 

volatile matter, which increases the fixed carbon and HHV due to the decomposition of 

cellulose and hemicellulose (Wang et al., 2017).  The biochar product from pyrolysis which 
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was discussed in section 2.4.5.7 is used as a densification feedstock instead of using raw 

biomass. The Figure 2.6 illustrated a typical biochar briquettes production. 
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Figure 2.6: Briquetting process for uncarbonized biomass (Adapted from Zabairu & Gana, 2014). 

Densification of carbonised biomass is commonly a medium to low compaction process and 

due to biochar not having good cohesive property between particles, the process requires the 

addition of an external binder (Zanella et al., 2017).  Similarly, like densifying raw biomass the 

biomass for carbonised densification needs to be prepared before undergoing the pre-

treatment process and during this step, it is reported that biomass is reduced to a particle size 

of < 6 mm and a moisture content of at least 15% (Belay, 2014). Then, the biomass undergoes 

carbonisation via pyrolysis which is detailed in section 2.4.1.3. Furthermore, biochar is crushed 

and sieved into a particle size < 2 mm and the prepared binder is then mixed with the powdered 

biochar. As seen in Figure 2.6 the following step is briquetting where compaction will occur 

by the desired pressure (Zubairu & Gana, 2014). Figure 2.7 illustrates the binding 

mechanisms during densification also known as agglomeration.  
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Figure 2.7: Pictorial representation of binding mechanisms of agglomeration (Pietsch, 2002). 

Pietsch (2002) mentioned that interaction forces on briquetted materials are classified into 

solid bridges, adhesion and cohesion forces, surface tension and capillary pressure, attraction 

forces between solids and lastly, mechanical interlocking bonds (Figure 2.7). Due to chemical 

reactions, increased pressure or the addition of hardening binders that fill the voids within 

particles, solid bridges can form from particles fritting when they closely reach their melting 

point through partial melting at roughness points (Ward, 2014). Also, the evaporation of liquids 

can form crystal bridges between particles due to the crystallisation of dissolved colloidal 

particles (Pietsch, 2002).  

According to Zhang et al. (2018) and Ward (2014) using a highly viscous binder such as 

molasses or tar pitch will govern adhesion and cohesion forces between carbonised particle 

and binder as these forces act to bind particle together. This causes thin adsorptive layers at 

particle contact points to rise by adding deformed and rough surfaces, which increases 

adhesive and cohesive force strength (Grover & Mishra, 1996). Moreover, using water when 

adding adhesives to the carbonised particle and an external force will result in an increased 

attraction narrows the distance between particles (Zhang et al., 2018).  Hence, there is a 

significant crushing strength on the briquettes when repulsive force is less than attractive 

force. All in all, it should be noted that the binding mechanisms shown in Figure 2.7 only 

illustrates a two-dimensional situation at one coordination point between two solid surfaces 

and due to varying microscopic surface structures and distances in each interaction point, the 
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effect of each binding force is different at every coordination point (Ward 2014; Pietsch, 2002). 

Figure 2-8 shows a typical carbonised briquette. 

 

 

Figure 2.8: Carbonised briquettes (Pilusa et al., 2013). 

Correspondingly, densifying carbonised biomass not only reduces transportation, handling, 

and storage cost, it also, results in biochar briquettes that have significantly improved 

properties such as reduced volatile matter, increased bulk density, HHV and grindability 

(Alanya-Rosenbaum and Bergman, 2019). For briquettes to be suitable to supplement or 

replace traditional charcoal or coal they need to possess certain qualities. Section 2.4.8 will 

briefly review the desirable qualities of briquettes. 

2.4.8. Desirable briquette quality  

During the production of briquettes, the two critical concerns are quality and energy efficiency. 

A standard briquette should possess good qualities such as being able to produce enough 

heat, burn without smoke, have reduced emissions, and mused be convenient for the user 

(Wilson, 2016; Borowski et al., 2017). It is reported that the quality of briquettes is measured 

based on their durability, strength and density and energy efficiency (Si et al., 2016; Gendek 

et al., 2018). The quality is dependent on operating conditions. The different types of 

carbonised biomass and their desirable qualities are shown in Table 2.6. 
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Table 2.6: Different briquettes with their qualities. 

Type of 
charcoal 

Particle 
size 
(mm) 

Pressure 
(MPa) 

Binder type Binder 
% 

Briquette 
size (mm) 

Drying 
Temp 
(°C) 

Density 
(kg/m3) 

Strength 
(MPa) 

Durability 
(%) 

HHV 
(MJ/kg) 

Reference 

Wood  0.05-02  - 
Wheat 
starch 

- 60×50×30 - 700 24.5 98.8 26.5 
Borowski 

et al., 
2017 

Rice husk 2 5 Molasses 10 

40×100 

In door 
dried 

628-700 

- - 

26.8-25.2 
Chirchir et 
al., 2013    Clay  537-586 14.6-11.3 

   Cow dung   576-645 18.5-16.1 

Eucalyptus - 50 Molasses  10 24.8×100 30 1107 - 80.36 29.51 
Tanui et 
al., 2018 

EFB  0.15 12 
Crude 

glycerol 
40 - 

Sun-
dried 

932 0.67 - 28 
Helwani et 
al., 2018 

Palm 
kernel 

0.3 60 
Starch 

cassava 
- 25×25 - 701-680 0.821 - 

28.18-
27.51 

Bazargan 
et al. 2014 

Orange 
bagasse 

2-4 - Corn starch  5 - 80 594 1.41 85.75 26.857 
Zanella et 
al., 2016 

Peat  2 - 
Dextrin 
starch  

5 50×50 20-40 - 
0.20-
0.46 

100 20.1 
Tabakaev 

et al., 
2017 

Corn cob 4 8 Cassava  5 52.2×20×120 
Sun 
dried  

409.88 - - 25.25 
Wilson et 
al., 2016 
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2.4.8.1. Higher heating value 

Manyuchi et al. (2016) and Zanella et al. (2016) mentioned that HHV is the intensity and 

amount of heat released from a fuel. Thus, harnessing as much as possible energy from 

briquettes high HHV is mandatory. According to Ward (2014), 22 MJ/kg is the desirable HHV 

for commercial charcoal briquettes with a binder added and for briquettes without binder 

should be 25 MJ/kg (Table 2.6). 

2.4.8.2. Density  

Galvari et al. (2019) described bulk density as the mass ratio per volume of bulk material to 

its volume and cavities between atoms. The type of biomass and its characteristics affects the 

physical and mechanical properties of the final product (Cavallo & Pampuro, 2017). Higher 

bulks promote compactness which is desirable in terms of handling, storage, and 

transportation costs (Tarasov et al., 2013; Galvari et al., 2019). Therefore, for efficient 

transportation and safe storage, it is recommended that the value for densified materials is 

approximately 600 kg/m3 (Davies and Davies, 2013). Other authors mentioned that densified 

biomass can increase their bulk density to approximately 450-800 kg/m3 (Tumuluru et al., 

2011b; Malatji et al., 2011; Okot et al., 2018) (Table 2.6). 

2.4.8.3. Compressive strength 

Katimbo et al. (2014) defined compressive strength also known as tensile strength, as the 

diametric compression and maximum load a briquette can withstand mechanical impacts 

before breaking or crushing. Mendoza Martinez et al.  (2019) stated that briquettes with low 

compressive strength tend to crumble very quickly which cause problems during their 

combustion, storage, and transportation. For good resistance to mechanical fragmentation, 

the tensile strength should be >1-2.56 MPa (Faizal et al., 2010; Okot et al., 2019; Borowski et 

al., 2017) (Table 2.6). 

2.4.8.4. Durability  

The durability or impact resistance is the measure of mechanical strength that defines the 

abrasion resistance of a briquette to yield dust or break when exposed to disruptive force (Okot 

et al. (2019). Therefore, for better transportation, storage, and handling efficiency, it is 

necessary to minimise rupture and dust by producing briquettes with a durability > 80% 

(Tarasov et al., 2013; Okot et al., 2019). In some cases, other standards such as the European 

standards require the impact-resistant not to be less than 97.5% (Tarasov et al., 2013; 

Bazargan et al., 2014). The desirable briquette quality variable described above are affected 

by certain factors discussed in section 2.4.8. 
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2.4.9. Effects of operating parameters 

To produce reproducible briquettes from a certain material it is essential to understand the 

influence of these factors on their final properties (Chaney, 2010). Therefore, the common 

factors affecting the densification process are namely, moisture content, compressive 

pressure, binder, and cooling and drying temperature. Below is a detailed explanation of each 

effect of these parameters.  

2.4.9.1. Moisture content 

Chaney (2010) mentioned that for many biomass materials the moisture content plays an 

important role in the production of densified material. Thus, the limit for the formation of a 

briquette is dependent on the feedstock material. Bazargan et al. (2014) reported that without 

the presence of moisture it is not possible to make strong pellets.  According to Krizan et al. 

(2016), the moisture content is one of the essential variables which act as a facilitator of natural 

binding agents. Bazargan et al. (2014) and Gilvari et al. (2019) investigated the effect of 

moisture content on the strength and durability of briquettes, and they found that increasing 

the moisture initially increases the strength. However, if the moisture content is too high (>25-

30 %) it starts to decrease (Chaney, 2010). In the study by Jackson et al. (2016) on corn stover 

pellets, the highest durability was observed at 20% moisture content. Bazargan et al. (2014) 

observed that briquettes made with moisture content above 40% were semi-solid solid and 

during handling, they broke easily. Furthemore, Kaliyan & Morey (2009) and Gilvari et al. 

(2019) mentioned that increasing the moisture content can negatively affect the bulk density. 

Moreover, the authors mentioned that moisture content sometimes is dependent on factors 

such as temperature and pressure. Hence, it should not be investigated independently. In 

conclusion, to understand their influence on the product quality the effect of the factors 

simultaneously needs to be studied. 

2.4.9.2. Compressive pressure 

According to Bazargan et al. (2014), compressive pressure is known to influence volume 

density, compressive or durability, and energy consumption. Frequently, briquetting pressure 

is essential when the biomass feedstock used contains protein, lignin, or starch and under a 

certain pressure, it will firmly press around particles and will enable inter-particle bonding 

(Ward, 2009). Firstly, when applying pressure during briquetting will create some non-

permanent elastic deformation of the material that will last for as long as pressure is applied. 

However, as the pressure rises permanent plastic deformation starts to occur. Moreover, 

increasing the pressure will raise the bonding diffusions of molecules which will lead to the 

formation of solid bridges that are more probable under high pressure (Bazargan et al., 2014). 

Also, Gilvari et al. (2019) indicated that several studies investigated the effect of compressive 
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pressure on the density and compressive strength of briquettes and the results showed that 

increasing the pressure will increase the density and the compressive strength when 1-50 

MPa is used. Grover & Mishra (1996) and FAO (2019) stated that there are three types of 

compaction mechanisms which are high compaction pressure (>100 MPa), medium 

compaction pressure (~5-100 MPa) with a heating device and low compaction pressure (<5 

MPa) with a binder. The briquetting of raw biomass as mentioned earlier on is usually with 

high pressures and some of the reported pressure ranges are up to 130 MPa (Gilvari et al., 

2019). Nevertheless, for carbonised/ pyrolysed biomass with a binder present, it was reported 

that pressures as low as 5 MPa can form a solid fuel depending on the type of material being 

used (Zanella, et al., 2017).  It is reported that although briquettes can be formed at lower 

pressures, it is essential to produce them at optimum conditions. A study conducted by Tanui 

et al. (2018) on charcoal dust briquettes, reported that the briquette’s optimum conditions were 

obtained at a compressive pressure of 50 MPa. All in all, increasing the pressure for a certain 

limit of a material is known to decrease its porosity causing a better connection at the points 

of contacts which results in more dense and durable briquettes (Bazargan et al., 2014). 

2.4.9.3. Cooling and drying temperature 

According to Galvari et al. (2019) drying and cooling temperature, and time of densified 

material is an important factor because if not dried or cooled correctly, it may lose its quality 

which can result in caking during transportation. It is important to understand the dynamics of 

moisture output during the drying process of the briquettes produced as it may affect their 

density and mechanical strength (Lela et al., 2016).  Mechanical strength tests from different 

drying temperatures of biochar briquettes are shown in Table 2.7. 

Table 2.7: Mechanical strength tests from different drying temperatures of biochar briquettes (Tabakaev et al., 
2017). 

Drying temperature (˚C) Drying time (h) Mechanical strength 

  Durability (%) Compression (MPa)  

20 12 100 0.46 

40 18 100 0.46 

80 5.3 100 0.46 

100 3.3 100 0.26 

120 3.0 100 0.26 

140 2.0 100 0.26 
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Tabakaev et al. (2017) investigated drying temperatures of briquettes in the range 20-140°C. 

As seen in Table 2.7 all briquettes showed high resistance to fracture when dropped. 

However, briquettes dried at a temperature range of 20-40°C were stronger in terms of 

compressive strength when compared to briquettes dried at higher temperatures. Higher 

temperatures dry the briquettes in a short amount of time approximately 2 hours whereas 

lower temperatures take about 12-18 hours.  Galvari et al. (2019) showed that when briquettes 

are dried too quickly, the inner layer tends to remain warmer when the outer layer gets dried, 

and that stresses the material which decreases the mechanical strength caused by the crack 

formation in the outer. Figure 2.9 shows briquettes dried at lower and higher temperatures. 

 
 

 

 

Figure 2.9: Briquettes (d = 50, h = 50 mm) after drying: a) temperature 20°C; b) temperature 80°C (Tabakaev et 
al., 2017). 

The crack shown in Figure 2.9. b) is a result of high drying temperatures which causes rapid 

evaporating moisture. On the other hand, a long drying period can result in a material that is 

too dry which increases brittleness and reduced quality. Therefore, it is important to find the 

optimum drying temperature conditions to have a good quality final product (Lela et al., 2016 

and Tanui et al., 2019). 

2.4.9.4. Binder 

Binders play an important role in the process of briquette production as it enhances the 

compactness of the material to prevent it from falling apart (Oladeji, 2015; Gageanu et al., 

2018).  As mentioned earlier, that binders are needed for most medium and low-pressure 

briquetting process and incorporated binders such as protein and lignin in biomass can help 

create strong bonding between particles. However, it is reported that having a high content of 

lignin can cause densified biomass to become brittle (Galvari et al., 2019). Biochar lacks 

plasticity and does not have good cohesive properties like raw biomass. Hence a binding 
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material is required to assist in forming firm briquettes (Zabairu & Gana, 2014; Zanella et al., 

2017).    

Quality attributes of briquettes such as thermal behaviour and combustion characteristics as 

well as density, impact resistance and compressive strength are influenced by the type and 

amount of binder (Ugwu & Agbo, 2013; Borowski et al., 2017). Briquette binders are required 

to possess certain properties to be considered for briquetting namely, a strong bond, be 

pollutant-free, have no effect on the heat release, be environmentally friendly as well as 

economically available (Zhang et al. 2018). Moreover, binders can be classified as inorganic 

which includes clay, lime, plaster, cement etc., and organic binders such as biomass, coal tar 

pitch, petroleum bitumen, tar residue and polymer binder (Galvari et al., 2019).  

Notably, the most used binders in the densification process that have great advantages are 

polymer binders (starch) such as potato, cassava, corn starch etc. (Tarasov et al., 2013; Ugwu 

& Agbo, 2013; Zubairu & Gana, 2014; Zanella et al., 2016; Gageanu et al., 2018). Moisture 

functions as both lubricant and binding agent, but beyond the optimum level of moisture 

content, the briquetted material would not be compacted, irrespective of the pressure level. 

The ideal moisture level is dependent on the binder type and densification process (Davies, & 

Davies, 2013). It was reported that adding 10% starch and 20% water as a binder increased 

the hardness of the briquettes more than 100 times. This was observed in a study of charcoal 

briquette production from orange bagasse using corn starch as a binder, it was reported that 

briquettes made with 10% of corn starch resulted in great mechanical strength of 1.41 MPa 

which is great for domestic and commercial use (Zanella et al., 2017). However, the total cost 

of the process may increase due to binder being added and, in some cases, it can affect the 

combustion and density of the briquettes hence, it of vital importance that the right binder type 

and dose are properly selected to have a solid composite fuel with optimum strength and 

durability as well as combustion properties (Antwi-Boasiako & Acheampong, 2016; Galvari et 

al., 2019). 

2.5. Briquetting technologies  

In recent years, different briquetting machines and techniques have been fabricated to 

accommodate various feedstock for small scale briquetting technology for developing 

countries (Gebresas et al., 2015). Their operation mode is different from one principle to 

another.  Grover and Mishra (1996) and Ahmed et al. (2014) made a comparison between the 

piston and the screw press, which are considered typical briquetting machines. The authors 

mentioned that piston presses can accept raw material with a moisture content of up to 22% 

whereas for screw presses the moisture content needs to be less than 12%. Hence, the type 

of briquetting machine will not only depend on the costs but also the type of raw material used. 
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The capacity of this equipment can range as low as 25-50 kg/h to up to 700-1800 kg/h, 

depending on the availability of feedstock and size of the equipment (Grover and Mishra, 

1996).  There are different types of densification technologies, and they are dependent on the 

type of equipment used.  

2.5.1. Roll press densification 

This equipment uses two adjacently counterrotating rollers with indentations to produce pillow-

shaped briquettes. The material usually charcoal, gets through the hopper and falls into the 

indentation while turning the roller to compress it (Gebresas et al., 2015).  The roller press is 

more suited for wet powders with a binding material and is currently reported to be widely used 

to produce carbonised briquettes in many developing countries owing to its simplicity and low 

cost (Kaliyan et al., 2009). 

2.5.2. Piston press densification  

2.5.2.1. Hydraulic press 

The hydraulic press uses a high-pressure system where the piston is transmitted via an 

electric motor to compact the material through a vertical direction. The feedstock is fed in front 

of the press cylinder by a press-dog and the piston speed is low during operation to help 

reduce the wear of the parts (approximately 7 cycles/ minute) (Oladeji et al., 2015; Sharma et 

al., 2015). 

2.5.3. Pelletising 

Pelletising follows a similar concept as briquetting, the difference is the diameter of the dies 

used (approximately 30 mm). Pelletisers usually produce briquettes in a cylindrical shape, and 

they tend to have good mechanical strength (Kaliyan et al., 2009). However, they require high 

energy input and investment. They are commonly employed in industrial applications where 

automatic feeding is required (Sapariya et al., 2010).  

2.5.4. Screw press densification 

Screw extrusion is another type of mechanical press, and it is one of the popular equipment 

for small scale application (Sharma et al., 2015). There are three types of screw press namely, 

conical crew, screw press with heated dies and screw press without heated dies and they are 

known to produce briquettes that are denser and stronger (Grover and Mishra, 1996). In this 

equipment, the material is continuously fed into a screw, which forces the material to go 

through a cylindrical die that is often heated to increase the temperature to activate the lignin 

for binding (Oladeji et al., 2015). 
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2.6. Process optimisation 

The most important goal in densification processes is to develop the best production 

conditions and this can be achieved via process optimisation (Tanui et al., 2018). The 

assessment of product development and optimisation of process parameters leads to the 

higher efficiency of the process. Optimisation targets are usually process quality, time, and 

budgetary requirements (Clarkson and Eckert, 2005). Generally, sequential steps are applied 

to maximise the potential of the optimisation process. Therefore, it is essential to implement 

developed approaches that have been used to optimise densification processes to achieve 

better and cost-effective optimum process parameters. One of the most common statistical 

design approaches is fractional factorial such as the Taguchi method which has been widely 

used in single-response applications to reduce response variation (Sibalija and Majstorovic, 

2015). However, this method approach is proven not to effectively deal with multi-response 

problems. Recent interest is in multi-response optimisation. In this study, the compaction 

pressure, binder concentration and drying temperatures were studied to evaluate the effect 

they have on the HHV, compressive strength, density, and durability. These multiple 

responses are better evaluated using suitable approaches such as the response surface 

method (RSM) with the CCD technique tool. This technique design was used in this study 

because of its flexibility and compatibility to give multiple responses and use factorial levels 

more than three to optimise process variables (Sibalija and Majstorovic, 2015). 

2.6.1. Response Surface Method (RSM) 

Response surface methodology (RSM) employs both mathematical and statistical tools to 

assess individual and interactive effects of process variables on the targeted output, usually 

through non-linear regression equation to model the process (Kumar and Lakshmishr, 2017). 

This approach is coupled with modelling and optimisation to evaluate and quantify process 

parameters by multivariate analysis techniques such as partial least square regressions. To 

employ RSM for optimisation of experiments, it is essential to select a suitable experimental 

design that will accurately fit a mathematical function and evaluate the quality of the fitted 

model (Bezerra et al., 2008). 

There has been a recent development in the use of mathematical modelling coupled with the 

adoption of RSM for briquetting process optimisation. Tanui et al. (2018) studied the effects of 

binder mass fraction, drying temperature and compaction pressure using the Box–Behnken 

Design (BBD) methodology. Applying the RSM enabled the physical and thermal properties 

of briquettes to be investigated. The results showed that compaction pressure (50 MPa), 

drying temperature (29.51°C) and binder mass ratio (10%) gave the optimised values of HHV 

(29.03 MJ/kg) and shatter index (80.36%). Helwani et al. (2018) used the RSM to investigate 
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the effects of applied pressure, particle size and binder composition on the density, 

compressive strength of briquettes. When the process variables were optimised, the density 

increased from 623 to 923 kg/m3, the HHV reached up to 28.99 MJ/kg and the compressive 

strength was found to be 6.99 N/mm2.  Both studies indicated that compaction pressure and 

binder concentration/ ratio play an important role in the physical and chemical properties of 

briquettes. Even though RSM has been widely used to optimise processes and process 

variables for briquetting processes, there is a dearth of literature when using the CCD method 

to predict optimum process conditions. 

2.7. Economic analysis theory and methods  

To perform an economic analysis the first step required is to estimate the total capital 

investment (TCI) and the total manufacturing costs (TMC). These costs are associated with 

the day-to-day operation as well as the construction of the plant. The theory required to access 

the economic feasibility of briquetting process is described in the following sections. 

2.7.1. Estimation of capital cost 

The capital costs are once-off expenses that are associated with the construction of a new 

plant or modification of existing plants and these costs are made at the beginning of a project, 

to begin with, plant operation. According to Turton et al (2013), there are five general 

classifications for capital cost estimations that are acceptable and are likely to be used in the 

Chemical Industries and these are the detailed estimate, definitive estimate, preliminary 

estimate, study estimate and the order of magnitude estimate. The cost estimation considered 

mostly is the ‘’study estimate’’ at an expected accuracy of -20% to +30% (Turton et al, 2013). 

This cost estimation is based on limited cost data and rough sizing of major equipment. 

Nevertheless, this technique is still enough for a comparison between different process 

alternatives. The sum of the fixed capital cost (FCC) and working capital cost (WCC) is the 

TCI of a plant. According to Sinnot (2005), the total costs of the plant ready for a start-up are 

represented by the FCC which takes account of the total installed costs of equipment, 

contingencies and fees, and auxiliary facility costs. Then WCC represents the additional 

investment required over the FCC until income is earned when starting and operating the 

plant. 

2.7.2. Estimation of operating cost 

To assess the feasibility of the project, an estimate of the operating cost needs to be 

determined to make alternative processing schemes. The operating cost is also known as the 

total manufacturing cost (TMC) are namely the fixed cost, variable cost, and general expenses 

(Sinnott et al, 2005). Furthermore, Sinnott et al (2005) defined the fixed cost as costs that are 
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associated with depreciation, plant overhead, local taxes, and insurance.  These costs do not 

vary with production rate, and they must be paid irrespective of quantity produced.  

On the other hand, Turton et al (2013) described the variable cost as the cost that varies with 

the production rate, and they depend on the product produced. These include the raw 

materials, utilities, patent and royalties, maintenance and repairs and labour (operation, 

charges, direct supervisory and operating supply).  Moreover, general expenses are costs that 

are not directly related to the manufacturing cost but associated with the administrative work 

and management level activities and they include administration, selling and research and 

development costs. The raw materials, utilities, operating labour, and the fixed capital need to 

be known to determine the TMC.  

2.7.3. Profitability analysis 

The profitability of an investment is assessed based on assumptions and profitability criteria 

after the TCI and TMC of a project. When the estimation of capital investment and 

manufacturing cost have been conducted the profit generated is used to predict the profitability 

of the project (Mbadinga, 2015). The non-discounted and discounted technique are the criteria 

used to access profitability. Turton et al (2013) reported that the non-discounted does not 

consider the time value of money and are not suggested for assessing new and big projects 

but have been used for process improvement schemes. Whereas the discounted technique 

takes into consideration the time value of money and can estimate the cash flow of the entire 

project (Ji et al., 2018). Various quantitative measures can be used to estimate the profitability 

of a process using the discounted technique such as the discounted payback period (DPBP), 

discounted cash flow rate of return (DCFROR), and the net present value (NPV) (Turton et al, 

2013).  

2.7.3.1. Discounted payback period (DPBP) 

The DPBP is the period required to recover the fixed capital cost needed for a project after 

start-up. This is the point at which the sum of all the cash flow discounted back to time 0 

(Hakizimana et al., 2016). For comparison purposes, the project is considered profitable and 

attractive when the DPBP does not exceed 4 years. However, in some cases projects less 

than 2 years are considered as high risks projects. Therefore, to make a sound decision 

supplementary information is required (Turton et al., 2013).  

2.7.3.2. Discounted cash flow rate of return (DCFROR) 

The DCFRR is defined as a measure of the maximum rate that the project could pay and still 

break even by the end of the project life (NPV=0) (Sinnott, 2005). Therefore, for a project to 
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be regarded as profitable, its DCFROR needs to be greater than the lending rate which means 

it needs a positive NPV, and the higher the DCFROR, the more attractive the project. 

2.7.3.3. Net present value (NPV) 

The NPV is the worth of all the cash flow of the project at the end of the project life. To 

determine the NPV all the inflows and outflow cash flows are summed up at the desired 

discount rate and brought back to the first period (Sengar et al., 2013). Therefore, accounting 

for the time value of money while indicating profitability when the NPV is greater than zero 

(Sinnot, 2005). 

2.7.4. Economic analysis literature review  

For briquetting technology to be commercialised, it is essential to assess if the technology is 

viable economically. The economic evaluation outcome differs for each method used, type of 

equipment, location, and availability of raw materials involved. Therefore, each briquetting 

technology route needs to be evaluated to check its feasibility. The type of briquetting 

technology and profitability criteria assessment on bio-briquettes is shown. Literature 

emphasises that the type of raw material has a major impact on the profitability of the 

briquetting process which can be attributed to the availability and process conditions used 

(Table 2.8). 

Islam et al. (2003) produced briquettes from a mixture of un-carbonised rice husks and 

sawdust using a screw press briquetting machine. Although rice husk was more suitable raw 

material because of its high production rate, briquettes from sawdust showed better properties. 

Hence, blending 70% of risk husk and 30% of sawdust was appropriate and it gave the best 

blend product which was within the limit of the experiment. The briquette production cost was 

found to be comparatively less than that of fuelwood and the process was found to be 

economically feasible with a payback period of 1.73 years.  

Table 2.8: summary of the techno-economic analysis of briquetting production. 

Raw material Type of 
technology 

Profitability criteria   Comments Reference 

  
PBP 

(months) 
Net present 

value ($) 

  

Un-carbonised 
Rice husk + 

sawdust 
Screw press 20.76 - 

Economically 
feasible 

(Islam et 
al., 2003)  

Carbonised 

Screw press 

   
(Sengar et 
al., 2013)  a. Cashew 

nutshell 
8.1 26952.59 

Economically 
feasible 



35 
 

b. Grass husk 7.56 31423.83 

c. Rice husk 29.35 437.62 

Carbonised corn 
cobs 

Hydraulic 
press 

43.2 20 532.20 
Economically 
feasible with 
IRR of 36% 

(Wilson et 
al., 2016)  

Carbonised 
wood chips 

Hydraulic 
press 

- - 
Economically 
feasible with 
MSP $145 

(Sahoo et 
al., 2019)  

 

Sengar et al. (2013) estimated the economics of briquettes produced from carbonised cashew 

nutshell, grass, and rice husk using a screw press extruder machine. Better results were 

observed in the cashew nutshell briquettes as they burnt with good flame and 15% thermal 

efficiency. Compared to grass and rice husk briquettes, cashew nutshell had better calorific 

value, shattering indices test, tumbling test, and degree of densification. The payback periods 

for cashew shell, grass, rice husk briquettes were 8.1, 7.56, and 29.35 months respectively 

and with a net present value of $26952.59, $31423.83, and $437.62, respectively. The positive 

NPV and PBP of less <4 years makes the production cost analysis economically feasible. 

Wilson et al. (2016) studied the effects of cassava binder ratio, compaction pressure, and 

particle size on thermo-physical properties of carbonised corn cobs briquettes. These 

independent variables showed a significant effect on briquette quality. The briquettes burnt 

without smoke, implying there will be reduced air pollution during burning. A cost-benefit 

analysis of the corn-cob briquettes production had an NPV of $20 532.2, an internal rate of 

return (IRR) of 36%, and a payback of 3.603 years. These results show that the production of 

carbonised corn cobs is economically viable due to its positive NPV, higher IRR and a PBP of 

less than 4 years. 

Sahoo et al. (2019) conducted a techno-economic study on the production of woodchips 

briquettes (WCB), torrefied-woodchips briquettes (TWCB) and biochar from forest residue 

using three portable systems. These portable systems were expected to eliminate a 

transportation distance of about 200 km which sets the mean selling price (MSP) of an oven-

dry metric ton (ODMT) of WCB, TWCB, and biochar to be $162, $274, and $1044, 

respectively. However, using the logically improved portable system could reduce the MSP of 

WCB, TWCB, and biochar to $65, $145, and $470/ODMT, respectively. This means that 

portable systems have the potential to produce useful products at current prices using forest 

residues while concurrently reducing potential wildfires and greenhouse gas emissions. 

Hence, making it to be economically feasible. 
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The techno-economic analysis of solid fuels from biomass especially carbonised biomass is 

still in its infancy stage. To produce and commercialise briquettes with comparable 

compositions as fossil fuels such as coal, more critical information is required, and it differs 

from biomass to biomass. Successful briquette production from biomass can allow industries 

to utilise these solid fuels for heating purposes (Bazargan et al., 2014). Techno-economic 

analyses of carbonised biomass briquettes have been critiqued but there is a dearth in 

literature for other biomass such as CS to conclude its economic and environmental viability. 

Thus, conducting technical and economic research on briquette production from CS is 

essential.  
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CHAPTER THREE  

3. MATERIALS AND METHODS 

Waste biomass can be converted into a solid composite fuel through thermochemical and 

densification processes as these methods improve biomass properties. The influence of the 

densification parameters such as pressure, binder, density, and particle size are vital to the 

quality of the product. This chapter covers detailed materials and methods used in the 

production of briquettes from pyrolysed corn-stover (CS) and the optimisation techniques. CS 

waste biomass was analysed via thermogravimetric analysis (TGA). A rotating retort reactor 

was used to produce biochar at optimum conditions. Briquettes of dimensions 50 mm by 50 

mm were produced using a piston press. The physical and chemical characteristics of CS, 

biochar, and briquettes were accessed via both ultimate and proximate analyses. Briquettes 

were also assessed via HHV, strength tests, density, and burning time. Statistical software 

package Design-Expert® was used to optimise targeted variables of briquetting process, the 

process was developed using software SuperPro Designer® and economic indicators were 

used to conduct an economic analysis on the briquetting process. 

3.1. Biomass selection and preparation for pyrolysis 

Corn stover was collected from a maize farm in Western Cape, South Africa soon after 

harvesting. Approximately, 50 kg of the collected sample was sun-dried to 10% moisture 

content. A hammer mill was used to grind the dried sample to a size of 4 mm. Thereafter pilot 

shaker apparatus coupled with series of sieves of different sizes were then used to sieve the 

milled sample particle size of <2 mm required by the rotating retort reactor. Particle sizes that 

are greater than 2 mm were re-milled until the particle size was within the desired particle size 

of <2 mm. The sample was stored in sample polypropylene bags at room temperature. 

3.2. Production of biochar 

Biochar production was carried out in duplicate for reproducibility purposes. A rotating retort 

reactor with a 2-zone heating chamber shown in Figure 3.1 was purged with nitrogen for 15 

minutes at a rate of 10 L/min. The reactor was set to pyrolysis temperature of 400°C for each 

set of experiments. CS sample was fed into the rotating retort reactor after it has maintained 

an oxygen level of 3% concentration at the rate of 1kg/hour while constantly purging nitrogen 

at 1.5 L/min for each set of temperatures.  The reactor was followed by a residue collection 

container which was maintained at 300°C to limit the condensation of tars where the solid 

product (char) was collected. A condensation system with 4 containers (C1-C4) housed in 

separate water tanks (~ 8°C), was used to collect the volatiles from the char pot. The gas 

exiting the last condenser was then passed through an open-flame pilot burner system to the 
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atmosphere.  The sample was held at the set temperature to cool for 24 hours. The charred 

mass and the oil were collected separately, weighed, and recorded.  
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Figure 3.1: Pyrolysis pilot scale set-up. 

3.3. Biomass and biochar characterisation methods  

Biomass and biochar were characterised based on ultimate analysis at the University of 

KwaZulu Natal, KwaZulu Natal, South Africa. Proximate analysis and energy content were 

assessed by HHV analysis at the Department of Process Engineering, Stellenbosch 

University, Western Cape, South Africa. For reproducibility, the samples were assessed in 

duplicate.  

3.3.1. Proximate analysis 

Proximate analysis was conducted on the biomass and biochar samples to determine ash 

content, volatile matter, and fixed carbon content in accordance with the ASTM E1131 

standards, using STARe TGA analyser (Mettler Toledo, Ohio, USA). A mass of 10 mg of each 

sample was separately heated from ambient temperature to 110°C at a heating rate of 50°C 

/min in a nitrogen atmosphere for 5 minutes. Thereafter, the temperature was increased from 

110 to 900°C at a heating rate of 100°C/min for 5 minutes. In the last step, the sample was 

held at 900°C for a further 5 minutes with oxygen replacing nitrogen to allow for complete 

combustion of the sample. To determine the moisture content, volatile matter, fixed carbon, 

and ash content the TGA curve drawn were used. 

3.3.2. Ultimate analysis 

Ultimate analysis was conducted on the biomass and biochar samples to determine its 

elemental composition of carbon (C), hydrogen (H), nitrogen (N), and sulphur (S), using a 
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Vario EL Cube elemental analyser (Elementar, Langenselbold, Germany). To determine the 

total of the elemental composition (wt. %) a TruSpec Software program was used. Finally, the 

oxygen content was then calculated by difference. 

3.3.3. Higher heating value (HHV) 

The energy content of biomass can be analysed by conducting a higher heating value 

analysis. The HHV’s of biomass, biochar, bio-oil, and briquette samples were analysed using 

an Eco Cal2K (DDS, Instruments, Rheinlands, Germany) bomb calorimeter in accordance with 

ASTM D5865 standard procedure. A mass of 0.2 g of each sample was placed in a crucible 

and installing a fuse. Oxygen at a pressure of 1500 kPa was charged to the bomb calorimeter 

and firing cotton sparked which ignited the combustion reaction. After 20 minutes the analysis 

was complete, and the results were displayed on the screen of the Eco Cal2K bomb 

calorimeter. 

3.4. Design of experiments 

 A total of 20 experimental runs were generated using Design-Expert® software version 10.0.0 

(Stat-Ease Inc., Minneapolis, USA) via central composite design (CCD). This approach 

statistically designed experiments then estimated the mathematical model coefficients and 

lastly it predicted the responses (HHV, compression strength, mechanical strength, and 

density). Drying temperature, densifying pressure, and binder percentage were evaluated as 

independent variables. They were coded as A, B, and C respectively (Table 3.1). They were 

chosen based on the reported ranges for maximum results (Tabakaev et al., 2017; Hamid et 

al., 2016).  

Table 3.1: Process variable used in the CCD for optimisation of briquette production using temperature, pressure, 
and binder as controllable experimental factors. 

Variables Code Low level (-1) Medium level (0) High level (+1) 

Temperature A 20 45 70 

Pressure B 20 30 40 

Binder  C 5 7.5 10 

The system’s behaviour is described by the quadratic equation below Equation 3.1, where 

optimum values were selected by analysing the response surface contour plots and solving 

the regression equation (Silva et al.,2011).  

𝑌 = 𝛽0 + ∑ 𝛽𝑖 𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖
2 + ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗 + 𝜀   Equation 3.1 

Where Y is a response variable and β0, βi, βii, and βij   are intercept of the response variable, 

coefficients corresponding to the factor are Xi, Xj(i, j = 1, 2, … . n). The input variables that 
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influence the response Y are Xi and Xj; the random error was represented by ε. A regression 

equation demonstrates the significance of individual coefficients, overall model significance, 

multicollinearity, heteroscedasticity, and autocorrelation (Stillwell and Webber 2016). A 

confidence level of 95% (p< 0.05) was evaluated by ANOVA as the statistical significance of 

the model. The multiple correlation coefficients (R2) were expressed to fit the quality of the 

model. The statistical significance of each parameter was determined via P-values (Silva et 

al., 2011). Design-Expert® software version (10.0.0 Stat-Ease Inc, Minneapolis, USA) was 

used to carry out the experimental runs shown in Table 3.2. 

Table 3.2: Design of experiments for process variables optimisation. 

Run Compression 

pressure (MPa) 

Binder 

concentration (%) 

Drying temperature 

(°C) 

1 13.82 7.5 45 

2 20 5 20 

3 20 10 20 

4 20 10 70 

5 20 5 70 

6 30 11.70 45 

7 30 7.5 45 

8 30 3.30 45 

9 30 7.5 3.0 

10 30 7.5 45 

11 30 7.5 87.04 

12 30 7.5 45 

13 30 7.5 45 

14 30 7.5 45 

15 30 7.5 45 

16 40 5 70 

17 40 10 70 

18 40 5 20 

19 40 10 20 

20 46.82 7.5 45 

3.5. Production of briquettes  

3.5.1. Sample selection and preparation for briquette production 

Biochar produced via slow pyrolysis at a temperature of 400°C was used as the starting 

material for briquette production. Corn-starch was selected as a binding material due to its 



41 
 

ready availability as waste and its superior pasting properties. The corn-starch was collected 

from Tongaat Hullet, an agriculture and agri-processing company (Western Cape, South 

Africa). In preparation for densification, biochar was pounded using a mortar and pestle and 

then sieved using a mesh size of 2 mm. Both biochar and corn starch were exposed to room 

temperature conditions for 24 hours before briquetting. 

3.5.2. Binder and biochar mixture preparation  

The binder concentrations of 5, 7.5, and 10% at (3:1, biochar; corn-starch) was prepared to 

mix water (80:20, biochar; water) and heating at 80°C to activate the binder, until gum point. 

Thereafter the binder and biochar were mixed to form the mixture to be densified. This 

methodology was adapted from methods by Tamilvanan (2013), Zanella et al. (2016) and 

Tabakaev et al. (2017) with modifications.  

3.5.3. Densification production 

A piston press (briquetting machine) operated manually was designed by Pride Lab Equipment 

(Pty) Ltd (Cape Town, South Africa) using a mild steel material with a capacity of one briquette 

per turn. The press (Figure 3.3) has a 10 Ton jack connected to the pressure gauge. The 

press is connected to a load-cell logger which is coupled with software that receives data from 

the piston press. A hardened stainless-steel cylindrical mould (ID= 50 mm; H= 50 mm) aided 

with a funnel to load the starting material at the top and a collector to receive the product at 

the bottom. A release valve handle with a piston, connected to the pressure jack was used to 

compact the feed material manually (Biochar and binder mixture).  

 

To prepare a briquette sample, the material was fed on top of the mould using a funnel at the 

required compaction pressure and it was held for 30 seconds before releasing the handle. 

Thereafter, a steel mould designed to push out the sample was then used to eject the briquette 

sample by pressing it out and collecting it at the bottom of the mould. All briquette samples 

were placed in a drying tray and dried at desired temperatures. The dried briquettes were then 

taken for laboratory analyses. The experiments were done in duplicate for reproducibility 

purposes. 
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Figure 3.2: Briquette machine set-up. 

3.6. Briquettes Characterisation  

Briquettes samples were characterised based on energy content by HHV analysis and 

proximate analysis as outlined in sections 3.3.2 and 3.3.1. Strength test and density were 

conducted on the briquettes to determine their quality at the Department of Civil Engineering, 

Cape Peninsula University of Technology, Western Cape, South Africa. For repeatability, the 

samples were done in duplicate.  

3.6.1. Strength tests  

3.6.1.1. Mechanical strength (Durability) 

Mechanical strength was conducted on the briquette samples in accordance with GOST 

21289-75 standard procedure (Tabakaev et al., 2017). A briquette sample was weighed and 

dropped three times on a metal surface at a height of 1.5 m. The dropped sample was 

collected, sieved, and weighed again. Equation 3.2 was used to calculate the ratio between 

the masses of the briquette before and after. 

𝑋 =
𝑚−𝑚1

𝑚
  Equation 3.2 

Where:  

m is the mass of briquette before the test (g) 

m1 is the mass of briquette after the test (g) 

X is the ratio between the masses  
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3.6.1.2. Compression strength  

Compression strength was conducted to determine the maximum load the briquette can 

sustain without failing. Each briquette sample was placed in a cube crusher and the pressure 

was uniformly increased at a rate of 100 kN/min compressing the sample to failure. The test 

was done in accordance with the study (Tabakaev et al., 2017). A data logger connected to 

the cube crusher recorded the force (F) applied to the briquette. Equation 3.3 below was used 

to calculate the maximum compression strength. 

𝑃 =
𝐹

𝑑
  Equation 3.3 

Where: 

P is maximum compression strength (MPa)  

F is the force applied on the briquette (kN) 

A is the area of the briquette (mm2) 

3.6.2. Density 

The density of briquettes indicates desirability in terms of transportation, storage, handling, 

and burning time (Kaur et al. 2017). To determine the density of the briquettes, Equation 3.4 

(Wilson, 2016) was used. The area of each briquette was calculated, and the mass and height 

were measured to determine the briquette density. 

𝜌 =
𝑚

𝐴×ℎ
  Equation 3.4 

Where: 

ρ presence the density of the briquette (kg/m3)  

m is the mass of the briquette (kg) 

A is the area of the briquette (m2) 

h is the height of the briquette (m) 

3.6.3. Burning time 

The optimised briquettes were tested for their burning characteristics based on burning time 

which is the average time that the briquettes take to burn into ash after ignition. The sample 

weight of briquettes was used to heat 1L of water using an improved cookstove to which the 

time for the briquettes to burn into ash and the water to boil was recorded. The test was done 

with modifications in accordance with studies by Kabok et al., 2018 and Ndingeng et at., 2015. 
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3.7. Process development and economic evaluation 

To determine the probability of developing an efficient method for briquette production, 

process evaluation for pilot plant and commercial scale methods was conducted. The material 

and process conditions were based on the lab-scale experiments detailed in section 3.2. A 

process flow diagram (PFD) for briquetting plant that comprises the pyrolysis section and the 

briquetting section was developed highlighting the preliminary plant plot and major equipment 

for briquetting process. Intelligen (Scotch Plains, NJ, USA) software SuperPro Designer® was 

used as a simulation software to give detailed methods for process model and design 

parameters for briquette production. To simulate on SuperPro Designer®, corn starch, 

biochar, and briquettes were manually defined and were regarded as non-conventional 

components in this study as they are not originally defined in the software. Briquetting machine 

was also regarded as non-conventional equipment which was selected as a generic box and 

recipe operation conditions were used. A unit procedure, analogous to SuperPro Designer® 

was used to describe each operational step that takes place in the production of briquettes. 

The mass and energy balances generated in the process simulation was useful to estimate 

the capital and operational costs of the large-scale briquetting plant. An Excel spreadsheet 

was used to estimate costs associated with equipment purchase and installation, civil 

construction, utility installation, land, and engineering as well as the raw materials and 

products. These costs were estimated from reported historical data from literature and 

individual suppliers (Wang & Jan, 2018; Alibaba, 2019; Brigagao et al., 2019; City of Cape, 

2019), using Lang factors when necessary. Economic analyses were then conducted and 

reported in terms of the discounted cash flow rate of return (DCFROR), discounted payback 

period (DPBP), and net present value (NPV) (Sinnot, 2005). 
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CHAPTER FOUR  

4. CHARACTERISATION AND PROCESS OPTIMISATION 

4.1. Introduction  

In the biomass densification process, it critical to ensure that the densified product is of high 

quality and meets the set standards, to sustain quality control at both national and international 

markets (Pradhan et al., 2018). Biochar briquette quality properties are affected by the type of 

biomass, physicochemical composition of biomass and biochar as well as process conditions 

(Kaliyan & Morey, 2009).  Hence, it is of importance to assess these properties in the 

production of briquettes that will serve as a good source of fuel compared to coal and support 

environmentally benign combustion (Kers et al., 2010; Emerhi, 2011). Characteristics of raw 

corn-stover (CS) and biochar from pyrolysis as assessed via HHV, proximate and ultimate 

analysis are reported herein. Thus, to improve the cost-effectiveness of densification the 

effects of compaction pressure, binder concentration, and the drying temperature were 

investigated. CCD was used as a statistical optimisation tool to evaluate the effect the factors 

have on the HHV, compaction pressure, durability, and the density of the briquettes. The 

process of optimisation is important as its main goal is to maximise the quality of CCS 

briquettes in terms of energy contents while obtaining high strength and density. Further, a 

mathematical model that links the influential parameters and ANOVA and regression analysis 

was used to achieve the appropriate mathematical models.  

4.2. Characterisation of biomass  

4.2.1. Ultimate analysis 

The carbon content of the raw biomass was found to be 40.97 wt.% dry basis, and this is 

comparable to previous studies by Azuara et al, 2016; Cong et al, 2018; He et al., 2018 on 

raw CS (Table 4.1). The oxygen content of the biomass was found to be 53.23. wt. % This 

reveals that raw CS has low carbon content and relatively high oxygen hence, obtaining H/C 

and O/C ratios of 0.12 and 1.30, respectively. It is believed that the H/C molar ratio should 

increase while oxygen content (or O/C molar ratio) should decrease for biomass feedstock to 

produce potential biofuels (Capunitan and Capareda, 2012). The results are consistent with 

values obtained by other researchers (Cong et al, 2018; Al-Wabel, 2013). Higher O/C ratios 

are expected in biomass due to structurally well-defined compounds (Danje, 2011). Therefore, 

these demonstrate the need for further processing of CS to remove oxygen as much as 

possible to increase its energy content and make it a valuable biofuel (Capunitan and 

Capareda, 2012). It is evident from the results in Table 4.1 that CS is an environmentally 

friendly source of feedstock for fuel production given that it has low concentrations of nitrogen 



46 
 

(0.71 wt.%) and no sulphur content.  Low nitrogen and sulphur contents indicate the capability 

of the biomass to be suitable for thermochemical conversion (Chen et al., 2015). Sulphur and 

nitrogen oxides are major pollutants produced from burning fossil fuels like coal. Hence, if the 

raw CS and pyrolysis products from raw CS are combusted, they would give off lower 

concentrations of these pollutants. Consequently, contributing to the reduction of global 

warming and climate change. 

Table 4.1: Ultimate analysis of corn-stover biomass. 

 
This 

Study 
He et al. 
(2018) 

Cong et al. 
(2018) 

Azura et al. 
(2016) 

Feedstock CS CS CS CS 

Ultimate analysis (wt. %, dry basis) 

C 40.97 43.28 44.92 44.40 

H 5.10 5.92 5.77 5.60 

O* by difference 53.23 39.32 41.00 49.12 

N 0.71 1.96 0.98 0.43 

S - 0.66 0.21 0.45 

H/C Molar ratio 1.45 1.63 1.5 1.50 

O/C Molar ratio 0.97 0.68 0.68 0.83 

 

4.2.2. Proximate analysis 

Corn-stover biomass was characterised by a high volatile matter value of 69.04 wt. % and 

minimal ash content of 4.96 wt. % (Table 4.2). High volatile matter is advantageous for 

thermochemical conversions because during heating it readily releases more volatile 

compounds that produce a solid product with low ash and high fixed carbon (Singh & 

Shadangi, 2011; Vassilev, 2015; Yorgun & Yaldiz, 2015). Lower amounts of ash in biomass 

feedstocks during degradation could reduce slagging and fouling in the furnace, which is 

caused by the alkali content in the high-ash feedstocks (Shariff et al., 2016). The observed 

high fixed carbon content implies that the heating value of the pyrolysis product will be 

improved, consequently making CS a desirable starting material for fuel production via 

pyrolysis (Yorgun & Yaldiz, 2015). In addition, the CS has undesirable qualities as compared 

to the typical low-grade coal (Table 4.2) used for domestic for heating and cooking purposes. 

Hence the need to upgrade CS into a competitive solid fuel is significant.  These values are 

comparable to the characteristics of other biomass previously reported in the literature (Table 

4.2).  
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Table 4.2: Proximate analysis of corn-stover biomass.  

 
This 

Study 
Capunitan & 

Capareda 
(2012) 

Liu et al. 
(2015) 

Azuara et al. 
(2016) 

Chelgani et 
al. (2019) 

Feedstock CS CS CS Pine wood Coal 

Proximate analysis (wt.%, dry basis) 

Volatile matter 69.04 78.7 80.30 80.85 28.54 

Ash content 4.96 6.62 2.25 8.05 20.21 

Fixed carbon 17.43 14.7 9.93 11.1 44.16 

HHV (MJ/kg) 16.8 17 - 18.83 22.18 

 

4.2.3. Heating value  

The HHV is an indicator of how much energy the biomass contains, which is the overall energy 

content released when the fuel is burnt (McKendry, 2002). The HHV of the raw CS in this 

study was determined to be 16.80 MJ/kg. To know if biomass needs to be upgraded to a 

better-quality solid fuel, it is essential to know its HHV to help determine the conversion 

efficiency of the process (Mabizela, 2014). Likewise, the HHV value in this study was close to 

the one found by Capunitan & Capareda (2012) on CS biomass and Azuara et al. (2016) on 

pinewood biomass considered for conversion processes (Table 4.2).  

4.2.4. Product yields 

The total mass distribution of CS product yields after thermochemical decomposition at an 

optimum temperature of 400°C was observed and is shown in Table 4.3. The product yields 

of biochar, bio-oil, and biogas were found to be 46.11, 30.40, and 23.20 % respectively. 

Typically, the product yields of solids and liquids tend to decrease with temperature increase 

while gaseous products increase. As expected, biochar had the highest yield among the 

products as described in chapter 2 (Table 2.8) for slow pyrolysis products.  This can be 

attributed to secondary cracking reactions that occur due to pyrolytic vapour caused by lower 

heating rates and lower to moderate temperatures (400-450°C). This means that there will be 

a rise in the production of carbonaceous material and a decrease in liquids and gases (Azuara 

et al., 2016). In the same way, the values are consistent with those reported by other studies 

(Table 4.3) The study on slow pyrolysis of hazelnut shells at 400°C by Quispe et al. (2017) 

reported the biochar, bio-oil, and biochar yield to be 47.50, 20.10 and 18.90 % respectively. 

Similarly, Capunitan & Capareda. (2012) reported biochar, bio-oil, and biogas yield to be 37, 

31, and 15 % correspondingly, from the slow pyrolysis of CS at 400°C. 
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Table 4.3: Product yield distribution at 400°C. 

Reference This Study 
Capunitan & 
Capareda. 

(2012)  

Quispe et al. 
(2017) 

Feedstock CS CS Safflower 

Biochar yield (%) 46.11 37.00 47.50 

Biooil (%) 30.40 31.00 20.10 

Biogas (%) 23.20 15.00 18.90 

 

4.3. Characterisation of biochar 

4.3.1. Ultimate analysis  

The hydrogen and oxygen contents were found to be 3.66 and 67.55 wt. % respectively. The 

hydrogen and oxygen content show a decrease of 28 wt. % and 26. 9 wt. % from the raw CS 

when it pyrolysed at 400˚C. According to He et al. (2018), the degree of aromatisation is 

promoted during pyrolysis which consumes a certain amount of H and O elements in 

lignocellulosic resides. These results are similar to the values reported in previous studies by 

(Angin, 2013) and Liu et al. (2018) on the pyrolysis of safflower and CS at 400˚C. The H and 

O contents of the safflower were 3.84 and 68.54 wt. % and of the CS were 3.67 and 58.09 wt. 

% respectively. Biochar results (Table 4.3) shows the carbon content increased from 40.97 to 

71.40 wt. % compared to the raw CS. This indicates that after CS went under thermal 

decomposition oxygen content and other volatile were removed increasing carbon content 

(Poundel & Oh, 2014). The carbon content increase is consistent with fixed carbon content 

and the content in this study is comparable to that of South African coal which has a carbon 

content of 78.50 wt. % (John Thompson (Pty) Ltd., 2019). 

In comparison with raw CS, the H/C and O/C ratios were found to be 0.64 and 0.30, 

respectively.  The biochar values (Table 4.3) show that there was a decrease in the H/C and 

O/C ratios when CS went through carbonisation at 400˚C. Lower ratios are desirable after 

pyrolysis since they indicate that the material has high energy content and during 

decomposition, the carbonisation and aromaticity of biochars were fully elevated (Hu & 

Gholizadeh, 2019). The results show that H/C and O/C ratios were like those illustrated on a 

Van Krevelen diagram in the study by Capunitan and Capareda (2012) on CS biochar. The 

authors mentioned that their H/C and O/C ratios were 0.65 and 0.10, respectively. Similarly, 

the Van Krevelen plot for solid fuels in the study by McKendry (2002) shows values obtained 

in this study are within the coal region (H/C=0.4-0.8 and O/C=0.01-0.35). Besides, it is 

important to know how much nitrogen and sulphur contents are present before the combustion 
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of biochar as they contribute to the greenhouse effects. In this study, nitrogen content was 

found to be 1.05 and there was no sulphur detected which makes the biochar to be favourable 

over convention fossils like coal. 

Table 4.4: Ultimate analysis for biochar. 

Reference This Study 
Liu et al. 

(2014) 
Angin. 
(2013) 

John Thompson 
(Pty) Ltd. (2019) 

Feedstock CS CS Safflower C smalls coal 

Ultimate analysis (wt. %, dry basis) 

C 67.55 79.65 68.54 65.03 

H 3.66 3.96 3.67 3.43 

O* by difference 27.91 15.72 24.16 8.26 

N 0.88 0.62 3.63 1.70 

S 0 0 0 0.66 

H/C Molar ratio 0.64 0.79 0.64 0.66 

O/C Molar ratio 0.30 0.20 0.26 0.10 

 

4.3.2. Proximate analysis 

The volatile matter content obtained in this study decreased from 69.04 to 21.19 wt.%. The 

decrease in the volatile matter is because the pyrolysis process removes the volatile 

constituent of the biomass which increases the fixed carbon content (Capunitan and 

Capareda, 2012). According to John Thompson (Pty) Ltd (2019), it is favourable to have a 

volatile matter content around 20-30 wt. % to offer a product as industrial fuel to compete with 

coal.  After carbonisation, the fixed carbon content in this study increased from 17.43 to 65.18 

wt. %. The increase in the fixed carbon can be attributed to its linear relationship with H/C 

ratios, where the H content gets removed during devolatilization. This leaves the fixed carbon 

with very low H content which gives rise to the HHV (Ronsse et al., 2013). The ash content in 

this study increased from 4.96 to 13.86 wt.% after pyrolysis. The rise in ash content can be 

explained by the progressive concentration of minerals and obstructive volatilisation of 

biomass when pyrolysed (Raqid et al, 2016; Dooley, 2015). These results are consistent with 

the values obtained from other studies indicating pyrolysing biomass decreases the volatile 

matter while it increases the fixed carbon and ash content (Table 4.4) (Angin, 2013; Liu et al., 

2014; John Thompson, 2019). The presence of high ash content in fuels is not desirable as it 

may reduce its energy content. The biochar produced in this study has a relatively low ash 

content than that of a typical industrial C grade coal which has an ash content of 18.22 wt. % 

(John Thompson (Pty)Ltd, 2019). Therefore, with these characteristics the biochar produced 

has the potential to compete with coal as a source of fuel for heating and cooking 
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Table 4.5: Proximate and HHV analysis of biochar. 

Reference 
This 
Study 

Liu et al. 
(2014) 

Angin. 
(2013) 

John Thompson 
(Pty) Ltd. (2019) 

Feedstock CS CS Safflower C smalls coal 

Proximate analysis (wt%, dry basis) 

Volatile matter 21.19 20.8 19.8 24.84 

Ash content 13.86 5.4 8.5 18.22 

Fixed carbon 65.18 71.7 71.7 54.24 

Yield 43.4 36.9 34.18 - 

HHV 28.89 - 28.77 26.0 

 

4.3.3. Heating value 

To determine the amount of heat released when the biochar will be combusted, the HHV was 

evaluated. The HHV of biochar in this study increased from 16.80 to 28.89 MJ/kg after raw CS 

was pyrolysed at 400°C.  The rise in the HHV is attributed to the removal of oxygen and 

hydrogen at 400°C from the biomass feedstock which increases the carbon content (Poudel 

and Oh, 2014). This validates the claim made in section 4.3.1 that an increase in carbon 

content consistently increases the fixed carbon which contributes to the increase in HHV 

(Ronsse et al., 2013). Correspondingly, these values were like the results reported by Angin. 

(2013) after safflower biomass went under carbonisation at 400°C and he reported an HHV 

28.77 MJ/kg (Table 4.5). Nevertheless, the HHV of the biochar in this study has more energy 

value than the raw CS and hence more favourable as a suitable energy source than the 

biomass itself. In this study, the biochar had an HHV value comparable to that of South African 

C grade coals (22.18-25 MJ/kg) (Chelgani et al., 2019). Also, the biochar had better qualities 

(low ash and no sulphur contents).  

4.4. Optimisation of briquettes 

4.4.1. The effect of process variables on higher heating value 

The regression model (R2) of the effect of process variables on the HHV was found to be 

0.9814 (Table 4.6) and shows that it is in reasonable agreement with the adjusted R2 of 

0.9252. The high R2 demonstrates that there is a good correlation between the actual values 

with the predicted values and the low calorific value, which was found to be 2.25, confirms that 

the quadratic model is precise and reliable. The Adeq precision was found to be 25.6499 and 

a ratio greater than 4 is desirable (Design-Expert® software version (10.0.0 Stat-Ease Inc, 

Minneapolis, USA)). Therefore, this indicates that the model is adequate to be used for the 

process design. The model shown in Equation 4.1 describes the variation of the HHV with 
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compaction pressure, binder concentration, and drying temperature.  The model terms B, A2 

were found to be significant. Hence, the final equation for predicting the HHV was attained as 

follows: 

HHV = 30.89419 − 0.203006B + 0.001463A2 − 0.019018B Equation 4.1 

where A is compression pressure, B is binder concentration and C is drying temperature 

Table 4.6: ANOVA and fit stats summary for HHV. 

Factor P-value F value Effect Fit stats 

Compression pressure (A) 0.2057 1.83 Insignificant R2=0.9765 

Binder concentration (B) 0.0001 397.09 Significant Adjusted R2=0.9553 

Drying temperature (C) 0.4016 0.7672 Insignificant CV%=0.7215 

AB 

AC  

0.4016 

0.8894 

  
Adq precison=25.6499 
 

BC 0.6778    

 

4.4.1.1. Interactions between process variables on the HHV 

The 3-D surface plot shown in Figure 4-1. a) indicates the effects of compaction pressure 

from 20 to 40 MPa and binder concentration from 5 to 10% on the HHV at a constant drying 

temperature of 45°C. The interaction between the compaction pressure and drying 

temperature was insignificant (p>0.05). Figure 4-1. a) shows a linear decrease on the HHV as 

the binder concentration is increased and a slight decrease on the HHV when pressure is 

increased. However, the HHV is seen to start to slightly pick up an increase at 30 MPa. Though 

individually as shown in Table 4.6 binder concentration influences the HHV, the compaction 

pressure does not maximise the HHV under the set conditions.  Figure 4.1. b) shows the 

absolute nature of the 3-D surface plot for the interaction between binder concentration and 

drying temperature. The interaction is shown for binder concentration from 5 to 10% and drying 

temperature from 20 to 70°C, maintained at 30 MPa. A decrease of HHV is observed on the 

figure as the binder concentration is increased while there is a slight increase on the HHV 

when the drying temperature is increased. The two variables showed an insignificant 

interaction to the HHV, owing to the p=0.6778 indicated by ANOVA on Table 4-6.  With respect 

to the interaction between compaction pressure from 20 to 40 MPa and the drying temperature 

20 to 70°C, held at 7.5% binder concentration shown in Figure 4.1. c) there was no significant 

interaction as validated by ANOVA in Table 4.6. Their individual effects on the HHV further 

validates and supports the insignificance.  
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4.4.1.2. The influence of process variables on the HHV  

The HHV obtained through the densification process ranged from 25.5 to 28.80 MJ/kg. These 

values are consistent with charred risk husk (Chirchir et al., 2013) and palm kernel briquettes 

values of 26.8 to 25.2 MJ/kg and 28.18 to 27.51 MJ/kg (Bazargan et al., 2014) The 3-D surface 

plots illustrated in Figure 4.2 and the values shown in Table 4.6 show the effects of the 

briquetting process variables and their interactions on the resulting HHV. The results in Table 

4.6 shows binder concentration (B) to be the most significant factor influencing the HHV of 

briquettes as indicated by the larger F-value of 397.09 and smaller p-value of <0.0001. The 

HHV significantly decreases from 28.80 to 25.59 MJ/kg as the binder concentration is 

increased from 5 to 10% (Figure 4.2). The decrease in HHV could be attributed to the type of 

corn-starch quality and the amount (Kaur et al., 2017). Besides, if the HHV of the binder itself 

is lower than the material used it decreases its fixed carbon thus decreasing the HHV of the 

briquettes (Haykiri-Acma and Yaman, 2010; Thabuot et al., 2015). Similar behaviour was 

observed when starch binder concentration was used on kernel palm briquettes, the HHV 

decreased from 28.18 to 27.51 MJ/kg (Bazargan et al. 2014). On the other hand, the 

compression pressure does not show any impact on the HHV as indicated by the p-value of 

0.2057 and a small F-value of 1.83 (Table 4.6). This is because the pressure is responsible 

to enhance the volumetric value of the briquettes but not the HHV (Grover and Mishra, 1996; 

Lela et al., 2016). In this study, it was included to check its possibility of mechanical strength 

improvements. According to a study by Tanui et al. (2018), there were similar observations of 

no statistical influence on the HHV when the pressure was increased from 50 MPa and 150 

MPa on eucalyptus briquettes. Additionally, the p-value of 0.4016 and a smaller F-value of 

0.7672 (Table 4.6) indicates that the drying temperature does have not a statistical effect on 

HHV. The limited effect of the drying temperature could be attributed to the fact that this study 

only limited to a drying temperature of 70°C. Whilst the studies conducted by Tanui et al. 

(2018) observed a slight decrease in the HHV as the drying temperature was increased at 

temperatures above 80°C on eucalyptus briquettes.  
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a)        b) 

 

 

                                                      c) 

 

 

 

 

 

Figure 4.1: 3-D Response surface plot indicating the effect of a) compression pressure & binder concentration c) 
compression pressure & drying temperature b) binder concentration & drying temperature on the higher heating 
value. 

4.4.2. The effect of process variables on the compressive strength 

The ANOVA results show that all the studied factors had significant effects on the compressive 

strength model (Table 4.7). The high R2 of 0.9776 and low CV of 0.8253 shows good precision 
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and reliability of the quadratic model. The adequacy precision of 24.7474 is desirable as it is 

above 4, proving that the model is significant. The significant model terms for predicting 

compressive strength are A, B, AB, A2. Therefore, the mathematical model in terms of 

compression pressure, binder concentration, and drying temperature is given by Equation 4.2. 

Compressive Strength = 3.38152 − 0.076512A + 0.035568B + 0.007050AB + 0.001664A2 

Equation 4.2 

Table 4.7: ANOVA and fit stats summary for compressive strength. 

Factor P-value F value Effect Fit stats 

Compression pressure (A) 0.0001 351.04 Significant R2=0.9776 

Binder concentration (B) 0.0001 50.61 Significant Adjusted R2=0.9574 

Drying temperature (C) 0.4873 0.5201 Insignificant CV%=0.8253 

AB 

AC 

BC 

0.0108 

0.6518 

0.3033 

  
Adeq precison=24.7474 

 

4.4.2.1. Interactions between process variables on the compressive strength 

The interaction of compression pressure from 20 to 40 MPa and binder concentration from 5 

to 10% at a constant drying temperature of 45°C are shown in Figure 4.2. a). There was a 

significant increase in the compressive strength as the compression pressure and binder 

concentration are increased. The figure revealed that there are significant effects between the 

compression pressure and binder concentration on the compressive strength. This is further 

supported by the ANOVA (P=0.0108) in Table 4.7 and validates the existence of optimum 

conditions for compressive strength and binder concentration for maximum compressive 

strength. Figure 4.2. b) indicates the effects of compaction pressure from 20 to 40 MPa and 

drying temperature from 20 to 70°C on the compressive strength at a constant binder 

concentration of 7.5%, but there was no interaction between the variables. This can be 

attributed to the variables not meeting the significance test (p=0.6518) by ANOVA in Table 

4.7. Similarly, the interaction between binder concentration from 5 to 10% and the drying 

temperature 20 to 70°C, held at 30 MPa compression pressure shown in Figure 4.1. c) was 

insignificant. The consistency is also observed in their individual effects on the compressive 

strength which did not meet the significance (p>0.05) as well as the significance (p=0.3033) 

of variables interaction in Table 4.7. 

4.4.2.2. The influence of process variables on the compressive strength  

The compressive strength obtained from densification ranges from 3.45 to 6.11 N/mm2. The 

effects of the briquetting process variables on the resulting compressive strength are 
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illustrated in the 3-D surface plots shown in Figure 4.4 and the correlation is linked to the 

ANOVA results on the individual factors in Table 4.7, where only compression pressure and 

binder concentration show a statistically significant effect on the compressive strength, owing 

to the p-value of < 0.0001 and F-value of 351.04 for compression pressure, a p-value of 

<0.0001 and F-value of 50.61 for binder concentration, and p-value of 0.4873 and F-value of 

0.5201 for drying temperature. The compression pressure on the compressive strength shows 

a significant effect, an increase in compression pressure from 20 to 40 MPa increases the 

compressive strength from 3.45-6.11 N/mm2 (Figure 4.4). Correspondingly, binder 

concentration has a significant effect on the compressive strength. Particularly, increasing 

binder concentration increased the compressive strength as illustrated in Figure 4.4. The 

increase in compressive strength can be attributed to the fact that increasing the compressive 

pressure and the binder concentration create contact between surfaces which reduces the 

volume of the pores and all the voids within the material are filled by binder. Hence, creating 

stronger inter-particle bonds resulting in stable and firm solid briquettes (Helwani et al., 2018; 

Katimbo et al., 2014).  The observation agrees with the study by Mitchual et al. (2013) on 

hardwood spices (C. mildbreadii) briquettes where the compressive strength increased from 

1.30 to 12.45 N/mm2. Similarly, Ujjinappa and Sreepathi (2018) on pongamia (Pongamia 

pinnata) shell briquettes where the compressive strength increases from 6.26 to 20.18 N/mm2 

with an increase in compression pressure and binder concentration. Conversely, the drying 

temperature showed no statistically significant effect on the compressive strength (p-value of 

0.5201 and a low F-value of 0.4873) (Table 4.7). This could be because, in this study, the 

drying temperature ranged from 20-70°C within which the drying temperature could be less 

impactful on the compressive strength (Figure 4.4) and the influence of the drying temperature 

on the compressive strength is known to be obtained at higher temperatures (>80°C) 

(Tabakaev et al., 2017; Tanui et al., 2018). A similar trend on the peat briquettes showed 

little/no effect on the compressive strength when drying temperature is increased from 20-

80°C and a decrease in compressive strength was only noticed at higher drying temperature 

(>80°C).  
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a)        b) 
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Figure 4.2: 3-D Response surface plot indicating the effect of a) compression pressure & binder concentration c) 

compression pressure & drying temperature b) binder concentration & drying temperature on the compressive 

strength. 

4.4.3. The effect of process variables on density 

The ANOVA results in Table 4.8 shows the significant model terms for HHV. The results show 

high R2 and low CV of 0.9252 and 2.25 respectively, which indicates good precision and 

reliability of the quadratic model. The adequacy precision is desirable as it is above 4 

(39.4336) verifying the significance of the model.  The density had a quadratic relationship 
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with factors A, B, AB, A2 and by removing terms that are not significant the model was reduced, 

and the final equation is obtained as follows: 

Density = −155.07951 + 26.37835A + 36.89090B − 0.460000AB − 0.175344A2  Equation 4.3 

Table 4.8: ANOVA and fit stats summary for density. 

Factor P-value F value Effect Fit stats 

Compression pressure (A) 0.0001 938.53 Significant R2=0.9814 

Binder concentration (B) 0.0001 41.33 Significant Adjusted R2=0.9252 

Drying temperature (C) 0.1228 2.84 Insignificant CV%=2.25 

AB 

AC 

BC 

0.0471 

0.6002 

0.6002 

 
 

 
Adq precison=39.4336 

 

4.4.3.1. Interactions between process variables on the density  

There is an increase in density as the compression pressure and binder concentration 

increases. Figure 4-3. a) shows interaction between compression pressure from 20 to 40 MPa 

and binder concentration from 5 to 10% at constant drying temperature of 45°C for density. 

The figure shows that the relationship between the two variables is linear and directly 

proportional to the density. Consequently, the interaction of the variables was significant as 

validated by the ANOVA (P=0.0471) in Table 4-8. Their individual significance (p<0.05) 

confirms that there exist conditions for these two variables to produce a maximum density. On 

the other hand, Figure 4.3. b) illustrates the relationship of compression pressure from 20 to 

40M Pa and drying temperature from 20 to 70°C held at binder concentration of 7.5%. 

Although the compaction pressure showed an effect the density, the drying temperature had 

no effect as a result there was no interaction between the two variables. This is further 

validated the significance test p=0.6002(p>0.05) in Table 4.8. Likewise, an interaction 

between binder concentration and drying temperature showed no significance (Figure 4. c)), 

owing to the ANOVA p=0.05 (0.6002) in Table 4.8.  

4.4.3.2. The influence of process variables on the density    

The density obtained through the densification process ranged from 420 to 788 kg/m3. Figure 

4.5 shows the 3D surface plot of the effects of compression pressure, binder concentration, 

and drying temperature on the density. Table 4.8 results show that compression pressure is 

the most effective factor on the density of briquettes as indicated by the larger F-value of 

938.53 and smaller p-value of <0.0001 followed by binder concentration (F-value of 41.33 and 

p-value of <0.0001). From Figure 4.5 the density shows a significant increase when 

compression pressure increased from 20 to 40 MPa. Consequently, increasing the 
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compression pressure causes particles of the material to be closely packed due to void ratio 

reduction and deformation of particles resulting in increased density (Mitchual et al., 2013; 

Tarasov et al., 2012). Also, the density results with an increase in compression pressure from 

this study are consistent with findings by Mitchual et al. (2013) that the densities from 

compression pressure of 10-50 MPa ranged from 386 to 658 kg/m3, respectively. Furthermore, 

the binder concentration indicated an influence in the density of the briquettes. As indicated in 

Figure 4.5 the density increases with increased binder concentration from 5 to 10%. The 

increment of density when binder concentration is increased can be explained by the addition 

of an ever-rising amount of higher-density binder than the actual material (Tanui et al. 2018; 

Tarasov et al., 2012). Ujjinappa and Sreepathi (2018) and Zubairu and Gana (2014) also 

observed an increment in density from 947 to 1023 kg/m3 on hardwood spices (C. mildbreadii) 

briquettes and from 358.3 to 425.7 kg/m3 respectively on con-cobs briquettes when binder 

concentration was increased from 10-30%. On the contrary, in this study, the drying 

temperature shows no statistically significant effect on the density with a very low F-value of 

2.84 and a p-value greater than 0.005 (0.1228) (Table 4.8). Figure 4.5. c) shows that the 

drying temperature increments had little/no effect on the density. Studies by Lela et al. (2016) 

and Tanui et al. (2018) also observed no statistically significant effect on the density when the 

drying temperature was increased from 22.5 to 100°C on briquettes from and sawdust and 

eucalyptus.  
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a)                                                                                                     b) 
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Figure 4.3: 3-D Response surface plot indicating the effect of a) compression pressure & binder concentration c) 

compression pressure & drying temperature b) binder concentration & drying temperature on the density.  

4.4.4. The effect of process variables on durability 

All the studied factors had a significant effect on the durability as indicated in Table 4.9. A high 

R2 of 0.9831 and a low CV of 0.1864 validated the quadratic model’s reliability and precision.  

Also, the model was confirmed with a desirable adeq precision of 27.5857. The factors A, B, 

C, AB, and BC were significant model terms for durability. Therefore, the mathematical model 

for the durability in terms of compression pressure, binder concentration, and drying 

temperature is represented by Equation 4.4. 
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Durability = 98.63656 + 0.031501A − 0.750731B + 0.013729 + 0.013000AB + 0.002400BC 

Equation 4.4 

Table 4.9:  ANOVA and fit stats summary for durability. 

Factor P-value F value Effect Fit stats 

Compression pressure (A) 0.0001 387.19 Significant R2=0.9831 

Binder concentration (B) 0.0001 97.93 Significant Adjusted R2=0.9678 

Drying temperature (C) 0.0049 12.91 Significant CV%=0.18645 

AB 

AC 

BC 

0.0003 

0.4279 

0.0329 

  
Adq precison=27.5857 

 

4.4.4.1. Interactions between process variables on the durability  

The interaction between the compaction pressure and drying temperature is significant p>0.05 

(0.0003) confirmed by the ANOVA in Table 4.9. The 3-D surface plot shown in Figure 4.4. a) 

shows the interaction of compaction pressure from 20 to 40 MPa and binder concentration 

from 5 to 10% on the durability at a constant drying temperature of 45°C. There is a linear 

increase on the durability when the compression pressure and binder concentration is 

increased and its individual significance p<0.05 further confirms and the Equation 4-4 

represents that. Similarly, there is an interaction between binder concentration and drying 

temperature on the durability from 5 to 10% and 20 to 70°C respectively, validated by the 

p<0.05 (0.0329) in Table 4.9. Noticeably, Figure 4.4. b) shows an increase on the durability 

when binder concentration increases while increasing the drying temperature decreases the 

durability. This implies that keeping the temperatures up to 70°C reduces the chance of 

maximising the durability using the set conditions. The results in Table 4.9 and Figure 4.4. c) 

imply that there is no significant interaction between the compaction pressure from 20 to 40 

MPa and drying temperature from on the durability at a constant binder concentration of 7.5%, 

owing to its p>0.05 (0.4279). 

4.4.4.2. The influence of process variables on the durability   

The effects of compression pressure, binder concentration, and drying temperature are shown 

in the 3D surface plots illustrated in Figure 4.6. Table 4.9 represents the ANOVA results for 

density.  The ANOVA results in the table show that all three factors have a significant effect 

on the durability of briquettes which is validated by their p-values that are below 0.05 and 

larger F-values (Table 4.9). From Figure 4.6 it can be observed that increasing the 

compression pressure from 20 to 40 MPa increases the durability of briquettes from 97-100%. 

It is attributed to the fact that high pressure (>10 MPa) causes particles to be close together 
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and can improve the bonding forces in the material (Tabakaev et al., 2017; Tanui et al., 2018). 

This trend is consistent with the study by Tarasov et al. (2012) and Jezerska et al. (2014) that 

durability increases with increasing pressure. They observed a durability increase on native 

wood and rice straw briquettes from 93.6 to 98% and 58 to 98.2% respectively when the 

pressure is increased. Similarly, the binder concentration indicated an influence on the 

durability of the briquettes. As seen in Figure 4.6 the durability increases with increasing 

binder concentration (5 to 10%). This attributed to the fact increasing the binder concentration 

increases the chances of the inter-particles to be more bonded together to form a solid and 

stable briquette that can handle storage and transportation (Sotannde et al., 2009). Jezerska 

et al. (2014) observed the durability increasing from 70-99.2% when the starch binder was 

increased from 5 to 20% on spruce sawdust briquettes. Furthermore, it can be seen that the 

drying temperature also had a significant influence on the durability of the briquettes.  

Increasing the drying temperature from 20 to 70°C decreased the durability to 97%. The 

decrease in durability could be explained by the fact that higher drying temperatures result in 

rapid release of evaporating moisture and cracks forming in the surface of the briquettes 

making the briquettes too dry and increasing fine particles to fall of (Tabakaev et al., 2017). 

The results are consistent with the study by Said et al., (2015b) on rice straw briquettes where 

the durability reached up to 98.20% when the temperature was kept at <50°C, this confirms 

that strong durable briquettes are better achieved at much lower temperatures.  
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a)         b) 

 

c) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: 3-D Response surface plot indicating the effect of a) compression pressure & binder concentration c) 

compression pressure & drying temperature b) binder concentration & drying temperature on the durability. 

4.4.5. Optimisation and validation 

According to the experimental results obtained by the response surface method, optimisation 

of briquetting process parameters on CCS briquettes was successfully performed and the 

average optimum briquetting conditions were suggested as follows: compression pressure 

(40MPa), binder concentration (8.74%) and drying temperature (21.6°C). At these conditions, 
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the HHV, compressive strength, density, and durability as predicted by the respective 

developed models are 30 MJ/kg, 5.76 N/mm2, 781.11 m3/kg, and 98.62% respectively. 

The reliability of the developed models was also verified by preparing CCS briquettes under 

the suggested optimum briquetting conditions. These conditions were assessed for HHV, 

compressive strength, density, and durability, and the mean values were found to be 27.32 

MJ/kg, 5.48 N/mm2, 770.40 m3/kg, and 98.87 % respectively. These were compared with the 

predicted values from developed models. Menya et al. (2020) mentioned that for the reliability 

of the predictive capability of the developed models, the experimental values should lie within 

the range of values for 95% prediction interval (PI). The experimental values obtained are in 

close agreement with the predicted values, falling within the 95% prediction interval (Table 

4.10). The experimental and predicted values were significant with considerable small 

standard deviations, of only 0.19, 0.23, 1.04, and 0.14 for HHV, compressive strength, density, 

and durability respectively which further confirms the good correlation between the 

experimental and predicted values. 

Table 4.10: Validation experiments for the proposed models.  

  

Pressure 
(MPa) 

Binder 
(%) 

Drying 
temp 
(°C) 

HHV 
(MJ/kg) 

 Strength 
(N/mm2) 

Density 
(m3/kg) 

Durability 
(%) 

Predicted value 

(95% PI) 40.00 8.74 21.60 30.00 5.76 781.11 98.62 

Experimental value 
       

Run 1 40.00 8.74 21.60 27.11 5.42 769.23 98.80 

Run 2 40.00 8.74 21.60 27.48 5.73 770.75 99.03 

Run 3 40.00 8.74 21.60 27.37 5.28 771.22 98.79 

Mean Value - - - 27.32 5.48 770.40 98.87 

Std dev - - - 0.19 0.23 1.04 0.14 

 

4.5. Characterisation of briquettes 

The CCS briquettes produced from optimised conditions were assessed for proximate 

analysis and burning characteristics. The burning characteristics were based on the time it 

took to boil 1L of water and the time it took to extinguish (burn into ashes). The results are 

shown in Table 4.11. 
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Table 4.11: Proximate analysis and burning characteristics results. 

Experimental 

values 

Time taken 

to (min) 

Proximate analysis (wt. %) 

 

Boil  Burn to 

ashes 

Volatile 

matter 

Fixed 

carbon 

Ash 

content 

Run 1 13:11 50:02 27.17 55.53 10.15 

Run 1 12:02 55:10 27.33 55.67 10.15 

Mean values 12:57 52:36 27.25 55.6 10.15 

 

4.5.1. Proximate analysis 

From the proximate analysis, the average volatile matter of optimised briquettes was found to 

be 27.25 wt. %. The addition of the binder increased the volatile matter (from 21.19 to 27.25) 

in comparison with the biochar represented in Table 4.4. The increase in volatile matter 

reduced the fixed carbon to 55.6 wt. %. These results agree with the values reported in the 

literature by Tabakaev et al. (2017) and Helwani et al. (2018) where the volatile matter for 

carbonised peat and empty fruit brunches decreased from 23.2 to 19.4% and 24.16 to 21.48% 

respectively. A low (<30%) volatile matter is favourable during combustion of the biomass 

briquette as it will produce less/zero smoke and will serve as an environmentally friendly 

biofuel (Ifa et al., 2020). According to Zanella et al. (2016), starch binders have a high volatile 

matter (approx. 80-95 wt. %). Thus, its addition causes an increase in the volatile matter of 

the product. The volatile matter in this study was found to be within the range of volatile matter 

for carbonised biomass (<30 wt. %) (Borowski et al., 2017).  The fixed carbon which was found 

to be 55.6% is not directly influenced by the addition of the binder but due to changes in the 

volatile matter and ash content (Hasan et al., 2015). Regarding the ash content, it is noticed 

that it has slightly decreased from 13.86 to 10.15 wt. %. This can be explained by the fact that 

corn starch compositions have mostly volatiles and little to no ash which may have caused a 

slight decrease in ash content when added during densification (Zanella et al., 2016). These 

results are consistent with the study by Tabakaev et al. (2017) when 5% of starch was added, 

the ash content decreased from 22.9 to 18.9 wt. % for carbonised peat briquettes. The ash 

content obtained in this study is within the recommended range (5-40 wt. %) for biomass solid 

fuels (Ajimotokan et al., 2019). 

4.5.2. Burning characteristics  

The average time it took for the 1L of water to boil and the briquettes to extinguish was found 

to be 12:57 and 52:56 mins, respectively (Table 4.11). It was observed that the briquettes 
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were burning with a yellow/orange flame (Figure 5.A), no sparks were observed, there was 

no smell and there was no/little smoke during burning. The results obtained in this study (Table 

4.11) for the average time for briquettes to extinguish were higher than some values reported 

in the literature on carbonised biomass briquettes (18 to 33.3 minutes) (Tamilvanan, 2013; 

Kabok et al., 2018) but were consistent with the ones (25.4 to 68 minutes) reported by 

(Onchieku et al., 2012) and (Waweru & Chirchir, 2017). Briquettes are considered better with 

longer burning times, which is related to higher density briquettes (~>600 m3/kg) and shapes 

that increase airflow rate and reduce the packing factor (Kabok et al., 2018).  The burning 

properties of the briquettes produced in this study show that they have better qualities to be 

used as energy fuels. 

4.6. Chapter summary  

In this chapter, the physical and chemical compositions of biochar were accessed via HHV, 

proximate and ultimate analysis to determine its energy content quality. The biochar produced 

using slow pyrolysis at 400°C had an average HHV of 28.89 MJ/kg which is an increase of 

71.96% from the biomass feedstock. The results were comparable to those of other biochars 

produced from biomass using pyrolysis with HHV of 28.77 and 27.51 MJ/kg (Angin, 2013; 

Bazargan et al., 2014). The briquettes produced from optimised conditions represented in 

Table 4.10 shows that the HHV is comparable to that of South African bituminous A grade 

coal used for domestic and industrial purposes (24.5-33 MJ/kg) (Steyn & Minnitt, 2010; IGC 

GIFT, 2016; John Thompson, 2019). To maximise the production of high-quality CCS 

briquettes in terms of energy contents while obtaining high strength and density, the effects of 

compaction pressure, binder concentration, and the drying temperature were investigated. 

The results showed that the HHV (25.5-28.81 MJ/kg) of the briquettes were greatly influenced 

by the binder concentration (p<0.05) while the compressive strength (3.45-6.11 N/mm2) and 

density (420-788 kg/m3) of the briquettes were both influenced by compaction pressure and 

binder concentration (p<0.05). Lastly, the durability (97-100%) of the briquettes shows it was 

influenced by all 3 factors (p<0.05).  Also, the compressive strength, density, and durability of 

produced briquettes shown in Table 4.10 are comparable to that of domestic charred bio-

briquettes (Sánchez et al., 2014; Borowski et al., 2017).  In conclusion, the HHV, strength, 

density, and durability of charred briquettes were successfully optimised. Also, considering 

the assessed proximate analysis and burning characteristics in Table 4-10 CCS briquettes 

have a great potential to be used as heating and cooking solid fuel when the optimum 

conditions are carefully studied. 
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CHAPTER FIVE  

5. PROCESS DEVELOPMENT AND ECONOMIC 

ANALYSIS 

5.1. Introduction 

Briquettes are expected to relieve the ever-increasing South Africa’s energy demands. Thus, 

a detailed and critical techno-economic evaluation of carbonised biomass briquette production 

plant is essential. To determine the prospect of developing an efficient production process, 

process development and economic assessment are necessary. There is a dearth in the 

literature on the process modelling and economic assessment of carbonised biomass, and 

more specifically, carbonised corn-stover (CCS). This chapter aims to conduct a techno-

economic analysis of a briquette production plant in South Africa. The experimental optimum 

conditions for biochar and briquette production from corn-stover (CS) detailed in chapter 4 

were used to develop a process design and economic evaluation of the scale-up plant. 

Process development was demonstrated using a process flow diagram (PFD) for the slow 

pyrolysis section and SuperPro Designer® for the briquette production section. The equipment 

prices, sizes and data information for the process design and simulations were obtained from 

Alibaba group® and literature data. The process’ economic evaluation was based on the 

discounted payback period (DPBP), net present value (NPV) and discounted cash flow rate of 

return (DCFROR). 

5.2. Process development  

5.2.1. Design overview 

In this study, slow pyrolysis was used to convert biomass to biochar and subsequently densify 

into briquettes. The considered main operation production capacity of the process was 550 

kg/h in a semi-batch process. This is an average production capacity for small-scale 

briquetting plants (Felfi et al., 2005; Sahoo et al., 2019). South Africa is a developing country 

and production of carbonised biomass is still in its infancy stage, hence, a lower production 

rate and batch or semi-batch is attractive.  

5.2.2. Raw material  

Corn-stover was used as the feedstock in this study owing to the fact that maize residue in is 

readily available in South Africa (Batidzirai et al. 2016). The CS moisture content of ~10 wt. 

%, was chosen as it is the conventionally adopted composition in the pyrolysis of agricultural 

residues for both operational and conceptual processes (Zanella et al., 2016). 



67 
 

Another raw material used in this study, corn-starch, was chosen as a binder because it is 

produced locally in South Africa by different Agric-processing plants and is therefore 

affordable, relatively abundant, and available as waste as well. Also, starch has been shown 

to have good binding properties for carbonised biomass (Zanella et al., 2016; Borowski et al., 

2017) 

5.2.3. Plant processing time 

Conventionally, briquetting plants are operated 8-16 hours a day for 300 days a year (Islam et 

al., 2003; Felfi et al., 2005; Sahoo et al., 2019). In this, study an operating time of 10 hours a 

day for 300 days was adopted. 

5.2.4. Targeted products 

Briquette production is in two parts, namely slow pyrolysis, and the briquetting sections. In the 

slow pyrolysis section, the main targeted product is biochar with a production yield of ~46.11 

wt. % and an average heating value of 27.32 MJ/kg adapted from the experimental results 

(Chapter 4). This production yield and HHV is expected for a slow pyrolysis process when 

targeting biochar as the main product (Elkhalifa et al., 2019; Park et al., 2014). In the 

briquetting section, the targeted product is densified biochar (briquettes) comparable to 

conventional charcoal or coal in terms of quality but with better greenhouse gas emissions. 

5.2.5. Location  

In this study, it is assumed that the plant will be in one of the top 3 maize producers provinces 

in South Africa, namely Mpumalanga, Free state, and Northern Cape (Galal, 2020). It is 

assumed that the closeness of the plant to the farms and ready availability of the feedstock 

will ensure sustainability.  

5.2.6. Development of process flow diagram (Base case) 

The research findings in this study and information from slow pyrolysis and briquetting plants 

were used to develop the process flow diagrams (PFDs). PFDs are known to show the flow 

plant processes and the relationships between unit equipment. In this study, the flowsheet 

diagram contains the slow pyrolysis plant which produces biochar as its main product as well 

as bio-oil and biogas as by-products. The general production of carbonised briquettes is 

assumed to be done using electricity from the grid and is considered the base case for this 

study. It also comprises the briquetting plant which densifies the biochar from pyrolysis into 

briquettes (Figure 5.1).   
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Figure 5.1: PFD for slow pyrolysis and briquetting production system. 

5.2.7. Slow pyrolysis (Carbonisation) section 

As a conventional hypothesis, the base case scenario proposes a scale-up plant that attains 

the same performance as the pyrolysis pilot unit in terms of quality discussed in chapter 4, 

thus discarding the beneficial scale effect.  The base case scenario was adapted from previous 

studies (Felfi et al., 2005; Severy et al., 2018; Sahoo et al., 2019). The pyrolysis section 

consists of a shredder, dryer, and pyrolysis reactor system. The PFD for the base case of the 

slow pyrolysis section is shown in Figure 5.2. 

 

Figure 5.2: PFD for pyrolysis section. 
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5.2.7.1. Selection of operating conditions  

A dryer (E-1) was used to dehydrate CS at 80-120°C to achieve a moisture content of less 

than 10 wt. %. In the shredder (E-2), CS was pulverised and then sifted into a particle size of 

~4 mm using a screener (E-3) (Figure 5.2). CS was then carbonised in the pyrolysis reactor 

(E-4) at temperature and pressure of 400°C and 100 kPa respectively, to produce high-quality 

biochar with bio-oil and gas as by-products. The reactor operating conditions chosen are 

based on experimental data from the current study (Chapter 4).  The discharge from the 

reactor was then cooled down for 2 hours.  The biochar product was collected in an airtight 

container (E-5) while the tar-loaded vapours were collected separately (E-6) (Figure 5.2).  

5.2.7.2. Mass balance and yield product distribution results 

The reactor product distribution considered for the developed process was based on yields 

from the experimental data in this study as well as modification from the study by Sahoo et al. 

(2019). Studies by Manyuchi et al. (2016) and Rizzo et al. (2019) were referred to, so as to 

provide necessary additional information. The input-output structure in Figure 5.3 shows the 

overall process streams. 

Biogas 

129.20 kg/h

Bio-oil 

167.20 kg/h
Corn-stover 

550 kg/h

Biochar

253.60 kg/h
 

Figure 5.3: Mass balance of the pyrolysis section. 

The mass balance and yield distribution of the pyrolysis reactor is shown in Table 5.1. 
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Table 5.1: Mass balance of the pyrolysis section. 

Stream No Corn-stover Char Oil Gas 

Yield (wt. %) - 46.11 30.4 23.49 

Mass flow (kg/h) 550 253.61 167.2 129.20 

Temperature (˚C) 25 400 40 - 

Pressure (kPa) 100 100 100 100 

 

5.2.7.3. Energy requirements  

In this study, the pyrolysis section has not been modelled in SuperPro Designer® but 

developed by process diagram for its mass balances as illustrated in section 5.2.7.2. The 

power requirements of each unit equipment which is based on the scale and equipment 

capacity have been considered for economic evaluation in section 5.3. The power 

requirements of each pyrolysis section equipment are shown in Table 5.2. 

Table 5.2: Power requirements for the pyrolysis section. 

Equipment  Power required (kW) Reference 

Dryer  15 Alibaba Groupr®  

Shredder  15 Alibaba Groupr®  

Pyrolysis system 50 Boston Machinery (2019) 

Total  80  

 

5.2.8. Briquetting section 

The purpose of the briquetting section in this study is to densify the CCS into briquettes. It is 

assumed that the briquetting section will operate at optimum conditions determined in this 

study (Chapter 4). The equipment that makes the briquetting section is a grinder, screener, 

two mixers, briquetting machine, and drying rack. The PFD of the briquetting section is shown 

in Figure 5.4. 
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Figure 5.4:PFD for briquetting section. 



72 
 

In this study, SuperPro Designer® was used to model the proposed briquetting process. It has 

been widely used for the simulation of simple pharmaceutical, biotech, Chemical engineering, 

and agricultural chemical processes (Mocke, 2013; Petrides et al., 2014). It was found suitable 

to model briquetting processes due to its ease to modify a wide range of equipment and 

enables the user to model batch processes in greater detail.  

5.2.8.1. Selection of operating conditions  

The briquetting section begins with grinding of the material, biochar is crushed with a grinding 

machine (P-1/GR-101) and screened using the screener (P-4/MX-102) to a particle size less 

than 2 mm, which is the preferable size for carbonised briquettes (Wilson et al., 2016).  A 

mixer (P-2/VSCR-101) heated to approximately 80°C was used to activate and form a binder 

using water and corn starch. In another mixer (P-3/MX-101) the starch binder and biochar are 

mixed (3:2 [binder: char]). Moreover, a briquetting machine (P-5/GBX-101) at a pressure of 

40 MPa (optimum condition obtained in Chapter 4) was used to densify the prepared biochar 

and binder mixture to form biochar briquettes. The briquettes were placed in a drying rack (P-

6/TDR-101) and sun-dried for at least 24 hours or at 30°C in a drier. The briquettes were then 

packaged. The design basis and operation conditions for each piece of equipment in this 

section are summarised in Table 5.3. 

Table 5.3: Process simulation design basis and operation conditions for the briquetting section. 

Equipment Operation Temperature 

(˚C) 

Pressure 

(MPa) 

Conditions Unit 

ID 

Crusher Crushing 20 0.1 
 

P-1 

Screener Screening 20 0.1 

Particle size of less 

 <2 mm P-2 

Mixer 1 Mixing 20 0.1 

Binder concentration: 

8.74% P-3 

Mixer 2 Mixing 80 0.1 

Ratio of 3:2 Binder: 

Char) P-4 

Briquetting machine Densification 20 40 

Holding time: 30 

seconds P-5 

Drying racks Drying 21.6 0.1 

Drying for 24 hours at 

20  P-6 

 

For the simulation in SuperPro Designer®, corn starch, biochar and briquettes were manually 

defined and were regarded as non-conventional components in this study, as they are not 
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originally defined in the software. Also, briquetting machine was regarded as non-conventional 

equipment which was selected as a generic box. Recipe operation conditions were used. 

5.2.8.2. Mass and energy outputs 

After simulation of the briquetting process, a stream summary was generated. The 

composition of all inlet and outlet streams is presented in Table 5.4. The capacity of all process 

equipment is suggested and supported by quotations of required capacity from individual 

manufacturers for ease of cost. 

Table 5.4: Mass balance of stream S-101 to S-105 for the briquetting section. 

Stream No S-101 S-102 S-103 S-104 S-105 

Total mass (kg/h) 253.61 253.61 2.54 251.07 418.81 

Temperature (°C) 25.00 25.00 25.00 25.00 25.00 

Pressure (MPa) 0.10 0.10 0.10 0.10 0.10 

Total Volume (L/h) 254.96 254.96 2.55 252.41 421.04 

Biochar 253.61 253.61 2.54 251.07 0.00 

Starch - - - - 38.40 

Water - - - - 380.41 

 

Table 5.5: Mass balance of stream S-106 to S-110 for the briquetting section. 

Stream No S-106 S-107 S-108 S-109 S-110 

Total mass (kg/h) 38.40 380.41 669.88 669.88 669.88 

Temperature (°C) 25.00 25.00 25.00 25.00 25.00 

Pressure (MPa) 0.10 0.10 0.10 0.10 0.10 

Total Volume (L/h) 38.60 382.44 673.45 673.45 673.45 

Biochar - - 251.07 251.07 251.07 

Starch 38.40 - 38.40 38.40 38.40 

Water - 380.41 380.41 380.41 380.41 

Table 5.6: Energy requirements for briquetting equipment. 

Equipment  Power Required (kW) References 

Crusher 11 Alibaba Group®  

Vibrating screen 0.5 Alibaba Group®  

Mixer 1 20 Alibaba Group®  

Mixer 2 11 Alibaba Group®  

Briquetting machine 17 Alibaba Group®  

Total 59.5  
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5.2.9. Addition of gasifier-based generator (GBG) (Scenario 2) 

The base case scenario of briquette production suggests the use of electricity from the grid to 

produce briquettes. However, a second scenario based on energy-saving evaluation suggests 

addition of a gasifier-based generator that will use corn cob as feedstock is proposed to 

supplement electricity by generating electricity from biomass. This case which is adapted from 

the study by Sahoo et al. (2019) does not change the PFD system of the process but will aid 

in evaluating energy saving costs. 

Table 5.7: Energy requirements for gasifier-based generator. 

Equipment Operation  Output power 

(kW) 

Mass flow 

(kg/h) 

Reference 

 Gasifier-based 

generator 

Generates 

electricity  

80 90 
Alibaba Groupr®  

 

5.3. Discussion 

5.3.1. Pyrolysis section 

The 550 kg/h of CS being fed to the pyrolysis reactor yielded 46.11% (253.61 kg/h) of biochar. 

This leaves the bio-oil and biogas to a mass and yield of 167.2 kg/h (30.4%) and 129.20 kg/h 

(23.49%) respectively.  The results show that at 400°C biochar had the highest yield, and this 

can be attributed to lower heating rates and lower to moderate temperatures (400-450°C) 

caused by secondary cracking reactions (Azuara et al., 2016). Previous studies showed 

similar results where they reported higher biochar yields of 31 to 52% around 400°C for corn-

stover, rice husk & sawdust, co-biomass, and coconut shell (Capunitan & Capareda, 2012; 

Waghmare et al., 2016; Hanif et al., 2016: Sarkar & Wang, 2020). These wide range of biochar 

yield can be explained by the fact that biochar production is not only influenced by the type of 

feedstock but is also influenced by the particle size of the biomass, heating rate, lignin content 

and ash content (Demirbas, 2004). 

In relation to energy usage in the pyrolysis section, the pyrolysis reactor system accounts for 

62.5% of the overall pyrolysis process power requirements. This is due to the energy intensity 

of pyrolysing the biomass at a temperature of 400°C and which is expected to increase even 

further if higher temperatures are used. A similar trend was observed in a study by Sahoo et 

al. (2019) on the production of biochar to produce briquettes from woodchips where the 

torrefaction section contributed the most energy usage of about 90% overall. Therefore, if 

biochar is produced at optimum conditions targeted at the desired final product quality, energy 

usage can be reduced. In doing so, using higher temperatures could be avoided. Moreover, it 

is necessary to carefully design the pyrolysis system so to minimise the requirements for the 
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external heat supply and effectively operate the pyrolysis process (Lee et al., 2013). 

Alternatively, the by-products of the pyrolysis system could be utilised to produce energy within 

the system (Pawar et al., 2020) 

5.3.2. Briquetting section 

A total mass of 253.61 kg/h of biochar, 380 kg/h of water and 38.40 kg/h of corn-starch were 

used to form a total mass of 669.88 kg/h of wet briquettes. As these briquettes were completely 

dried, the total mass of the briquettes was ~ 300 kg/h. It was observed that the total mass of 

the briquettes reduced by 44.78% from wet briquettes to dry briquettes. It is assumed that 

drying the briquettes has the potential of reducing the moisture content from 10% to almost 5 

to 0% which affects the final mass of the briquettes (Felfli et al., 2005). Moreover, Previous 

studies by Sahoo et al. (2019) on the pyrolysis and briquetting of woodchips reported slightly 

different results for biomass pyrolysed at 400 °C. A mass balance of 768 kg/h of biochar 

produced a total mass of briquettes of 700 kg/h. The authors attributed the cause to the 

decrease in the moisture content from 10 to 0.6%. The variation in these two studies can be 

due to the different binding materials used to produce the briquettes as well the different types 

of feedstocks used to cause the disparity in the total mass balance. In this study, the corn-

starch contributed to the final product of the briquettes which slightly increased the mass while 

all the total water content was dried out and not accounted for in the final product. In terms of 

energy usage of the briquetting section, mixer 1 (P-4/MX-102) accounts for 33.61% of the 

overall process power requirements which is attributed to the addition of the heating element 

responsible to activate the binder during mixing. The rest of the power requirements are 

distributed to the remaining equipment.  It can be concluded that to reduce energy costs it is 

very essential to know the temperature at which the used binder activates.  

5.4. Economic analysis   

To perform an economic analysis, the first step required is to estimate the total capital 

investment (TCI) and the total manufacturing costs (TMC). These costs are associated with 

the day-to-day operation as well as the construction of the plant. Thereafter a profitability 

analysis was used to determine the viability of the plant. The methods and assumptions 

required to assess the economic feasibility of briquetting process are described in the next 

section. 

5.4.1. Estimation of capital cost 

The sum of the fixed capital cost (FCC) and working capital cost (WCC) is the TCI of a plant. 

According to Sinnot (2005), the total costs of the plant ready for the start-up is represented by 

the FCC which considers the total installed costs of equipment, contingencies and fees, and 

auxiliary facility costs. For this study, all utilities will be purchased from public local suppliers 



76 
 

at a fixed price hence the auxiliary and facilities will not be considered. Then WCC represents 

the additional investment required over the FCC until income is earned when starting and 

operating the plant.  

The approach used for TCI estimation in this study is the sum of the installed cost of all 

equipment of the main process which was adapted from the studies of Islam et al. (2003), 

Rizzo et al. (2019), and Sahoo et al. (2019).  An equipment cost estimate (pyrolysis and 

briquetting sections) was based on the design and the quotation of individual components 

obtained from different manufacturers.  

5.4.2. Estimation of total manufacturing costs (TMC) 

The raw materials, utilities, operating labour, and the fixed capital need to be known to 

determine the TMC. The quantity of raw materials and utilities for determining the required 

variable costs for this study are shown in tables presented in section 5.2.6. The utilities in this 

study are water and electricity and they are purchased based on consumption. Moreover, the 

operating labour costs are based on 10 operating hours for 300 days and the amount of labour 

required was adapted from a study by Sahoo et al. (2019) which suggested two operators are 

needed for a small briquetting plant. The cost data assumptions for determining the TMC are 

shown in Table 5.8. 

Table 5.8: Economic assumptions. 

 
Unit $/ Unit Reference 

Raw material 
  

Corn Stover ($/ton) 40 Wright et al. (2010) 

Corn starch ($/ton) 45 Alibaba Groupr® (2019) 

Corn cobsa ($/ton) 40 Brigagao et al. (2019) 

Water ($/L) 0.0087 City of Cape (2019) 

Product 
  

Briquettes ($/ton) 650 Alibaba Groupr® (2019) 

Bio-oil ($/L) 0.4 Wang & Jan (2018) 

Biochar ($/ton) 50 Alibaba Groupr® 

Utilities 
  

Water ($/L) 0.0087 City of Cape (2019) 

Electricity ($/kWh) 0.15 City of Cape (2019) 

Labour 
  

Operator salary ($/Month) 388 PayScale (2019) 

a- to be used for second scenario 
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The cost factors for estimating the manufacturing cost are estimated from equations with 

multiplication factors reported by Turton et al. (2013).  Table 5.9 shows a summary of the cost 

factors used to estimate the TMC of the briquetting plant. 

Table 5.9: Cost factors from Turton et al. (2013). 

Cost items Values for cost factors 

Direct Manufacturing cost  
 

Raw material CRM 

Utilities CUL 

Waste treatment CWT 

Operating labour COL 

Direct supervisory labour 0.18COL 

Maintenance and repairs 0.06FCC 

Operating supplies 0.009FCC 

Labour charges 0.15COL 

Patents and royalties 0.03TMC 

Fixed Manufacturing costs  
 

Depreciation 0.1FCC 

Local taxes and insurances 0.032FCC 

Plant overhead 0.6(1. d+1.e+1. f) 

General manufacturing costs  
 

Administration costs 0.15COL 

Distribution and selling cost 0.11TMC 

Research and development 0.05TMC 

Total Manufacturing cost = 𝟏. 𝟎𝟏𝟒(𝑪𝑹𝑴 + 𝑪𝑼𝑻 + 𝑪𝑾𝑻) + 𝟐. 𝟎𝟗𝑪𝑶𝑳 + 𝟎. 𝟎𝟐𝟑𝑭𝑪𝑪 + 𝑫𝑬𝑷𝑪 

 

5.4.3. Estimation of revenue  

The generated revenue in this study is from sales of briquettes and bio-oil. Their selling prices 

are based on their qualities. The briquettes selling price of $650 was based on briquette prices 

that have similar qualities to the one from this study (Alibaba Groupr®, 2019). The bio-oil 

produced will be sold without any upgrading and its selling price was adapted from a study by 

Wang and Jan et al. (2018) where refined bio-oil was sold at $0.55/litre, for this study the price 

was reduced by 15% ($0.4/litre) due to its un-upgraded quality. The selling price of each 

product is shown in Table 5.8.  
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5.4.4. Profitability analysis 

The profitability of an investment can be assessed based on assumptions and profitability 

criteria after the TCI and TMC of a project have been estimated. The criteria used in this study 

are discounted payback period (DPBP), net present value (NPV) and discounted cash flow 

rate of return (DCFROR). These evaluations were conducted on a Microsoft Excel 

spreadsheet. 

5.4.4.1. Main investment assumptions  

A profitability analysis based on the discounted cash flow technique that included the project 

life, start-up period, depreciation method, discount rate and taxation rate was done to provide 

a greater view of the viability of the project over the whole project life (Seider et al., 2004). 

Chemical plant life projects used for profitability analysis are typically 10, 12, and 15 years 

(Turton et al., 2013). In this study, reasonable profitability at the minimum project life is 

expected since the evaluated project is a small plant hence a project life of 10 years was 

assumed.  The plant was assumed to be constructed and start-up within 2 years. The first and 

second year of construction will be spread out by 60% and 40% of the total fixed capital that 

does not include the land. It was assumed that the WCC is 15% of the FCC. The simplest and 

most used depreciation method is the straight-line method. Therefore, a straight-line 

depreciation was assumed over the first five years after project start-up and a salvage value 

of zero (Seider et al., 2004; Turton et al., 2010). In this study, a taxation rate of 28% was used 

(South African Revenue Services, 2019). The desired discounted rate of 10% was used 

(Turton et al., 2013). Lastly, an average conversion rate of R15.13= 1USD (average exchange 

rate in 2019) for all cases was used. 

5.5. Results and discussion  

5.5.1. Total capital investment 

The total purchased cost of the listed equipment of the base case scenario for the briquette 

production process is $84 255. Table 5.10 shows that the major contributor to the total 

purchased cost is the pyrolysis system at 63.74% which includes the condenser and gas 

tower. The high installed cost of $53 700 for the pyrolysis system was expected and this is 

due to the reactor size and operating temperature which normally requires materials of 

construction that can resist the required temperature. The purchased cost of briquette machine 

was estimated to be $10 800, and it is the second contributor at 12.82% of the total purchased 

cost. This can be attributed to the production rate of the briquette machine. This trend agrees 

with Felfli et al. (2005) and Sahoo et al. (2019) who reported the combined purchase cost of 
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the pyrolysis system and briquette machine contributes to the total purchase cost at 89.02% 

and 73.43% % respectively. 

Table 5.10: Total capital investment for base case. 

Unit item Purchase cost ($) 

Shredder 5000 

Dryer 4000 

Pyrolysis system 53 700 

Crusher 1105 

Vibrating screen 1200 

Mixer 1 2000 

Mixer 2 5000 

Briquetting machine 10 800 

Drying racks 900 

Bio-oil storage tank 550 

Total purchase cost, CP 84 255 

Total bare module cost, CBM-list=3.63CP 305 845.65 

Total installation, CBM=1.25CBM-list 382 307.06 

Contingency and fee cost, CFC=0.18CBM 68 815.27 

Fixed capital, FCC=CBM+CFC 451 122.33 

Working Capital, WCC=0.15FCC 67 668.35 

Total Capital investment TCI=FCC+WCC 518 790.68 

 

From Table 5.10 it can be observed that to account for all unlisted equipment, an extra 25% 

of all the listed bare module costs was assumed, to calculate the FCC which was estimated 

to be $451 122.33. Thereafter the WCC was determined to be $67 668.35 assuming 15% of 

the FCC. Hence, it can be concluded that the required TCI of the base case for briquette 

production will be $518 790.68. 
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5.5.2. Total manufacturing cost 

Table 5.11: Total manufacturing cost. 

Cost items Manufacturing costs ($) 

Direct manufacturing cost  
 

• Raw materials 81 064.14 

• Utilities 59 268.89 

• Waste treatment 0 

• Operating labour 9312 

• Direct supervisory labour 1676.16 

• Maintenance and repairs 31 127.4 

• Operating supplies 4669.12 

• Labour charges 1396.8 

• Patents and royalties 0 

Fixed manufacturing costs 
 

• Depreciation 51 879.07 

• Local taxes and insurances 16 601.30 

• Plant overhead 5587.2 

General manufacturing costs 
 

• Administration costs 1396.8 

• Distribution and selling cost 29 037.68 

Total production cost  212 099.84 

Total manufacturing cost  224 149.98 

 

The breakdown of TMC for the briquette production process is illustrated in Figure 5.5. The 

direct, fixed, and general expenses were found to constitute 64, 25 and 11% respectively. It 

can be observed that the direct manufacturing costs (DMC) ($188 514.14) are the highest 

contributor to the TMC. The high DMC is due to the high cost of raw materials and utility 

demand of $81 064.14 and $ 52 368.89, respectively. The high raw material and utility demand 

can be attributed to the amount required to drive the process. Similar results were reported by 

Felfli et al. (2005) who observed that raw material and utility costs contributed approximately 

25 and 19% to the DMC, respectively. Whereas Wilson (2016) reported that raw material and 

utilities combined contributed about 23.30% in the DMC while operating supplies and labour 

charges consume about 66.62% combined. This could be attributed to the fact that the raw 

material and utilities might have been sourced for free or at a very lower cost causing the 

operating supplies and labour charges to be higher in DMC. Consequently, the fixed 
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manufacturing costs (FMC) are the second contributor at $ 74 067.57 to the TMC which is 

largely due to local taxes and plant overhead in this study. While general manufacturing 

expenses (GME) are the lowest contributor to the TMC at $30 434.48 which includes 

administration, distribution, and selling costs. Hence, the briquette production process 

requires a TMC of $224 149.99. From Table 5.11, it can be concluded that to minimise the 

DMC which contributes largely to the TMC, the utility usage such as electricity and water 

needs to be kept as minimum as possible through careful saving because it can contribute a 

substantial amount of charges in the TMC (Triphathi et al., 1998). 

 

Figure 5.5: Breakdown of TMC. 

5.5.3. Revenue generated 

The total annual sales for the base case scenario were determined to be $685 348.69 as 

shown in Table 5.12.  

Table 5.12: Generated revenue 

Product Annual revenue ($/y) 

Briquette 585 028.69 

Biooil 100 320 

Total revenue ($) 685 348.69 

 

The results indicate that the highest contributor to the revenue generated is the briquettes at 

$585 028.69 which is 85.36% of the total annual sales (Table 5.12). This can be attributed to 

its high selling price of $650/ton, which is due to the quality achieved in this study. Therefore, 

it can be concluded that the annual sales are dependent on the amount and quality of the 

briquettes produced. This can be corroborated by study reported by Felfli et al. (2005) who 

Direct cost
64%

Fixed cost
25%

General cost
11%

TMC
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showed that the quality of briquettes significantly increases the revenue by 19.3% after 

briquettes undergo carbonisation. Also, Sahoo (2019) reported the minimum selling price of 

non-carbonised woodchips briquettes was $161.5/MT while the minimum selling price of the 

briquetted woodchips increased the revenue by 69.85% after carbonisation. 

Table 5.12 and Figure 5.6 also show that bio-oil contributes the least to the revenue stream. 

The total annual sales for bio-oil were found to be $100 320 which is 14.64% of the total 

generated revenue and that can be attributed to its low production rate and low selling price 

as compared to the biochar used to produce briquettes. The low production rate and quality 

are expected, as the main aim of the slow pyrolysis section is to produce a high volume of 

quality biochar (Tripathi et al., 2016). 

 

Figure 5.6: Generated revenue distribution. 

5.5.4. Profitability analysis 

5.5.4.1. Base case scenario analysis 

The results of profitability indicators (PI) for the base case scenario for this study at a discount 

rate of 10% are shown in Table 5.13 and Figure 5.6. 

Table 5.13: Economic indicators for base case scenario. 

PI This Study Felfli. (2005) Ifa. (2020)  Segnar et al. (2013) 

DPBP (years) 2.67 - 3.42 2.50 

NPV ($) 1 612 122.34 - 611230 8693.70 

DCFROR (%) 53.10 48 23.55 230 

 

 

Briquette, 
85.36%

Bio-oil, 14.64%

GENERATED REVENUE
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Figure 5.7: Cumulative cash flow diagram. 

From Table 5.13 the DCFROR and the NPV for the base case scenario was determined to be 

53.1% and $1 612 122.34, respectively. A Higher DCFROR of 48% was observed in the study 

by Felfli et al. (2005) for carbonised briquettes from various biomass. However, Ifa (2020) 

observed a slightly lower DCFROR of 23.55% in the production of bio-briquettes from cashew 

nutshell waste. Although these studies are all profitable, their disparities can be due to cost of 

feedstock, fixed cost as well as the selling price (Felfli et al, 2005; Sahoo et al, 2019).  In this 

study the DCFROR is higher than the desired discount rate (>30%) and the NPV is greater 

than zero. Hence, the base case scenario is considered economically profitable. The 

attractiveness can be attributed to high revenue profits from the sales of briquettes, and the 

fact that bio-oil adds to the revenue stream. Likewise, the DPBP of 2.64 years meets the 

desired requirements of less than 4 years which proves the base case scenario to be 

favourable and can increase the attractiveness to investors. The DPBP of the base case 

scenario is comparable to the study by Sengar et al. (2013) who obtained a DPBP of 2.5 years 

for carbonised rice rusk briquette production and Ifa (2020) who obtained a DPBP of 3.42 

years for bio-briquettes from cashew nutshell waste. 

5.5.4.2. Comparison of scenarios 

In thus study, the base scenario evaluated in section 5.2.6 was compared with a second 

scenario of installing a GBG to generate electricity using corn cobs as feedstock for the GBG 

(section 5.2.9). The comparison between the scenarios was performed based on the TCI, 

total production costs (TPC), revenue, and profitability (PI). 
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Table 5.14: Comparison of base case scenario and scenario 2. 

Scenario Base case Scenario 2 

TCI ($/y) 518 790.68 672 725.37 

TPC ($/y) 212 099.84 202 559.75 

Revenue ($/y) 685 348.69 687 298.69 

DCFROR (%) 53.10 44.10 

NPV ($) 1 612 122.34 1 542 340.44 

DPBP (years) 2.67 3.14 

 

From Table 5.14, the TCI of $672 725.37 will be required if the GBG is added which is 22.88% 

higher than base case. The increase is due to the additional equipment required which 

increases the TCI. Regarding the TPC, Table 5.14 shows that production costs of the base 

case decreased by 4.50% when the GBG is added. Even though the raw material cost 

increased by 11.76 %. The decrease is due to a significant reduction in utilities particularly 

electricity costs by 61.58% from power generated by the GBG. Evaluation of revenue 

generation shows that adding the GBG to the base case scenario slightly increased the 

revenue by 0.28 % due to additional biochar (corn cob) sales. In terms of profitability, the base 

case is higher than the second scenario with a DCFROR of 53.1% and 44.1% respectively. 

This trend is seen in the studies by Felfi et al. (2005) and Segnar et al. (2013) where they 

observed high DCFROR of 48% and 230% respectively when using electricity on the grid and 

a study by Sahoo et al. (2019) of 19.8% to 15.2% while using electricity from the GBG. This 

can be attributed to the addition of equipment involved when using GBG which increases the 

TCI as shown in the table leading to a decrease in DCFROR and an increase in DPBP. 

Therefore, it can be concluded that the inclusion of the GBG will depend on the goals and the 

environment surrounding the project involved. 

5.6. Chapter summary  

This study aimed to optimise and assess the technical and economic profitability of the 

briquette production process from CCS. The mass and energy balances from the overall 

process were determined using PFD and software simulation in conjunction with equipment 

prices, sizes, and data from Alibaba Group® and literature.  550 kg/h of CS was converted to 

biochar to a mass and yield of 253.61 kg/h and 46.11% respectively. The energy requirement 

showed that the pyrolysis reactor consumed 62.5% of the overall pyrolysis process power 

requirements. The biochar was able to generate 300 kg/h of dry briquettes. The energy 

requirements for the briquettes section showed that the binder mixing section accounted for 
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33.61% of overall briquette section power requirements. Using the exact temperature required 

for binder activation is vital to energy-saving contribution. 

The base case scenario and scenario 2 were found to be economically feasible with a DBPB 

<4 years and DCFROR >30%.  The addition of GBG was found to slightly increase the revenue 

by 0.28 %. However, it was also found that using the GBG increased the DPBP and decreased 

DCFROR in comparison with the base case scenario from 2.67 years to 3.14 years and 53.10 

and 44.10% respectively. Although both scenarios are seen to be technical and economically 

profitable, the goals and environmental surroundings of the project will decide the necessity 

of either scenario. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
 

6.1. Impact of the study  

This study shows that corn-stover (CS) biomass when carbonised via slow pyrolysis can 

significantly reduce the costs for ash disposal which is already a problem with coal and 

demonstrates the sustainability of the resulting fuel. Its high calorific capacity in the form of 

carbonised briquettes can significantly reduce the fuel consumption for heat supply and 

provide a decrease in costs for its transportation in comparison with the raw material. The 

produced carbonised CS briquettes at the relevant market price were found to be feasible 

technical and economically to be considered as a suitable solid fuel comparable with 

conventional charcoal and coal. These carbonised CS briquettes can contribute significantly 

to the environment by reducing the dependence on firewood and other unclean fuel sources 

and manage waste in South Africa and other developing countries. 

6.2. Conclusions 

This study shows that raw CS under optimised slow pyrolysis conditions produced high-quality 

biochar with an HHV of 28.89 MJ/kg comparable to those of other biochars produced from 

biomass using pyrolysis which was converted into briquettes. The CCS briquette’s effect of 

compaction pressure, binder concentration, and the drying temperature was investigated and 

was optimised successfully in terms of HHV while obtaining high strength and density. The 

briquettes produced to show that the HHV, as well as the compressive strength, density, and 

durability, is comparable to that of South African bituminous A grade coal. The briquettes were 

smokeless with low ash and volatile matter content which are suitable for domestic and 

industrial purposes. The technical and economic analysis of briquette production plant in 

South Africa from CCS was evaluated. This study shows that process development of CCS 

briquettes using PFD was successfully developed and was found to be economically feasible 

with a DBPB <4 years, high positive NPV and DCFROR >30%.  Therefore, this can conclude 

that it is economically possible to produce and sell CCS briquettes that will contribute to 

relieving South Africa ever-increasing energy demands.  

6.3. Future work 

Recommendations for future studies are as follows:  

• Research should be done to focus on the characterisation of all slow pyrolysis products 

(bio-oil and biogas) for possible simulation requirements. 

• Implementation of the existing regulations for a sustainable biochar sector in South 

Africa needs to consider CCS briquette. 
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• Employ simulation techniques that can incorporate both slow pyrolysis and briquetting 

production. 

• More research should be focused on upgrading slow pyrolysis by-products to give a 

more defined economic perspective of all products. 

• Investigate more scenarios where the bio-oil and biogas by-products can be used as 

energy sources to supplement or replace electricity 
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8. APPENDICES 

Appendix A: Experimental set-up, feedstock, and product 
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Figure A.1: Corn-stover 

 

Figure A.2: Picture of biochar produced 
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Figure A.3: Picture of corn-starch  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4: Briquettes  
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Figure A.5: Burning briquettes with a flame 

 

Figure A.6: Burning briquettes 
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Appendix B: Analytical instrumentation of proximate and elemental analysis for feedstock 

and biochar 

 

Figure B.1: Elemental analysis results for feedstock sample 
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Figure B.2: Elemental analysis results for biochar sample 
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Appendix C: Statistical and optimization studies 

Table C.1: ANOVA for all quadratic model responses  
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Appendix D: Development of SuperPro 

 

 

 

  

 

 

 Figure D.1: Selection of components 

 

Figure D.2: Equipment data 
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Figure D.3: Procedure data 

 

Figure D.4: Operation data 
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Figure D.5: Operation sequence for the procedure 
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