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ABSTRACT 

Energy availability at the domestic level continues to pose a challenge worldwide, especially in 

Africa. Densification of biomass into briquettes has been considered as a substitute alternative 

fuel. Briquettes based on two feedstocks have shown improved characteristics; however, 

knowledge about the effect of briquettes with more than two feedstocks and best mix ratios is not 

thoroughly studied. The broad objective of this study was to assess the effect of process 

parameters and agricultural wastes (rice husk- maize cobs and bagasse) as feedstocks on selected 

briquette properties at different mix ratios (1:1:1, 1:2:2, 1:3:3, 2:1:2, 2:2:3, 2:3:1, 3:1:3, 3:2:1 and 

3:3:2) after carbonization using a drum kiln. Then char was milled to less than 2mm, blended, 

and mixed with molasses binder for densification and agglomeration. The performance 

characteristics (using Water Boiling Test in a ―jiko okoa‖ cookstove) including ignition time, 

time to boil, burning rate, specific fuel consumption, and power output were determined. A 

mixture of 1:1:1 was used for the three, screw press, drum and hand agglomeration for briquettes 

production. The high density (screw press) briquettes which had better characteristics were used 

to determine their physical and combustion properties at selected feedstocks mix ratios. Taguchi-

based Grey Relational Analysis was used to determine optimal condition for briquettes which 

was attained at mix ratio of 3:2:1 using the screw press technique. Physical properties of 

briquettes; moisture content and density were 6.43% and 904 kg/m
3
 respectively. Combustion 

characteristics of these optimal briquettes were 3.63% ash content, 18.56% volatile matter, 

77.81% fixed carbon and 29.04 MJ/kg calorific value. The quality of briquettes was influenced 

by technique and mix ratios. These research findings are of importance to briquettes users as a 

source of clean energy and environment conservation thus realization of Sustainable 

Development Goal (SDGs #7). 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background.  

In any society, energy is one of the components of sustained development and poverty 

eradication (De Filippo & Serrano-López, 2018). Energy is vital for social-economic growth 

(Awasthi et al., 2020). However, energy availability at the domestic level continues to pose a 

challenge across the world, especially in Africa, where deforestation and the high cost of cooking 

gas and kerosene are experienced (Cardil et al., 2020; Sharma et al., 2020; Trigueiro, 2020). 

Urbanization rates are rising in most developing countries; thus, demand for charcoal is expected 

to rise (Ochola, 2018). Most of the population uses wood charcoal since they cannot pay for 

electricity and Liquid Petroleum Gas (LPG) for cooking (Ozoh et al., 2018). 

On the other hand, fossil fuels worldwide are limited while demand for developed 

industries' energy consumption has increased (Kaur et al., 2020). The ecological issues have 

become a priority for an environmentalist to conserve natural resources; however, high usage of 

these limited available fossil fuels has led to serious outcomes (Kaur et al., 2020). Thus, to meet 

the ever-increasing energy demand and avoid dependence on fossil fuel, waste biomass has been 

considered a substitute alternative fuel source. 

Biomass is produced globally every year from agriculture. According to United Nations, 

Food and Agriculture Organization (FAO), over 9 billion tonnes of crop residues were created in 

2017, while over 5 billion cubic metres of forestry waste products were recovered in the same 

year (Sherwood, 2020). They are deposited on the farm to decay or be burnt directly in the 

atmosphere; these disposal methods have ecological problems (Kwon et al., 2020; Usmani et al., 

2021; Welfle et al., 2020). These huge volumes of biomass can be converted to energy. The use 

of biomass fuel has been proposed to be a good source of energy for domestic cooking since it 

will ensure secure, clean, and affordable energy that will lead to economic development, thus 

lifting people out of poverty (Garcia-Freites et al., 2020) . 

Significant quantities of biomass are available in Sub-Saharan Africa for conversion into 

domestic energy sources (Adeleke et al., 2021; Adeniyi & Ighalo, 2020; Tolessa et al., 2020). 

However, they are underutilized due to poor handling and combustion characteristics (Chirchir et 

al., 2013; Miranda et al., 2021). It is also not easy to handle, utilize, transport, store biomass in 



2 

 

its original form (Gilvari et al., 2020; Nguyen et al., 2020; Nunes et al., 2020). According to da 

Silva et al. (2020) it has been reported that biomass in its original form has a high moisture 

content, low bulk density, irregular shapes, and sizes. Inefficient technologies used to process 

and utilize biomass makes it unclean, unaffordable, and unreliable (Awasthi et al., 2020). 

Densification should be undertaken to enhance the reliability and handling of the biomass (Kpalo 

et al., 2020). Kenya is one of the countries that would highly benefit from biomass densification 

to improve the availability of solid fuel. 

Being a developing nation, Kenya is faced with limited access to clean energy sources 

(Pachauri, 2013). According to Mangla et al. (2020), limited access has been caused by high 

consumption rates, associated concerns that include energy security and demand, and material-

energy recovery, which leads to sustainable energy system development. Most African rural 

populations use wood fuels as their primary energy source. Over 70% of Kenyans still rely on 

wood or charcoal for fuel, which leads to a decline in forest cover (Bailis et al., 2020; Jackson et 

al., 2018; Jacobson & Ciolkosz, 2020). Availability and exploitation of agricultural residues can 

reduce deforestation since they can generate energy for industrial and domestic use (Kashif et al., 

2020; Latterini et al., 2020). This would ensure the exploitation of biomass densification to 

ensure there is improvement in the availability of clean energy sources to the country's populace. 

According to Tumuluru et al. (2010), biomass densification can be classified into baling 

pelleting, extrusion, and briquetting. Bailing is the packing of biomass into a dense manageable 

form that is efficient and easy to use, pelleting, extrusion, and briquetting. Nielsen et al. (2020) 

described pelleting as combining and densifying finely, dusty, unpalatable, and difficult-to-

handle agricultural feed material to form larger particles used as bioenergy. Extrusion is the 

process done on wet lignocellulosic biomass for producing biogas or bioethanol using single or 

twin-screw machines at a high temperature, usually around 150
o
C – 250°C (Behling et al., 2016) 

A study by Kpalo et al. (2020) described briquetting as converting agricultural waste into dense 

and uniformly shaped briquettes with better physical and combustion characteristics than the 

initial waste biomass that is easy to use, transport, and store. This is achieved using a boiler, 

pelletizer, screw press, piston press, or roller press (Akpenpuun et al., 2020). 

Studies on briquetting using these technologies have been extensively done (Akpenpuun 

et al., 2020; Dulal & Singh, 2021; Ikubanni et al., 2020; Jiao et al., 2020; Kpalo et al., 2020; 
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Orisaleye et al., 2020; Welfle et al., 2020). Piston press technology can accommodate biomass 

with a high moisture content of up to 22% and has been studied by Singla et al. (2020), having a 

70 mm diameter and capacity of 1200 kg−
1
, while Rahaman and Salam (2017) studied a 

manually operated piston press. Screw press has been reviewed by Prasityousil and Muenjina 

(2013) to produce briquettes from municipal wastes and sawdust. Hydraulic presses have been 

used for satisfactory operation, even with moisture content beyond 22%. Davies and Davies 

(2013) and Bello and Onilude (2020) evaluated hydraulic presses to produce briquettes from 

water hyacinth and composite sawdust. Also, Navalta et al. (2020) used hydraulic presses to 

investigate the effects of compression pressure (8, 10 and 12 MPa) on sugarcane bagasse and rice 

bran briquettes. Bembenek (2020) and Bembenek et al. (2020) have extensively studied the roller 

press to produce briquettes. 

Further, briquettes' properties are affected by the type and combination of feedstocks 

used. The durability and mechanical strength of the briquettes produced from one kind of 

biomass can be improved by blending with another biomass material (Song et al., 2020; 

Tumuluru & Fillerup, 2020). Studies have been done on briquettes' physical and combustion 

characteristics using carbonized agricultural residues for briquettes. Feedstocks such as corn cob 

(Akpenpuun et al., 2020; Kpalo et al., 2020; Oliy & Muleta, 2020), sawdust (Bello & Onilude, 

2020; Song & Hall, 2020) rice husk (Akpenpuun et al., 2020; Niño et al., 2020) cotton stalk 

(Song & Hall, 2020; Yilmaz et al., 2020) and hazelnut shell charcoal (Demirel et al., 2019; 

Demirel et al., 2020) charcoal dust (Ajimotokan et al., 2019; Gwenzi et al., 2020) sugarcane 

bagasse (Brunerová et al., 2020; Costa et al., 2019) have been studied. However, little 

information is available on the effect of process parameters on a selected technology of 

briquetting using three mixed feedstocks. Also, the best mix ratios of selected local feedstocks 

and the briquettes' physical and combustion quality are not well understood. This study, 

therefore, aims at identifying the effect of the process on three feedstocks mix and resultant 

parameters on briquette properties and the available energy. 

 

1.2. Statement of the Problem 

Industrialization, population, and economic growth in developing countries have led to 

rapid energy growth demand. World environmental concerns advocate for limiting use of fossil 

fuels due to increased adverse impacts of climate change from greenhouse gas (GHGs) 
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emissions. Agricultural and forest residues are produced in large quantities across the globe. 

Environmental consequences and health hazards associated with the disposal of these wastes are 

still a concern. Thus, energy demand can be met by using biomass. Densification of biomass 

materials into briquettes can be adopted. Briquettes' properties vary depending on the technique 

used. Also, the characteristics of these densified biomasses differ depending on the number of 

feedstocks used. Briquettes from single feedstock have poor thermal, combustion, and 

performance characteristics (Navalta et al., 2020). Most of the briquettes based on two 

feedstocks have improved features (Soares et al., 2020). However, knowledge about the effect of 

briquettes with more than two feedstocks, their mix ratios, and different briquetting technologies 

on the properties of the briquettes is not fully understood. 

 

1.3. Objectives 

The broad objective of this study was to evaluate the effect of process parameters and 

feedstocks on selected briquette properties. The specific goals were to determine the; 

i. Effect of screw press, drum Agglomerator and hand briquetting on briquettes' 

performance properties using rice husks, corncobs and sugarcane bagasse mix. 

ii. Effect of mix ratios of rice husks, corncobs and sugarcane bagasse on briquettes’ density, 

ash content, fixed carbon, volatile matter, and calorific value 

iii. Optimal physical and combustion properties of briquettes based on three mix and 

techniques. 

  

1.4. Research Questions 

i. How do screw press, drum Agglomerator and hand briquetting affect briquettes' 

performance properties using rice husks, corncobs and sugarcane bagasse mix? 

ii. How do mix ratios of rice husks, corncobs and sugarcane bagasse affect briquettes’ 

density, ash content, fixed carbon, volatile matter, and calorific value? 

iii. How can the briquettes' physical and combustion properties be optimized based on three 

mix and techniques? 

1.5. Justification 

According to Tran et al. (2020) environmental problems and health hazards associated 

with disposal of wastes are still a concern. Sharma et al. (2020) reported that energy availability 
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at the domestic level continues to pose a challenge worldwide, especially in Africa, where 

deforestation and the high cost of cooking gas and kerosene are experienced. Thus, to meet the 

ever-increasing energy demand and avoid dependence on fossil fuel, waste biomass has been 

considered an alternative fuel source. More than 32% of annual deaths globally are caused by 

poorly processed biomass fuels (Yun et al., 2020). Thus, for energy efficiency and improved 

carbonization process, it is vital to use an experimental kiln that is environmentally friendly (to 

reduce ozone layer depletion) and does not release greenhouse gases in the atmosphere. 

Furthermore, an appropriate technique for briquetting is also key. A thorough understanding of 

the engineering agglomeration, durability and mechanical strength of the briquettes produced 

from one type of biomass can be improved by blending with another biomass material (Soares et 

al., 2020). To obtain high-quality briquettes from improved carbonization, three briquetting 

technologies; screw press, drum agglomerator, and handmade, and mix ratios of three 

feedstocks; rice husks, maize cobs, and sugarcane bagasse, were studied and conditions 

evaluated. From the study, opportunities to transform bioenergy for rural communities to 

contribute to achieving Sustainable Development Goal (SDGs) #7 were important. Also, the 

promotion of reliable, affordable, and modern energy in meeting Bioenergy for Sustainable 

Local Energy Services and Energy Access in Africa, Kenya's Vision 2030 blueprint for 

economic development, and Kenya's Energy Act, 2019 was paramount in informing this study. 

 

1.6. Scope and Limitation 

The scope of the research was to use an experimental kiln for carbonization. The 

feedstocks utilized included rice husk, corncobs, and sugarcane bagasse. The study focused on 

hand-making, screw press, and drum agglomerator as the techniques for briquettes production. 

The research was limited to 1:1:1, 1:2:2, 1:3:3, 2:1:2, 2:2:3, 2:3:1, 3:1:3, 3:2:1, and 3:3:2 

mix ratios adopted from a study by Arellano et al. (2015). Molasses was used as a binder. The 

specific properties studied were: performance characteristics in; specific fuel consumption, 

power output, burning rate, ignition, and burning time. Physical characteristics considered only 

moisture content and density. The combustion characteristics included; ash content, fixed carbon, 

volatile matter, and calorific value. Figure 1.1 shows the conceptual framework of the study. 
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Figure 1.1: Conceptual Framework 
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1.7 Definition of Terms 

Effect   Changes that occur as a result or consequence of an action. 

Feedstocks  This is a raw or unprocessed renewable biomass material that can be used 

directly to produce energy or converted to another form of fuel, briquettes 

or pellets, for energy. 

Briquettes This is a compressed block of combustible biomass material (carbonized 

or uncarbonized) used as fuel. 

Ignition time This is the average time taken to lit briquettes or the average time taken to 

lit biomass before carbonization process. 

Burning time  Time taken to completely burn the briquettes in a stove. 

Retention time It is a measure of the average time taken for biomass to be completely 

carbonized and/or the length of time material is retained in the die or drum 

during briquetting 

Biochar Solid material obtained from the carbonization process of biomass in a 

kiln in an oxygen-limited environment. 

Simmering Cooking liquid or something with liquid in it at a temperature slightly 

below boiling point at a specified period of time. 

Greenhouse gases Gaseous constituents of the atmosphere that absorb and emit radiation at 

specific wavelengths within the thermal infrared range causing greenhouse 

effect. They include; Carbon dioxide, Ozone, Water vapor, Methane and 

Nitrous Oxide. 

Fossil fuels Hydrocarbon- containing material formed underground from the remains 

of both dead plants and animals that are burned to release energy by 

humans. Example includes; petroleum and natural gas. 

Technique A skillful or efficient way of carrying out a particular task, execution or 

performance of a scientific procedure.  

Parameters This is a fixed limit or measurable factor forming one of a set that defines 

the conditions of its operation. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 General Overview on Briquetting Process 

Biomass densification can be a high compaction technology or binder-less technology in 

which biomass residues are compressed under high temperature and pressure (Kumar et al., 

2020). According to Trubetskaya et al. (2020) biomass residues have lignin, a non-crystallized 

aromatic polymer with no fixed melting point. Still, at 200
o
C – 300°C, lignin starts to become 

soft, melted, and liquefied. At high pressure, lignin solidifies, thus forming briquettes 

(Matyjewicz et al., 2020). At low-compaction technology, the binder is needed to bind the 

biochar together before creating molds (Kpalo et al., 2020; Seco et al., 2020). During 

carbonization, biomass is heated in the absence of oxygen or a limited oxygen environment, and 

reaction conditions are monitored to maximize char production (Chirchir et al., 2013). This 

involves three main stages, namely endothermic, pyrolysis, and exothermic, determined by the 

required temperature. During endothermic, drying removes moisture content embedded in the 

biomass at about 100˚C or below (Mamvura & Danha, 2020; Song & Hall, 2020). The energy for 

this step comes from the partial combustion of the charged kiln. According to Li et al. (2020) 

pyrolysis process follows where biomass undergoes decomposition in the absence of oxygen. 

Carbon dioxide, carbon monoxide, and condensable vapour are released through thermal 

desorption. Air is admitted to the carbonizing kiln to allow biomass to be burned. Finally, the 

exothermic process starts where the spontaneous breakdown of biomass occurs at temperatures 

above 280˚C, leading to the formation of carbonized residue (Chirchir et al., 2013). Unless other 

external heat is applied, the exothermic process stops, and the temperature reaches a maximum 

of about 400˚C. The briquetting process is summarized in Figure 2.1. 
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Source: Kpalo et al. (2020) 

Figure 2.1: Flow of Briquetting Process 

 

2.1.1 Development of Carbonization Kiln 

Different types of carbonization kilns have been developed around the world, however, 

several factors still influence carbonization process (Rodrigues & Braghini, 2019). According to 

Plaza et al. (2019) development of carbonization kiln is influenced by factors like simplicity and 

flexibility, auto thermal operations, maximization of the solid products fraction, affordability, 

feedstock material density, availability of equipment and material to be used and ease of 

operations. Thus, the volume of the kiln required can be determined using Equation 2.1. 

  
 

 
          2.1 

Where; 



10 

 

 V = Volume of the kiln (m
3
) 

 M = Mass of the feedstock (kg) 

 ρ = Bulk density of the feedstock material (kgm
-3

) 

 

The height and the radius of the kiln can be determined using Equation 2.2. 

               2.2 

Where; 

 V = Volume of the kiln (m
3
) 

 R = Radius of the kiln (m) 

 H = Height of the kiln (m) 

 

2.2. Briquetting Technologies  

Ju et al. (2020) classified briquetting technology as high or low- pressure compaction. 

The compaction pressures were further classified as low (5 MPa), intermediate (5-100 MPa), and 

high (100 MPa and above). Ibitoye et al. (2021) organized technology based on piston or screw 

press equipment. According to Kpalo et al. (2020) compression process can be done through 

piston presses or screw extruders.  Felfli et al. (2011) and Tumuluru et al. (2011) identified these 

machines to include screw press extruder, roller press, piston press that is either mechanical or 

hydraulic, and manual press. A comparison of these machines is provided in Table 2.1. 
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Table 2.1: Comparison of Different Briquette Presses 

 Screw 

Press 

Roller 

Press 

Piston Press 

(Hydraulic/Mechanical) 

Optimum moisture 

content of raw 

material (%)- 

4 - 8 10 - 15 10 - 15 

Particle size required 

(mm) 

2.6 Less than 4 6 - 12 

Shape Cylindrical Generally, elliptical 

(depends on the 

shape of the die) 

Cylindrical 

Dimensions (mm) Length: 1940 

Width: 750 

Height: 1310 

(Similar dies produce 

smaller extruded 

logs) 

Almond shaped 

briquettes dimension: 

31.75 (length) x 

20.32 (width) x 

11.16 (depth). 

(Depends on the 

shape of the die) 

32 (dial) x (25 (thick) 

Wear of contact parts High Low Low 

Output from machine Continuous Continuous In strokes 

Specific energy 

consumption 

(KWh/ton) 

36.8 - 150 29.91 - 83.1 37.4 - 77 

Throughput (ton/h) 0.5 - 1 5 - 10 2.5 

Unit density (g/cm
3
) 1 - 1.4 No information Less than 0.1 

Bulk density (g/cm
3
) 0.5 - 0.6 0.48 - 0.53 0.4 - 0.5 

Combustion 

performance of 

briquettes 

Very good Moderate Moderate 
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Maintenance Low High High 

Homogeneity of 

densified biomass 

Homogenous Not homogenous Not homogenous 

Source: Tumuluru et al. (2011) 

 

Dinesha et al. (2019) noted that briquettes produced from these processes have high 

densities than original materials, usually ranging between 900 - 1300 kgm
-3

. 

 

2.2.1 Pressurized Briquette Production 

The effect of applied pressure and binder properties was studied by Thabuot et al. (2015) 

using a manual hydraulic press. Pressure levels of 40, 50, 60, and 70 kPa were used for 

investigating briquettes' properties. Results produced briquettes of 12 mm average inside 

diameter, 38 mm average outside diameter, and 25 - 30 mm height. Upon pressure increase, 

density increased to 260 - 416 kg/m
3
. Optimum densification pressure was attained at 70 kPa 

with a 20% molasses binder. Most densified briquettes were from bamboo and sawdust with a 

heating value of 21.26 MJ/kg. Rubberwood residue produced the least densified briquettes 

having the least burning rate of 2.01 g/min. It was concluded that the burning rate of the 

briquettes decreases with an increase in applied pressure. Aransiola et al. (2019) determined the 

effect of binder type concentration and compacting pressure on some physical properties of 

corncob briquettes using a hydraulic press. Cassava starch, corn starch, and gelatin were used at 

different concentrations of 10, 20, and 30% using pressure levels of 50, 100, and 150 kPa. The 

results showed that from the three factors investigated, a 30% concentration of cassava binder at 

a pressure of 150 kPa produced briquettes with the most positive attributes. Briquettes had a 

moisture content of 4.43 and 7.62% (d.b), relaxed density between 729-987 kg/m
3
, and 

compressive strength ranged from 1.02 to 8.32 MPa. The study concluded that the higher the 

binder concentration and compacting pressure, the better the quality of briquettes for storage and 

transportation. 

A uniaxial compaction hydraulic jack was used by Orisaleye et al. (2018) to determine 

the effect of densification variables on the density of corncob briquettes. Selected values of 

pressures 9, 12, and 15 MPa, temperature between 90°C and 120°C, hold time of 7.5 and 15 min, 

and particle size of <2.5 and >2.5 mm were studied. Using graphical analysis, it was observed 
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that an increase in pressure, temperature, and particle size reduction increased the density of 

briquettes. Also, hold time did not show a definite pattern for its effect on density. Briquette's 

density ranged from 570 and 1300 kg/m
3
. It was concluded that pressure, temperature, and 

particle size were statistically significant (p< 0.05) while determining density in the hydraulic 

press. In a hydraulic press, Husain et al. (2002)conducted a briquetting of palm fibre and shell 

with a moderate pressure of 5 - 13.5 MPa. The relationship between pressure and density was 

established. The results showed briquettes with a density between 1100 and 1200 kg/m
3
, then the 

calorific value of about 16.4 MJ/kg, ash content of about 6%, and an equilibrium moisture 

content of about 12%. 

Bello and Onilude (2020) investigated combustion characteristics of high-density 

briquettes that were produced from sawdust using a screw press. Performance characteristics 

were evaluated in a cookstove. Upon analysis, results showed that briquettes burned with a 

steady flame. This was concluded to have been caused by high density since lower density 

briquettes reached the burning phase faster. Also, a screw press machine was used by Djangba et 

al. (2021) in a systematic review on the future potential of tea waste briquetting from rice husk. 

A 3 kW motor was used to run the machine. Results showed that briquettes produced met the 

physical standards recommended by Kenya Briquettes Manufacturers Authority (KBMA).   

According to Kpalo et al. (2020) and Djangba et al. (2021), screw presses can produce 

denser and stronger briquettes than those produced by piston presses. Although screw presses 

briquetting machines are popular densification equipment suitable for a small-scale application, 

this study adopted the technique since briquettes are often of higher quality than piston units.  

 

A. Fabrication of Screw Press 

Screw press is widely used for agglomeration in which the screw is the main part. A detailed 

analysis of the press is necessary for making the design effective and for achieving better quality 

briquettes (Kyaw et al., 2019). The following equations were used to design the screw press as 

adopted from a study by Kyaw et al. (2019). 

 

Torque on Rotating Shaft  

   
       

 
           (2.3) 
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Where;  

hp = horsepower of motor (5hp) 

N = motor (1400 rpm) 

 

Diameter of the Screw Shaft  

    
√                     

   
         (2.4) 

Where;  

D = Shaft Diameter  

Mb = Bending Load 

Mt = Torsional Load  

Kt = Combined shock and Fatigue factor applied to Torsional Moment (1~1.5), (used 1.2) 

Ss = Allowable Shear Stress in Shaft (400 MPa) 

 

                    
        

  
        (2.5) 

Where; 

 fs = factor of safety = 3 (Assuming) 

 

Now,  
  

  
              (2.6) 

Torque, Mt = (P1 – P2) x radius  

For the bending moment, Mt= (P3 – P4) x R 

Load Lifted by Screw  

    
  
 

      
 

    

           
          (2.7) 

Where;  

Dm = Mean Thread Diameter 

µ = Coefficient of friction  

α = Tapering angle,  

θ = Tapering angle   

Pressure Lifted by Screw Thread  
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           (2.8) 

But, Ap = πDmnh 

Where;  

Pr = Pressure Lifted  

Ap = Pressing Area  

h = Screw depth at maximum pressure end  

n = No. of Threads  

 

Briquette Capacity  

     
 

 
  

      
                (2.9) 

Where;  

Qe = Briquette capacity  

Ds = diameter of the screw thread 

ds = base diameter of the screw thread  

Ps = Screw pitch 

Ns = rotational speed of the screw shaft  

φ = filling factor  

ρ = bulk density  

 

Power and Torque on the Screw Shaft  

                     (2.10) 

But,        

      
 

     

   
      

      

          (2.11) 

Where;  

P = Power  

Ts = Torque  

ωs = 14.66 rad/sec 

F = Axial Load  

f = friction coefficient (0.3) 

rm = Mean Thread Diameter (θ = 180˚) 
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Longitudinal and Hoop Stress 

     
   

  
           (2.12) 

    
   

  
           (2.13) 

Where;  

σ1 = Longitudinal stress  

σH = Hoop Stress  

P = Pressure 

Dm = Mean Diameter  

 

2.2.2 Non-pressurized Briquette Production 

Handmade briquettes are mostly from uncarbonized raw materials, hammer-crushed to 

obtain fine particles. The particles are then dried to reduce moisture content. Briquetting is done 

using bare hands as the binder is added to crushed feedstocks, and final drying is done. Ngusale 

et al. (2014) conducted a study on briquetting in Kenya Nairobi and its peri-urban areas. The 

study investigated briquetting technologies, including manual handmade briquettes from locally 

available feedstocks. The results showed no standard ratio nor specific mixture for optimum 

briquette production for handmade briquettes. However, Vivek et al. (2019) conducted a 

comparison study on fuel briquettes. They reported that a correct blend of raw materials could 

produce quality briquettes to address the energy crisis issue. 

Centrifugal force created by a rotating drum forces particle to collect and densify. Non-

pressurized technology requires a binder to aid in agglomeration. The material is fed into the disc 

in a drum Agglomerator while the liquid binder is sprayed on fine carbonized material. A study 

by Abdoli et al. (2018) reported that a federate and liquid spray affect the quality of produced 

briquettes. Also, a higher angle leads to a shorter retention time leading to less time for particle 

collecting. Hence, angle and speed are of the essence in this technology. The study found that 

high capacity and throughput applications are usually achieved with some recycling depending 

on the briquette desired. Borowski (2021) studied an overview of particle agglomeration 

techniques to waste utilization through briquetting. The extrusion technique of briquetting was 

used to transform bio-wastes into agglomerates used as an alternative fuel. The carbonized stalks 

were the first hammer milled to pass a 2 mm screen, and a ratio of 5:1 feedstock to binder was 
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maintained. The results showed spherical-shaped briquettes with a density that ranged between 

400- 500 kg/m
3
. The study concluded that drum agglomerators could produce briquettes on an 

industrial scale since the production rate is very high. 

 

B. Fabrication of Drum Agglomerator 

Design and fabrication of rotary drum agglomerator used equations 2.14 - 2.19 that were 

adopted from a study by Borowski (2021). 

 

Diameter and height of the drum 

  
    

 
  

 

 
           (2.14) 

Where;   

V = Volume of the drum 

  d = diameter of the drum  

h = height of the drum 

  m = mass of the feedstocks 

ρ = density of the feedstock 

 

Angle of repose of the scrapper 

         (
  

 
)          (2.15) 

Where;   

σ = angle of repose 

  h = height of the drum  

d = distance around the drum 

 

Inclination angle of the drum 

                     (2.16) 

Where;   

Y = inclination angle  

m = tan θ 

Rotating speed of the drum 
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         (2.17) 

Where;  

ω = rotating speed  

  θ = displacement (2π)  

t = time (min) 

   rad = radians  

s = seconds  

 

Power required to run the agglomerator  

                    (2.18) 

Where;   

P = Power 

Ts = Torque  

ωs = 14.66 rad/sec 

 

Torque on Rotating drum 

   
       

 
           (2.19) 

Where;  

hp = horsepower of motor (3 hp) 

N = motor (1400 rpm) 

 

2.3 Parameters Affecting Briquetting Process 

2.3.1 Pressure 

Densification of biomass can be done under high or low compaction pressures that 

require a binder to enable inter-particle bonding. The effect of briquetting pressure on banana 

peel briquettes was investigated by Wilaipon (2009) using a pressure range of 3 - 11 MPa and 

molasses as a binder. Upon analysis, briquettes produced at compaction pressure over 7 MPa 

were found to pass both impact resistance and compressive strength tests. Also, Aransiola et al. 

(2019) conducted a study to determine the effect of compacting pressure on some physical 
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properties of corncobs briquettes. Pressures of 50, 100, and 150 kPa were used. Results showed 

that briquettes exhibited the most positive attributes at a compacting pressure of 150 kPa and 

30% cassava binder concentration. Among them, moisture content ranged between 4.43 - 7.62% 

(d.b), the relaxed density range of 729 - 987 kg/m3, while compressive strength ranged from 

1.02 - 8.32 MPa. Panwar et al. (2011) investigated the effect of compacting pressures on several 

biomasses; mango leaves, eucalyptus leaves, sawdust, and wheat straw. Pressures of 30, 50, 70, 

90, and 100 MPa were used to evaluate briquettes' characteristics. Results showed optimum 

pressure to be 70 MPa, where briquettes had good densities and better performances during 

transportation and handling. The four feedstocks were observed to have bulk densities of 75 - 

193 kg/m
3
 but increased significantly after densification to 730 - 1044 kg/m

3
 with 8% as 

optimum moisture content.  

The effect of briquetting conditions, pressure and moisture content on biomass that grows 

in salty soils was investigated by Yumak et al. (2010). Three pressures of 15.7, 19.6, and 31.4 

MPa with 7, 10, and 13% moisture contents were used. Results indicated that briquettes 

produced from 7-10% moisture rate, 31.4 MPa pressure, and temperature of 85 - 105°C passed 

all statistical analysis tests. Styks et al. (2020) conducted a study to determine the effect of 

compaction pressure on pellet selected quality parameters. Pressures of 131, 196, 262, and 327 

MPa were selected. Results showed that with an increase in compaction pressure up to a certain 

level, density and durability that were investigated also increased. However, beyond that point, 

parameters qualities also decreased. The effect of varying compaction pressure on briquettes 

properties was studied by Saptoadi (2008) to investigate the effect of applied pressure. The 

pressures used ranged from 3 to 8 kN/m
2
 with an interval of 1 kN/m

2
. Properties studied were 

density (B1), moisture content (B2), bending and compressive strength, (B3) of the briquettes. 

The results showed that an increase in compaction pressure leads to a rise in investigated 

briquettes properties, as shown in Figure 2.2. 
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Source: Saptoadi (2008) 

Figure 2.2: Effect of Compaction Pressure on Briquette Properties 
 

2.3.2 Temperatures  

During briquetting, temperatures affect both biomass feedstock and the die of the 

technology, this aid in the release of lignin in high-pressure compaction technologies. Nurek et 

al. (2019) conducted a study on the effect of temperature and moisture content on briquettes 

made of shredded logging residues. Temperatures of 22
o
C and 73°C with moisture contents of 

10, 15, and 20% were used to investigate the physical properties of obtained briquettes. The 

results showed briquettes with densities ranging from 799 to 1215 kg/m
3
. Also, using both 

temperatures, moisture content of 10% gave the highest value of durability coefficient. It was 

concluded that temperatures during densification influence the susceptibility to compaction and 

durability of briquettes; hence, the higher the temperature, the better the briquettes. Okot et al. 

(2018) studied maize cobs briquettes produced at varying temperatures of 20
o
C - 80°C. Results 

showed that densification at 80°C had briquettes with high density and durability/mechanical 

strength required. 
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The effect of pyrolysis temperature on the quality and combustion of biochar briquettes 

was investigated by Wang et al. (2017). Results showed a volume density decreased initially 

when pyrolysis temperature was increased. Also, durability and mass yield were noticed to 

decline with increasing temperatures. The temperature of 550°C was optimal for pyrolysis that 

gave a higher heating value of 21.05 MJ/kg, while volumetric energy densities were in the range 

of 1000 - 1400 kg/m
3
. Evaluation of fuel char briquettes from human waste was studied by Ward 

et al. (2014). In the study, chars were pyrolyzed at 300
o
C, 450

o
C, and 750°C. The results showed 

that fecal matter pyrolyzed at 300°C had similar energy content to wood chars with a heating 

value of 25.6 MJ/kg. Energy content decreased when a temperature of 750°C was used, giving a 

heating value of 13.8 MJ/kg. It was concluded that fecal matter pyrolyzed at low temperatures 

had a higher heating value of 25 MJ/kg. This value is comparable to commercial wood charcoal 

briquettes; hence making a fecal matter briquette at low temperature is a potential energy source. 

Relation between briquette density and compression pressure at different compression 

temperatures is shown in Figure 2.3. 

 

 

Source: Križan et al. (2014) 

Figure 2.3: Briquette Density and Compression Pressure at Different Temperatures 
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2.3.3 Varying Retention Time  

The length of time the material is retained in the die influences briquette properties. 

However, Bazargan et al. (2014) examined the effect of holding time on the tensile crushing 

strength of the briquettes using kernel shell biochar. Various holding times were subjected to 80 

MPa pressure. Results showed that saving time did not affect the stability of briquettes. The 

findings agree with previous studies, which have concluded that the holding time or 

retention/dwell time has no significant effect unless lower compaction pressures are used. 

Bazargan et al. (2018) investigated the influence of retention time on the tensile crushing 

strength of kernel shell briquettes. Data showed that reducing retention time had no significant 

impact on the tensile crushing strength of the briquettes. It was later concluded that there is no 

significant influence on retention time at higher pressures, but it can have a considerable effect at 

lower pressures.  

 

2.3.4 Die Geometry and Speed 

The size and shape of the die affect briquette properties such as moisture content, density, 

and durability. Tumuluru (2019) investigated the effect of pellet die diameter on the density and 

durability of pellets using wheat straw, sorghum, lodgepole pine, and cone stover. 8 mm and 10 

mm die were used. 8 mm resulted in higher unit density values. However, bulk and tapped 

densities, 10 mm break pellets from corn stover, sorghum, and lodgepole pine had higher values 

than wheat straw. When durability was considered, wheat straw made using an 8 mm die, and 

corn stover made using a 10 mm die resulted in higher values. Tumuluru et al. (2015) 

investigated the impact of process conditions on the density and durability of briquettes using 

wheat, oat, canola, and barley straw. A high die temperature of 120
o
C – 130 °C was used for the 

optimal process. Results showed that for durability rating >90 % to be achieved, higher die 

temperatures of >123°C should be used. 

 

2.4 Stove Performance Properties using Briquettes  

According to Suluh et al. (2021) performance of any solid biomass fuel (rice husk-

sugarcane bagasse-corncobs briquettes) can effectively be evaluated when burnt in a biomass 

stove. This is done by combustion of briquettes to acquire data for fuel optimization and the 

expected fuel savings offered. Biomass fuels are also proposed to be a good source of renewable 
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energy for domestic cooking (Kpalo et al., 2020). Cookstoves internally lined with local clay of 

low thermal conductivity have been suggested as efficient in performance and more effective in 

burning briquette fuels and tested using Water Boiling and User Acceptability Tests (Akolgo et 

al., 2021). Gupta et al. (2020) conducted a study to investigate the performance of composite 

sawdust briquette fuel in biomass stoves. Water boiling tests with intermediate, high power, and 

low power phases were carried out. The results showed that the heat utilized increased from the 

intermediate to the low power phase. However, specific fuel consumption, power output, and the 

burning rate decreased from intermediary to low power phase. Bello and Onilude (2020) studied 

combustion characteristics of high-density briquettes and their performance in briquette stoves. 

They reported a slow briquette self-ignition time in the open air and stove. It was concluded that 

high density was responsible for slow propagation resulting in a longer burning rate. 

 

2.4.1 Briquettes Performances using Water Boiling Test 

Information on solid fuels' quantitative and qualitative performance is carried out by two 

main types of tests, namely the Water Boiling Test (WBT) and Controlled Cooking Test (Obi et 

al., 2016). On the Water Boiling Test protocol, which is the primary test, Gupta et al. (2020) 

investigated the procedure. It can either be a high-power phase or a low power phase. The high-

power phase is conducted at both hot and cold start. Water is boiled beginning with a hot stove to 

identify the difference in the stove's performance when it is hot and cold in a high-power hot 

start phase. During this phase, it is assumed that the stove body has reached a steady-state hot 

operating temperature by the end of the first boil. In the low power phase, boiled water from the 

hot start is simmered at approximately 3˚C below boiling point for about 45 minutes (Berrueta et 

al., 2008). Figure 2.4 shows temperatures during the three phases of the WBT. 
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Source: MacCarty et al. (2010) 

Figure 2.4: Temperatures during the Three Phases of the WBT 

Water Boiling Test (WBT) is a well-developed test that gives the time taken by a given 

quantity of fuel to heat (Tryner et al., 2014). It can be used to assess fuel optimization and design 

when combusting a solid fuel. 

 

2.5 Biomass Feedstocks 

Significant quantities of biomass are available worldwide for conversion into a domestic 

energy source (Kpalo et al., 2020). They consist primarily of wood, agricultural waste that 

includes field residue and process residues, animal manure, and municipal solid waste consisting 

of household and food processing wastes. Although wood from trees constitutes the most 

significant amount of biomass stock and the most used form of biomass in Africa, crop residues 

are also utilized. They are receiving increased attention due to the unsustainability of the wood. 

Biomass from forestry has been the primary source of wood fuel in Kenya (Roman et al., 2021). 

Briquette's feedstocks utilized as fuel have several essential characteristics that influence their 

use. These include moisture content, bulk density, ash content, and chemical composition. The 

energy value of a fuel is reduced by high moisture content, lower moisture content, and bulk 

density is also an essential feature as it affects transportation, assembling, and storage (Saeed et 

al., 2021). A study by Lunguleasa et al. (2021) showed that the durability and mechanical 

strength of these briquettes produced from one type of biomass could be improved when blended 

with another biomass material. The content of some common agricultural residues and wastes are 

shown in Table 2.2. 

 

Table 2.2: Cellulose, Hemicellulose and Lignin Contents in Some Agricultural Residues  

Lignocellulose material   Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood stems 40 - 55 24 - 40 18 - 25 

Softwood stems 45 - 50 25 - 35 25 - 35 

Corncobs 45 35 15 

Bagasse  40 30 15 

Sawdust  40 25 - 35 20 - 30 
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Rice husks  35 - 40 15 - 20 20 - 25 

Nutshells 25 - 30 25 - 30 30 - 40 

Source: Welker et al. (2015) 

 Ndindeng et al. (2015) produced briquettes from rice husks and investigated the primary 

influencers of hardness in briquettes. The results showed that the briquetting process increased 

the density of rice husk from 120 to 600 kgm
-3

. When the average time for making briquettes 

was 3.6 min, briquettes' hardness ranged from 101 to 170 N. The start-up time was between 2 - 3 

min, the burning rate was found to be 126 - 145 g/min, and specific fuel consumption was 121 - 

136 g/l. Yahaya and Ibrahim (2012) carried out water boiling tests about briquettes produced 

from rice husk using starch as a binder. This result showed that it took 15 minutes to boil two 

litres of water, whereas it took 1.2 kg of firewood 21 minutes to boil the same quantity of water. 

They reported a pale yellow to pale blue for the briquettes for the flame test. From their 

conclusion, the briquettes produced indicated superiority over firewood in combustion and 

quantity, respectively.  

Efomah and Gbabo (2015) investigated the physical, proximate, and ultimate analysis of 

rice-husk briquettes produced from a vibratory block mould briquetting machine. Proximate and 

ultimate analysis was determined by ASTM analytical methods, while physical properties were 

determined by direct measure and calculations. They reported a maximum density of 1100 kgm
-

3
, relaxed density was 500 kgm

-3
, the briquettes had a mass of 1.10 kg and were brown. The 

proximate analysis showed 68.20% volatile matter, 16.10% ash content, 12.67% moisture 

content, and 15.70% fixed carbon. Using Parr isoperibol bomb calorimeter, the heating value 

was 15,175 kJ/kg. Although the heating value was good enough for domestic application, it can 

be concluded that rice husk biomass does not give good fuels as it gives a high percentage 

volatile matter, ash content, moisture content, and low percentage fixed carbon should not be the 

case. 

Brunerová et al. (2020) generated briquettes using sugarcane bagasse and subjected them 

to fuel parameters analysis within its suitability for direct combustion. The generated sugarcane 

bagasse from the whole sugarcane stem mass was 35 - 45%. They found out that briquettes 

produced by high-pressure briquetting press had a high-quality level of low ash content (0.97%) 

and a high net calorific value of 17.06 Mjkg
-1

. They also reported quality mechanical durability 
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of 99.29% compressive strength (150.82 Nmm
-1

) and bulk density of 1,022.44 kgm
-1 

which all 

the results indicated positive results. 

Optimum parameters for the formulation of charcoal briquettes produced from bagasse 

using clay as a binder was studied by Onchieku et al. (2012). The study used a brick-built kiln to 

carbonize while using a manually operated drum mixer. Using a ratio of 40:1 for carbonized 

bagasse to clay, the study showed the most optimum parameters. The briquettes recorded a very 

high ash content percentage of 36.4%, which is undesirable. However, they gave good values of 

27.2% volatile matter and 4.390 kcal/g calorific energy. The briquettes were reported to burn 

without sparks and were smokeless, thus producing no irritating smell. They also ignited quickly 

and took relatively long before getting extinguished.  

 Oladeji and Enweremadu (2012) evaluated the effects of some processing parameters on 

corncob briquettes' physical and densification characteristics. ASAE Standard methods were 

used to determine the characteristics of the briquettes. The results showed that the moisture 

content of the corncob residue was 9.64%, while that of the relaxed briquette dropped to 7.46%. 

Biomass material had a density of 50.32 kgm
-3, 

but after compaction to a ratio of 2.27 to 6.50, the 

initial, maximum, and relaxed densities ranged from 151 - 225 kgm
-3

, 533 - 981 kgm
-3

, and 307 - 

417 kgm
-3, 

respectively. This showed a maximum percentage volume reduction of 626%. From 

their conclusion, the briquettes showed stability for six months, which was highly influenced by 

binder ratio, particle, and pressure. 

Fuel characteristics of briquettes produced from corncob and rice husk residues were 

studied by Oladeji (2010) using a prototype briquetting machine. The results showed that 

briquettes densified from their two residues make good biomass fuels. However, findings show 

that corncobs briquettes have more biomass fuel attributes than rice husk. Corncobs briquettes 

had a moderate moisture content of 13.47%, a higher density of 650 kgm
-3, 

and a lower 

relaxation ratio of 1.70. The briquettes had a long glow time of 370 seconds and a slow 

propagation rate of 0.12 cm/s. The briquettes showed higher volatile matter of 86.53%, a higher 

heating value of 20, 890 kJ/kg, and compressive strength of 2.34 kN/m
2
 compared to rice husk 

67.98%, 13,389 kJkg
-1

, and 1.07 kN/m
2
, respectively. Although corncob briquettes had more 

positive attributes than rice-husk briquettes, the study concluded that both briquettes did not 
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crumble upon transportation and storage since the value obtained for their relaxed densities were 

close to the maximum densities of the briquettes. 
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Table 2.3: Burning Characteristics of Rice Husk and Corncob Briquettes  

 

Parameter 

 

Unit 

Briquettes 

Rice husk Corncob 

Afterglow time 

Flame propagation rate 

S 

cm/s 

354.0 

0.10 

370.0 

0.12 

Source: Oladeji (2010) 

 

Table 2.4: Combustion Characteristics of Rice Husk and Corncob Briquettes  

 

Parameter 

 

Unit 

Briquettes 

Rice husk Corncob 

Moisture content 

Compressive strength 

The heating values 

Initial density 

Maximum density 

Relaxed density 

Density ratio 

Compaction ratio 

Relaxation ratio 

% 

kN/m
2
 

kJ/kg 

kg/m
3
 

kg/m
3
 

kg/m
3
 

- 

- 

- 

12.67 

1.07 

13,389 

138.0 

524.0 

24.0 

0.45 

3.80 

2.22 

13.47 

2.34 

20,890 

155.0 

650.0 

385.0 

0.59 

4.19 

1.70 

 

Table 2.5: Physical and Fuel Characteristics of Rice Husk and Corncob Briquettes  

 

Parameter 

 

Unit 

Briquettes 

Rice husk Corncob 

Length of the briquette 

Breadth of the briquette 

Thickness of the briquette 

Weight of the briquette 

Compaction pressure 

Carbon content 

M 

m 

m 

kg 

MPa 

% 

0.075 

0.075 

0.008 

0.025 

2.10 

42.1 

0.075 

0.075 

0.006 

0.024 

2.10 

19.72 
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Hydrogen content 

Oxygen content 

Sulphur content 

Ash content 

Nitrogen content 

Volatile matter 

Fixed carbon 

% 

% 

% 

% 

% 

% 

% 

5.8 

51.67 

0.05 

18.60 

0.38 

67.98 

13.4 

15.56 

62.12 

0.82 

1.40 

0.38 

86.53 

12.07 

Source: Oladeji (2010) 

 

2.5.1 Binder 

Based on the different compositions of the materials, the briquette binder can be divided 

into organic, inorganic, and compound binders. Manyuchi et al. (2018) studied a co-briquetting 

of coal fine sawdust using molasses as a binder. The effect of the binder on the briquette's 

combustion characteristics was investigated. Results indicated that as molasses concentration 

increased, calorific value, fixed carbon, and compressive strength increased by 16%, 8%, and 

50%, respectively. The study concluded that molasses as a binder is critical in producing high-

quality briquettes that do not shatter. Also, molasses was used as a binder by Jittabut (2015) to 

produce briquettes from a mixture of rice straw and sugarcane bagasse in the ratio of 100:50. 

Physical and thermal properties were evaluated after that. Results showed that volatile matter 

was 68.14-74.67%, ash content was 7.84 -12.85%, fixed carbon was 9.06 - 13.63%, and moisture 

content was 4.2 - 6.2%. The study concluded that briquette's physical parameters were the best 

indicator for additive quality. Chirchir et al. (2013) reported that binder type and ratios affected 

both physical and combustion characteristics. However, the study showed that briquettes bonded 

by molasses had better combustion characteristics. 

Dinesha et al. (2019) studied briquettes using rice husk, maize cob, groundnut shell, and 

sugarcane bagasse as the feedstocks. Banana peel and cassava peel gel were used as binders. 

They reported an average energy value of 26.612 MJ/kg, 28.255 MJ/kg, 33.703 MJ/kg, and 

32.762 MJ/kg for rice husk, maize cob, groundnut shell, and sugarcane bagasse, respectively 

using cassava peel. When banana peel gel was used, the corresponding values were 29.98 MJ/kg, 

28.981 MJ/kg, 32.432 MJ/kg, and 31.508 MJ/kg. A study by Falemara et al. (2018) on briquette 

production from groundnut shells, corncobs, and wood residues using 15%, 20%, and 25% starch 
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levels as binder showed that 25% starch level briquettes had better quality in terms of density 

and combustion properties. 

Therefore, molasses was chosen as a binder in this study since it enhances the 

characteristics of the briquettes (Sen et al., 2016). Also, molasses results in briquettes with a 

lower attrition index and increased compressive strength (Akbar et al., 2021).  

 

2.5.2 Mix Ratios  

The physical and thermal properties of rice husk and sugarcane bagasse with molasses as 

a binder were studied by Demirbas (2004) with ratios of 10:0, 4:1, 1:1, 1:4, 1:10, and feedstock 

to molasses binder ratio of 2:1. Ultimate and proximate analyses to determine the average 

composition of their physical constituents were undertaken. The properties included density, 

compressive strength, and moisture content. Results showed that fixed carbon was 9.06 – 

13.63%, the volatile matter was 68.14 – 74.67%, ash content was 7.84 – 12.85%, and moisture 

content was 4.2 – 6.2%. The heating value was in the high range of 16.3 – 17.83 MJ/Kg, density 

ranged between 0.53 – 0.58 kg/m
3
, as the compressive strength ranged between 32.4 – 44.7 

kg/cm
2
. Ultimate analysis indicated that content of C H O N S was 38.6 – 43.2%, 5.4 – 6.2%, 

34.5 – 36.4%, 0.27 – 0.44% and 0.02 – 0.045%, respectively. The briquette from rice husk-

sugarcane bagasse had optimum ratio at the ratio 1:1. Further, physical and mechanical 

properties of briquettes produced from rice husk and sugarcane bagasse at ratios of 4:1, 3:2, 1:4, 

and 2:3 were investigated by Jamradloedluk and Wiriyaumpaiwong (2007). The blends were 

mixed with molasses as the binder in the ratio of 6:1 and compacted at 300 bars and 150˚C for 

the 30 seconds. The rice husk-sugarcane bagasse produced at a ratio of 40:60 formed briquettes 

that fulfilled specifications for mechanical strength and durability.  

 Ajimotokan et al. (2019) evaluated physio-mechanical characteristics of fuel briquettes 

produced from blends of corncob and rice husk at a mixing ratio of 4:1, 7:3, 3:2, and 1:1 with 25, 

50, and 65 kPa compaction pressures and starch as binder. The results showed that briquettes 

made from 80:20 mixing ratio of corncob to rice husk with 65 kPa compaction pressure gave the 

highest compressive strength of 111 kNm
-2, 

and the minor compressive strength of 39 kNm
-2

 

came from a mix ratio of 50:50 and 25 kPa compaction pressure. Briquettes from a mix ratio of 

1:1 with 65 kPa compaction pressure spent the longest time to collapse when immersed in water, 

taking up to 972 seconds, while mix ratio of 4:1 rice husk to corncob to rice-husk with 25 kPa 
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compaction pressure had the least collapse time of 480 seconds. It was concluded that relaxed 

density increases with the percentage of rice husk in the produced briquettes. The durability of 

produced briquettes increases with a decrease in particle size.  

Arellano et al. (2015) evaluated the fuel properties of briquettes made from coconut 

shells, corncob, and sugarcane bagasse at a ratio of 33%-33%-33%, 50%-25%-25%, and 50%-

37.5%-12.5% at a compacting pressure of 2.2 MPa, 4.4 Mpa, and 6.6 Mpa. The study showed 

that constituent briquettes from 50%-25%-25% combination gave the highest calorific value of 

19.9 MJkg
-1

. They reported that compaction pressure had a significant effect on the volume 

displacement of the briquette and concluded that the mix ratio greatly affected the stability and 

fuel properties of the briquettes.  

Akpenpuun et al. (2020) studied the physical and combustion properties of briquettes 

produced from a combination of rice husk, sawdust, and wastepaper using starch as a binder. 

They used a ratio of 2:7:1, 3:6:1, 4:5:1, 5:4:1, 6:3:1 and 7:2:1. Data obtained was analysed and 

found that moisture content of all briquettes ranged between 8 to 15% as density was between 

800 to 900 kgm
-3

. Calorific value was found to range from 0.03 to 0.27 MJkg
-1

. The quality of 

the briquettes in terms of density and burning time was optimal when using 20% sawdust, 70% 

rice husk, and 10% paper which gave a relaxed density of 387.4 kgm
-3

 and ignition time of 18 

seconds. It was concluded that the durability of the briquettes improved with increased starch 

proportion.  

Briquettes with two feedstocks showed better characteristics than those produced from a 

single feedstock. However, Akpenpuun et al. (2020) conducted a study using three different 

feedstocks. Results showed better briquettes properties than those produced with two feedstocks. 

It is from these findings that three feedstocks were adopted in this study. 

 

2.5.3 Effect of Physical Characteristics on Briquettes Properties 

The physical characteristics of biomass feedstock are essential parameters that determine 

biomass briquettes’ overall quality. This includes moisture content and density of the used 

biomass.  

 

A. Effect of Moisture Content in Briquetting 
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This is the most crucial parameter of biomass feedstock that should be considered during 

densification. Tumuluru et al. (2010) reported that moisture content facilitates starch 

gelatinization, protein denaturation, and fibre solubilization processes, and optimum moisture 

content varies with the type of feedstocks used. Low moisture content hinders proper 

agglomeration of the particle, while high moisture content increases the energy required for 

drying. Kaliyan and Morey (2010) suggested an 8 - 12% value range for optimum densification. 

Tumuluru (2018) conducted a briquetting test using lodgepole pine, switchgrass, and corn stover 

as biomass. Three moisture contents of 12%, 15%, and 18% wet basis were used to study the 

effect on briquette quality. The attributes were measured after five days of production. It was 

noted that 12% and 15% (w.b) biomass moisture content resulted in a higher unit and bulk 

density >480 kg/m
3. 

The moisture content of 18% (w.b) was noticed to increase briquetting 

energy consumption. 

Demirbas (2004) evaluated biomass materials as energy sources using tea waste as 

feedstock. The study reported optimum moisture content of 15 - 18% for tea waste samples. 

Also, Demirbas and Sahin-Demirbas (2004) conducted a study on moisture content and reported 

a moisture content of 15% for wood sawdust produced briquettes at 350 MPa. The study 

concluded that the briquettes' compressive strength and shatter index increase as moisture 

content increases. Okot et al. (2018) conducted a study on the effects of operating parameters on 

maize cob briquette quality. It was found that increasing moisture content had a negative impact 

on briquettes' quality. It was also found that a relatively low moisture content of 7% - 8% could 

produce briquettes that meet high density and durability quality certification standards. Brožek 

(2016) used four moisture content levels of 5.7%, 7.7%, 15.7%, and 23.9% in investigating the 

influence of moisture on the final properties of briquettes produced from tree chips. It was 

observed that a moisture content of 7.7% produced briquettes with the best properties. The initial 

moisture content of 7.4%, 9.1%, 10.3%, 11.7%, 12.6%, 14.5%, 16.5%, 19.6%, and 22.0% of 

sawdust was studied by Matúš et al. (2015), who reported that 12.6% moisture content produced 

best briquettes concerning physical and mechanical properties. A study conducted by Kaliyan 

and Morey (2015) reported that density of compared biomass reduces with an increase in 

moisture content. The effect of moisture content of different biomass is shown in Figure 2.5. 
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Source: Tumuluru (2018) 

Figure 2.5: Density of Different Biomass Briquettes Produced at Different Moisture 

Contents 

 

B. Effect of Density on Briquetting 

Density plays a very vital role in determining efficiency for transportation and storage of 

briquettes. It is the factor that influences the engineering design of transport equipment, storage, 

and conversion process. Mani et al. (2006) conducted a study on bulk density of feedstocks and 

reported that corn stove and switchgrass had the lowest densities of 131 - 158 kgm
-3

 and 115 - 

182 kgm
-3

, respectively. A similar study conducted by Kaliyan and Morey (2010) also showed 

that corn stoves and switchgrass had the lowest densities of 103 - 160 kgm
-3

 and 181 - 220 kgm
-

3
. They concluded that the low bulk densities are due to lower screen sizes during grinding. 

Colley et al. (2006); Kaliyan and Morey (2010) and Sokhansanj and Turhollow (2004) have 

reported from their findings that depending on the type of biomass feedstock and densification 

conditions. Densification would result in densities in the range of 450 to 700 kgm
-3

. On the other 

hand, depending on the briquetting machine used, Panwar et al. (2011) report that the bulk 

density of the briquettes would increase approximately 10 - 20 times of its original feedstock 

density. Kaliyan and Morey (2010) investigated factors that influence bulk density and found out 

that density depends on feedstock type, particle size, temperature, roller speed, feeder screw 
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speed, and densification method. Figure 2.6 shows the effect of briquetting parameters; pressure, 

particle size, and temperature on density. 

 

Source: Okot et al. (2019) 

Figure 2.6: Effect of Briquetting Pressure, Particle Size, and Temperature on Density 

 

2.5.4 Combustion Characteristics of Briquettes  

Combustion characteristics of briquettes from industrial residues and biological sludge 

were investigated by Avelar et al. (2016), who reported a higher volatile matter (90.2%) for 

cotton textile industry residues compared to biological sludge using wood as biomass which 

recorded volatile matter of 82%. Briquettes produced from pinewood, timothy grass, and wheat 

straw were studied by Nanda et al. (2015) and found to have a volatile matter of 71.7%, 78.2%, 

and 70.1%, respectively. Yanfen and Xiaoqian (2010) investigated paper sludge and coal and 

reported volatile matter of 48.7% and 33.1%, respectively. Sewage sludge recorded a volatile 

matter value of 55.1% from a study conducted by Liu et al. (2010). Also, Munir et al. (2009) 

conducted a study on the volatile matter using sugarcane bagasse, cotton stalk, and shea meal 

and recorded 71.6%, 76.1%, and 66.3%, respectively.  

Fixed carbon was conducted by Avelar et al. (2016) using biological sludge and industry 

residue. The results showed that fixed carbon was inversely proportional to the percentage of 

volatile matter. The range was 7.21% fixed carbon in sludge, whereas in the cotton industry, 
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residues were 0.86%. UNEP (2006) reported that fixed carbon helps us estimate the fuel's 

heating value. Further, UNEP reported that the fixed carbon determines the calorific value of the 

fuel.  

 García et al. (2012) conducted a study concerning ash content from different fuels. The 

study proved that type of biomass influences ash content since they reported values of 0.6 - 9.8% 

for commercial fuels, 1 - 9.6% energy crops, 1.8 - 4.8% cereals, and 0.4 - 12.6% for industrial 

waste. A study conducted by Avelar et al. (2016) on combustion characteristics showed a high 

ash content of biological sludge and cotton textile industry residues. The two-biomass had ash 

content values of 11.8% and 8.93%, respectively. Sotannde et al. (2010) investigated factors that 

determine the percentage of ash content and reported ash content influenced by binder type 

during briquetting and the number of briquettes used during cooking.  

A study conducted by Nurek et al. (2019) on combustion characteristics found out that 

the combustion rate of briquettes is influenced by density. It tends to reduce porosity that 

hampers the infiltration of oxidants during combustion. Rotich (1996) carried out a study on the 

calorific value of briquettes using rice husk as the feedstocks. The results showed calorific values 

ranging from 17.6 – 18.1 MJ/kg. Wilaipon's (2009) study on maize cobs briquettes found 

calorific values to range between 14.1 – 15.4 MJ/kg.  Chirchir et al. (2013) used a mixture of rice 

and bagasse using molasses as a binder and obtained a calorific value of 13.1 - 26.03 MJ/kg. 

According to Yang et al. (2007) an increase in moisture content leads to a decrease in calorific 

value.  

Oladeji and Lucas (2011) studied the physical and combustion properties of corncob and 

rice husks briquettes, and results were recorded as shown in Table 2.6  
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Table 2.6: Physical and Combustion Properties of Briquettes from Corncob and Rice Husk  

Properties  Corncob Rice husk 

Moisture content (%) 13.47 12.67 

Density (Kgm
-3

) 650 524 

Relaxation ratio (%) 1.71 21.83 

Flame propagation rate 

(cm/s) 

0.12 0.10 

Volatile matter (%) 86.53 67.98 

Heating value (MJ/kg) 20.89 13.389 

Compressive strength  2.34 1.07 

Source: Oladeji and Lucas (2011) 

 

2.6 Optimization of Briquetting Parameters. 

Taguchi design method, according to Yusuff et al. (2021), is a powerful optimization tool 

that utilizes orthogonal array (OA), signal–to–noise ratio (S/N) ratios, main effects, and Analysis 

of Variance (ANOVA). OA provides a set of minimum experiment runs while S/N are 

logarithmic functions of desired output and serves as optimization functions. Taguchi robust 

design has widely been applied in engineering problems and is simple, efficient, and is a 

systematic approach for optimization and quality (Mitra et al., 2015). It provides a set of most 

minor experiments run while S/N is a logarithm function for optimization (Zhang et al., 2021). 

S/N ratio can be maximized, minimized, or kept at a nominal value. For maximization, the 

bigger the S/N ratio, the better, while the lower, the better (Mitra et al., 2015). According to 

Athreya and Venkatesh (2012), selecting the correct orthogonal array to be used is achieved 

using Equations 2.20. 

                       (2.20) 

 

Where; 

N = minimum number of experiments  

L = number of levels  

P = number of parameters.  



37 

 

 

Main effects and ANOVA are done after statistical analysis of the S/N ratio. The main 

effect is used in determining the optimal combination of operating process parameters. In 

contrast, ANOVA is used to evaluate the error variance and determine the significance of the 

selected parameters (Fei et al., 2013). Steps involved in Taguchi are provided in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Mitra et al. (2015) 

Figure 2.7: Steps involved in Taguchi Method 

 

Agomuo et al. (2019) optimized the calorific value of briquettes from rice husk and 

sawdust ratios using the Taguchi approach. Mixed ratios of 9:1, 4:1, and 7:3 rice husk: sawdust 

was used at compacting pressure of 3, 4, and 5 MPa with a particle size of 0.6, 0.8, and 1.0 mm. 

Problem recognition 

Identify interactions 

Determine levels 

Classify process parameter 

Select quality characteristics 

Select design or process parameter 

Choose an appropriate orthogonal array 

Perform statistical analysis 

Conduct experiment 

Perform a confirmatory experiment and implement results 
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The analysis results showed an optimal design with a calorific value of 22826 J/g, which 

increased by 27.76% from an original value of 17867 J/g. Thapa and Engelken (2020) studied 

the optimization of parameters by Taguchi-Grey relational analysis for feedstock from 

agricultural and agro-processing wastes. The results using a Taguchi L9 orthogonal array 

experimental design showed an optimal parameter level setting for production to be at 3.18 mm 

wheat feedstock material blended with pine shavings at a mix ratio of 60:40. Also, Analysis of 

Variance (ANOVA) was conducted and showed that the magnitude of the significance of 

parameters on performance was in the order of binder> blend ratio> grind> feedstock material. 

Since maximization of the properties in briquette production was desired, larger-is-

better, as the response and the signal to noise ratio of the observation was calculated using 

Equation 2.21 (Thapa & Engelken, 2020). Standardized transformations formulas were needed 

for the responses. When the target value was "larger is better", the original sequence was 

normalized using Equation 2.22. The deviation coefficient was determined using Equation 2.23. 

The Grey relational coefficient was also used for multiple relational and calculated using 

Equation 2.24, while Grey relational grade (GRG) was calculated using Equation 2.25. Finally, 

optimal values of GRG were predicted using Equation 2.26 

                        (
 

 
) ∑

 

   
 

 
      (2.21) 

Where; 

Yij = observed response value (i = 1, 2, …, n; J = 1, 2, …, k) 

η = number of replications  

 

  
      

              

                 
      (2.22) 

Where; 

xi
* 

(k) = normalized value of the k
th

 performance characteristic in the i
th

 experiment 

 xi (k) = original k
th 

performance value in the i
th

 experiment.  

 

                 
            (2.23) 

Where;  

∆xi
*
(k) = deviation coefficient  
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x0 (k) = reference sequence or ideal series, and  

xi
*
(k) = comparability sequence  

 

      
           

          
       (2.24) 

Where; 

ξi(k) = grey relational coefficient  

Ѱ = distinguishing coefficient  

∆min = smallest value of ∆xi(k)  

∆max = largest value of ∆xi(k)  

 

   
 

 
∑       

           (2.25) 

Where;  

n = number of output response characteristics 

      ∑    ̅
 
              (2.26) 

Where; 

 γm = the total mean of the GRG 

q = Number of input parameters/factors 

Ῡi = Mean GRG value at the optimal level for the i
th 

parameter  
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CHAPTER THREE. 

MATERIALS AND METHODS. 

3.1 Research Site, Experimental System and Material Preparation 

3.1.1 Research Site 

The research was conducted at Egerton University Energy Laboratory, Department of 

Agricultural Engineering, Njoro, Nakuru County (Latitude 0
0
22’30.0‖ S Longitude 35

0
55'30.0" 

E). Laboratory tests for analysis of briquettes were carried out at Egerton University's Food 

Science Department and Chemistry Department. 

Figure 3.1: Map of Kenya, Nakuru County and Egerton University 

 

Maize cobs were gotten from Tatton Farm of Egerton University for crops harvested in 

2020. Rice husks were gotten from National Irrigation Authority (NIA) Ahero, which lies under 
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Western Kenya Rice Mills (WKRM) while sugarcane bagasse was obtained after processing 

sugar at the Kibos factory located approximately 10 km East of Kisumu. 

3.1.2 Development of Carbonization Kiln System 

The carbonization kiln system was developed based on basic principles of insulation to 

conserve heat, sealing to exclude oxygen after ignition and ease of operation and transportation 

of the system. Based on the availability of the material, space and portability, the diameter of the 

kiln was designed to be 0.5 m. From Equation 2.1, density of maize cobs was found to be 815 

kg/m
3
 which was the highest among the three feedstocks. Mass M of the feedstocks was then 

calculated and found to be 120 kg that was to be carbonized for each experiment. Volume V of 

the kiln was calculated and obtained to be 0.15 m
3
. Height (H) of the carbonization kiln was 

determined using Equation 2.2 and was 0.75 m. The overall kiln height was 1 m after allowing a 

firing zone of 0.25 m (see Appendix A.1). 

 

 

Figure 3.2: Kiln Design 
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The drum kiln was made of gauge 18 metal sheet with two layers and vermiculite 

between the sheets to give an insulation effect. The drum kiln was fitted with two thermometers 

to help monitor temperature variation (see Appendix C.5) 

 

3.1.3: Fabrication of Screw press and Drum Agglomerator 

Fabrication of screw press was adopted from the existing technique at Egerton University 

and modified. A 5 hp (horsepower) single-phase motor was used to drive the machine. The 

design result data from calculations (Equations 2.3 - 2.13) are presented in Table 3.1 while 

schematic diagram for screw press is shown in Figures 3.3 and 3.4. Design calculations are 

outlined in Appendix A.2 

 

Table 3.1: Design Result Data for Screw Press Development 

Name Result Units 

Permissible stress 66.67 N/m
2
 

Shaft diameter 38 Mm 

Torque 22.5 Nm 

Power required 4.5 kW 

Load lifted by screw 10 kN 

Pressing area 0.05 M
2
 

Pressure lifted by screw 1.5 Mpa 

Briquettes capacity 15.35 Kg/min 
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Figure 3.3: Schematic Diagram of a Straight Screw Press 

  

Figure 3.4: Improved Egerton Screw Press Machine 
  

A 3 hp (horsepower) single-phase motor was used to drive rotating drum agglomerator. 

The design result data from calculations (Equations 2.14 - 2.19) and basic Agglomerator 

dimensions are presented in Table 3.2 while schematic diagram is shown in Figures 3.5. 

 

Table 3.2: Drum Agglomerator Design Dimensions and Data 

Drum Features Results and Units 

Drum diameter 1.2 m 

218

Ø38 

20

22

P  61   = 

Right View 
Front View 

3

Press Cone 

Ø14

Ø38 
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Drum height 0.3 m 

Angle of repose 45
0
 

Inclination angle 1.5
0
 

Rotating speed 45 rpm 

Torque on rotating drum 13.5 Nm 

Power required to run the drum 2.5 kN 

 

 

Figure 3.5: Drum Agglomerator 

 

3.1.4 Material Preparation 

Feedstocks to be used included rice husks, corncobs and sugarcane bagasse. Materials 

were sun-dried for 4 consecutive days, 6 hours per day during the sunny days of May 2021 with 

an average air temperature and relative humidity of 24
o
C and 66% respectively to a moisture 

content of 10 - 14% in line with the recommendations by Ajimotokan et al. (2019) and Kenya 

Briquettes Manufacturers Authority (KBMA). Each dried feedstock was carbonized in a drum 

kiln. 
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During carbonization, a fireplace of the kiln was set and vents (intake and exhaust) 

opened to draw in enough oxygen for firing for about 30 minutes. It was closed for at least 1 

hour 30 minutes for rice husks and corncobs and 2 hours for sugarcane bagasse without oxygen 

for carbonization. Temperature variation was monitored using a thermometer mounted on the 

kiln. The process output was char of each feedstock. Ajimotokan et al. (2019) recommended a 

size of <2 mm for easy densification and therefore the product was milled. Char was then mixed 

at different ratios. 

 

3.1.5 Mix Ratios  

Mix ratios used were adopted from a study by Arellano et al. (2015). Rice husks- 

corncobs and sugarcane bagasse milled carbonized materials were well blended and mixed with 

molasses binder during agglomeration and densification processes. 

 

3.2 Effect of Briquetting Techniques on Performance Properties of Briquettes 

Five kilograms (5 kg) of milled carbonized feedstock were mixed, and the binder (1 part 

to 6 parts of feedstock as recommended by Jamradloedluk and Wiriyaumpaiwong (2007) was 

sprinkled before being hand-fed into a screw press and agglomerator machines. The mixture was 

agglomerated into briquette molds and fireballs using a screw press (Appendix C.3) and drum 

Agglomerator (Appendix C.1). The briquettes were sun dried for three-five days to attained 8-

10% moisture content recommended by Onaji and Siemons (1993) and Kenya Briquettes 

Manufacturers Authority. Similarly, fifty (50) grams of each milled carbonized material were 

mixed with a binder in the ratio of 6:1 beforehand molding.  

Briquettes were sampled from the three techniques for further analysis considering their 

performance characteristics using Water Boiling Test (WBT version 4.2.3) using an improved 

cooking stove (called "Jiko Okoa", Appendix B.10). The local boiling point (Tb) at the Egerton 

Energy Laboratory room at an altitude of h = 1800 m giving a value of 94
o
C asl, was determined 

using Equation 3.1 adopted from a study by Osei Bonsu et al. (2020) 

         
   ⁄            (3.1) 

 

Where;  

Tb – Local boiling point 
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 h – Altitude in meters  

 

The high-power phase (including cold and hot start) was determined during the 

assessment. Further assessment on the performance, considering the Simmering-lower power 

phase in line with recommendation by Berrueta et al. (2008). Procedures for conducting WBT 

are outlined in (Appendix A.1).  

Performance characteristics of the briquettes were determined using protocols recommended 

by Onukak et al. (2017) as briefly outlined. Specific fuel consumption (amount of solid fuel 

equivalent used in achieving a defined task divided by the weight of the task), power output 

(available amount of energy released from the fuel in a given time), burning rate (rate at which a 

certain mass of fuel is combusted in air), burning time (average time taken for the briquette to 

bring the water to the boiling point), were determined by weighing, firing the briquettes and 

taking time for the various parameters. Specific fuel consumption, power output, burning rate, 

and ignition time were calculated using Equations 3.2, 3.3, 3.4 and 3.5. 

                               
                       

                                    
   (3.2) 

 

                         ⁄   
                                                         ⁄  

                            
 (3.3) 

 

                           ⁄
                           

                                  
                                                 (3.4) 

 

                            (3.5) 

Where;  

T1 = time that the briquette is ignited 

 To = time briquette was lighted 

 

3.3 Effect of Mix Ratios of Husk: Corncobs: Bagasse on Briquettes’ Physical and 

Combustion Properties  

The physical and combustion characteristics of briquettes with the best performance 

characteristics were determined. The properties investigated are outlined in Table 3.3. 

 

Table 3.3: Briquettes Physical and Combustion Properties 
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SN Briquettes Properties 

1 Physical Moisture content, Density 

2 Combustion Calorific value, Volatile matter, Ash content, Fixed carbon 

 

3.3.1 Physical Properties of Briquettes 

Physical properties were determined using methods adopted from a study by Kpalo et al. 

(2020). The moisture content of the briquette was determined according to the ASTM D2444-16 

specification and was calculated using Equation 3.6. The density of briquettes was determined 

according to ASTM D2395-17 standards and calculated as per Equation 3.7. Procedures to 

determine the physical properties of briquettes are outlined in (Appendix A.2). 

                  
                   

         
          (3.6) 

 

Density,   
 

 
         (3.7) 

Where; 

   is density (kg/m
3
) 

 m is briquette mass (kg) 

 v is volume (m
3
) 

 

3.3.2 Combustion Properties of Briquettes 

Calorific value was determined using a method adapted from a study by Sotannde et al. 

(2010) using ASTM Standard E711-87 (2004) and calculated using Equation 3.8. Volatile 

matter, ash content and fixed carbon were determined using methods adopted from a study by 

Kpalo et al. (2020). The volatile matter was calculated using ASTM 872-82 standards and was 

determined using Equation 3.9. Also, ash content was determined following the ASTM E830-87 

standards and was calculated using Equation 3.10. Fixed carbon was determined using Equation 

3.11. Procedures for conducting combustion properties of briquettes is outlined in (Appendix 

A.3) 

                       ⁄   
               

 
     (3.8) 

Where; 

W = weight of calorimeter (Kg) 
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 w = water equivalent of apparatus 

 T1 = initial temperature of the water (˚c) 

 T2 = final temperature of the water (˚c) 

 X = weight of fuel sample taken (kg) 

 

                   
     

     
             (3.9) 

Where;  

W4 = weight of empty crucible (gm) 

 W5 = weight of empty crucible + sample (gm) 

 W6 = weight of empty crucible + sample after heating (gm) 

 

                  
     

      
             (3.10) 

Where;  

W7 = weight of empty crucible (gm) 

 W8 = weight of crucible + sample (gm) 

 W9 = weight of crucible + ash (gm) 

 

                                      (3.11) 

Where;  

MC is moisture content (%) 

VM is volatile matter (%) 

AC is ash content (%) 

 

3.4 Optimization of Briquette Properties Parameters. 

Mix ratios were optimized using Taguchi method, where controllable variables were rice 

husk, corncobs and sugarcane bagasse varied at three (3) levels each. The Orthogonal Array 

determined the number of tests (Equation 2.20). The factors and levels are presented in Table 3.4 

 

Table 3.4: Operation parameters and Levels 

   LEVELS  

Parameters Labels L1 L2 L3 
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Rice husks (Kg) A 1 2 3 

Corncobs (Kg) B 1 2 3 

Bagasse (Kg) C 1 2 3 

 

For this experimental design, an L9 orthogonal array was suitable. Twenty-seven tests 

run were conducted since each trial was replicated three times. The design of the experiments for 

the L9 is shown in Table 3.5 

 

Table 3.5: Optimization of Experimental Layout 

  LEVELS  

Experimental runs A B C 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 

This experiment's design aimed to determine the feedstocks under which maximum mix 

ratios were achieved. Three experiments were conducted to determine the best mix ratio, drying 

method and particle sizes. Variable classes and fixed factors were selected for each of these ideal 

experiments. The variable classes were selected. Three machines were used for each variable 

class, and three replications were performed.  

 

3.5 Data Analysis 

The data obtained from the experiment was subjected to statistical analysis software 

(SAS). Analysis of Variance (ANOVA) was used to analyze data at a 5% significance level. The 

experimental design for this study was a factorial experiment. The degrees of freedom, sums of 
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squares and mean sums of squares were calculated, and then the levels of significant difference 

between the factors were determined using the F-test 

 

  



51 

 

CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Effect of Selected Briquetting Techniques on Performances Properties of Briquettes. 

The performance values of briquettes from three techniques are presented as shown in 

Table 4.1. The mean values for briquettes' performance properties were significantly different 

(p < 0.05) among the different techniques. Tabulated values are presented in Appendix B.1 

 

Table 4.1: Effect of Technique on Briquettes’ Performance Parameters 

TECHNIQUES   PARAMETERS   

 Ignition 

Time 

(Min) 

Time to 

Boil 

(Min) 

Burning Rate 

(g/min) 

S.F.C* 

(g/ml) 

Power 

Output (kW) 

Screw Press Machine 1.3
a
 14

a
 0.8

a
 0.11

a
 1.8

a
 

Drum Agglomerator 1.0
b
 12

b
 1.1

b
 0.13

b
 1.4

b
 

Hand Made 0.9
b
 11

b
 1.3

c
 0.15

c
 0.75

c
 

Average 1.07 12.33 1.07 0.13 1.32 

*S.F.C = specific fuel consumption 

Means within a column with the different superscript letters across column are statistically 

different p >0.05 

 

4.1.1 Effect of Briquetting Techniques on Ignition Time 

Ignition time (min) was taken as the average time taken to light a known fuel mass in line 

with Onuegbu et al. (2011). The longest ignition time of 4 min was obtained from pressurized 

technique (screw press) briquettes and shortest (3 min) from those made from non-pressurized 

(Table 4.1). Results from these studies are much higher than what was observed from individual 

feedstocks. For instance, Kpalo et al. (2020) reported an ignition time of 27.20 sec for corncobs, 

while rice husks had a value of 23.33 sec. Oyelaran (2015) reported a value of 96 sec for ignition 

time of briquettes made from sugarcane bagasse. Kabok et al. (2018) reported an ignition time of 

2.7 min in a study where faecal sludge and sawdust were utilized as feedstocks. Values in this 

study compare well with 3 min and 3 - 4 min reported by Ndindeng et al. (2015) and Anggraeni 

et al. (2021), respectively, who used three feedstocks briquetting. A lower value (2.1 min) was 
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reported by Abdulkareem et al. (2018) for briquettes made of charcoal, sawdust, and sugarcane 

bagasse using a hydraulic compression machine.  

Ignition time increased with an increase in feedstocks and increased pressure. According 

to Davies (2013), highly compressed biomass or an increase in compaction reduces the void 

spaces of briquettes as particles are forced closer hence causing elongation of the ignition time. 

This explains why briquettes made using a screw press had the longest ignition time (Table 4.1). 

Dermirbas and Sahin (2004) recommend that briquettes for domestic use should be easily 

ignitable. 

 

4.1.2 Effect of Briquetting Techniques on Time to Boil (min) 

Time to boil water (minutes), which is the average time taken for the briquettes to bring 

water to the boiling point, was the longest (14 min) with the pressurized technique (screw press). 

The shortest time to boil, 12 and 11 minutes, was from low pressurized techniques. Time reduced 

from cold start to hot start (Table 4.1) since briquettes were still hot from the cold start phase. A 

range of 18 – 26 min was recorded by Kabok et al. (2018) for carbonized FS-sawdust briquettes. 

Abdulkareem et al. (2018) used a dial gauge hydraulic compression machine to produce 

briquettes from three feedstocks of charcoal, sawdust, and sugarcane bagasse and recorded a 

lower value of 5.1 - 7.3 minutes. Onuegbu et al. (2011), while using (manually operated 

hydraulic press – high pressurized) to produce briquettes from three feedstocks, reported a value 

of 8 - 26 min.  

Therefore, it can be concluded that the number of feedstocks used in briquetting does not 

affect the time to boil. However, the technique used has a significant effect due to the pressure 

involved. An increase in density due to pressurized techniques inhibits the percolation of oxygen 

into the fuel; thus, briquettes from screw press had the longest time to boil. Lubwama et al. 

(2020) reported that the time to boil is attributed to the quantity of fuel and the type of cooking 

stove.  

 

4.1.3 Effect of Briquetting Techniques on Burning Rate  

The burning rate (g/min) was taken as the ratio of the mass of fuel burnt to the total time 

taken in line with Kpalo et al. (2020). Pressurized technique (screw press) briquettes gave 0.8 

g/min the least value. In contrast, the highest values were obtained from non-pressurized 
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techniques with 1.1 and 1.3 g/min values for drum agglomerator and hand briquetting, 

respectively. High burning rates in briquettes imply that more briquettes will be required in 

combustion as they burn off readily, as reported by Onukak et al. (2017). Two feedstocks (rice 

husks and cassava peels) were used with a high-pressure technique by Anggraeni et al. (2021) 

and reported a value of 2.81 g/min, higher than three feedstocks but lower than the value 

obtained from a single feedstock. 

Compared to other briquettes in literature, the burning rates in this study compare well 

with the (1.1 - 2.1 g/min) range reported by Ndindeng et al. (2015) from three feedstocks using 

the locally fabricated multi-piston press. Also, Davis et al. (2013) reported a similar value of 

(0.97 - 2.49 g/min) from three feedstocks when a non-pressurized technique was used to produce 

briquettes.  

The values in the study were lower than 2.85 g/min reported by Osei Bonsu et al. (2020) 

based on a non-pressurized technique (compressor box) from kernel shells briquettes but higher 

than 0.4 - 0.5 g/min from three feedstocks of charcoal, sawdust, and sugarcane bagasse reported 

by Abdulkareem et al. (2018) who used hydraulic compression machine. The 0.44 - 0.53 g/min 

obtained from coconut shells blended with charcoal dust briquettes by Kongprasert et al. (2019) 

were also lower. 

Navalta et al. (2020) reported that the burning rate of briquettes depends on biomass type 

and density. Therefore, the burning rate was significantly affected by the number of feedstocks 

and techniques used to produce briquettes. In this study, the low burning rate in screw press is 

attributed to the high density of the briquettes from the pressurized technique. The effect of the 

technique on briquettes burning rate is shown in Figure 4.1a. 



54 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1a: Effect of Briquetting Techniques on Burning Rate 
 

The graph obtained in Figure 4.1a has an R
2 

= 87.59%. Short bars represent briquettes 

from screw press, indicating that a low amount of fuel was needed to bring water to boil for a 

pressurized technique. 

 

4.1.4 Effect of Briquetting Techniques on Specific Fuel Consumption  

Specific fuel consumption (SFC), in g/ml, was taken as the amount of fuel needed to 

bring a certain quantity of water to boiling point and was 0.11 for the pressurized technique. In 

contrast, low-pressure techniques gave 0.13 and 0.15 for drum agglomerator and handmade 

briquettes, respectively. More fuel consumption was in the cold start due to the heat required for 

warming the cookstove and the surrounding, as in Table 4.1. Considering two feedstocks, higher 

values (0.41 - 0.56 g/ml) were reported by Anggraeni et al. (2021) from rice husks and cassava 

peels using a high pressurized technique. 

Values in the study are close to the range (0.14 - 0.17 kg/l) reported by Kpalo et al. 

(2020) while using a hydraulic piston press with three feedstocks. The values decreased with an 

increase in feedstock and applied pressure. Density has been reported as a factor affecting 

specific fuel consumption, explaining why screw press had a low value. SFC was, therefore, 

significantly affected by both numbers of feedstocks and the technique used to produce 

briquettes. The effect of the technique on briquettes SFC is shown in Figure 4.1b. 

y = -0.7x2 + 2.7x - 1 

R² = 8759 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Cold start Hot start Simmering

B
u

rn
in

g
 R

a
te

 (
g

/m
in

) 

Water Boiling Test 

Screw Press Drum Agglomerator Hand Briquetting



55 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1b: Effect of Briquetting Techniques on Specific Fuel Consumption 

 

The graph in Figure 4.2b has an R
2 

= 89.9%. Short bars represent fuel from the screw 

press technique; hence, a low amount of fuel was needed for briquettes from the pressurized 

technique to bring water to boil. 

 

4.1.5 Effect of Briquetting Techniques on Power Output 

Power output (kW) was taken as the amount of energy released from the fuel in a given 

time in line with Sawadogo et al. (2018). It was 1.8, 1.4 and 0.75 for screw press, drum 

agglomerator and hand briquetting, respectively (Table 4.1). Power output increased in the high-

power phase and decreased during simmering; pyrolysis was already complete, and less producer 

gas was available for combustion. The values (1.4 - 1.56 kW) obtained from a study by Ugwi 

and Agbo (2013) using a single feedstock of fruits bunches of oil palm plant and (1.3 - 1.5 kW) 

by Sawadogo et al. (2018) using cashew industry waste compares well to this study using non-

pressurized and pressurized techniques respectively. The values for this study are slightly higher 

than 0.39 kW reported by Nwabue et al. (2017) for two feedstocks of bio-coal with plastic waste 

using hydraulic jack as the technique.  

Power output was not significantly affected by the number of feedstocks used the type of 

biomass instead. However, the technique used to produce briquettes was a factor depending on 

applied pressure. This is why highly compressed briquettes from the pressurized technique 
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(screw press) took more time to burn, and hence less amount was consumed to bring water to the 

boil. The effect of the technique on briquettes' power output is shown in Figure 4.1c. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1c: Effect of Technique on Briquettes Power Output 
 

The graph (Figure 4.1c) has an R
2 

= 90.25%. The tall bars from the Water Boiling Test 

represent the pressurized technique (screw press) and indicate high power output was gotten 

from the fuel, while non-pressurized techniques are represented by short bars. 

ANOVA showed a significant difference (p <0.05) on ignition and time to boil between 

pressurized and non-pressurized techniques since p values (0.02/0.04) were less than 0.05. 

However, there was no significant difference between drum agglomerator and handmade (both 

are low-pressure techniques) as in Table 4.1, though briquettes from drum agglomerator took 

slightly more extended time than handmade to boil water. ANOVA showed a significant 

difference in burning rate, and specific fuel consumption of briquettes among the three 

techniques since p values (0.01) were less than 0.05 (Table 4.1). The power output was 

significantly different among the briquettes from the three techniques, with a p - value of 0.001. 

 

4.2 Effect of Mix Ratios of Husk: Corncobs: Bagasse on Physical and Combustion 

Properties of Briquettes 

From the results obtained for performance characteristics of the briquettes using different 

technologies, briquettes from different mix ratios were then subjected to study further where 
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physical and combustion properties were evaluated. The effect and quality of the products 

obtained were then recorded and analyzed as shown in the following sub-sections. 

 

4.2.1 Physical Properties of Briquettes 

The two physical properties investigated in this study were moisture content (%) and 

density (kg/m
3
). Values were tabulated and presented as in Table 4.2 

 

Table 4.2: Effect of Mix Ratios of Rice husk: Corncob: Bagasse on Briquettes Moisture 

Content and Density 

Mix Ratios 

Husk: Corncobs: Bagasse 

Moisture Content 

(%) 

Density 

(Kgm-
3
) 

1:1:1  7.58 785 

1:2:2  8.01 591 

1:3:3  8.12 542 

2:1:2  7.35 725 

2:2:3  7.79 650 

2:3:1  6.92 833 

3:1:3  7.92 576 

3:2:1  6.43 904 

3:3:2  6.74 869 

Average 7.43 719.44 

 

Values obtained in this study ranged from 6.43% for a ratio of 3:2:1 to 8.12% (w.b) for 

the ratio of 1:3:3 briquette (Table 4.2). Yank et al. (2016) recommended briquettes to have an 

MC range of 5 – 10% before combustion. Briquettes with a higher percentage of sugarcane 

bagasse and corncobs material exhibited a higher moisture content than those with a higher 

percentage of rice husks. An increase in fuel MC lowers the heat of combustion and burning with 

excessive smoke emission (Magnago et al., 2020; Osei Bonsu et al., 2020). Higher moisture 

contents were recorded from individual biomasses. Efomah and Gbabo (2015) reported a value 

of 12.67% for rice husk briquettes. Oladeji (2012) got a value of 13.47% when maize cobs were 

used for briquettes. Values from two feedstocks blends are lower than values of individual 
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feedstocks but higher than three mix blends. The 8.14% value was obtained by Jittabut (2015) 

for rice straw, and sugarcane leaves briquettes, Lela et al. (2015) reported a moisture content of 

8.6% for cardboard/sawdust briquettes. Also, Brozek (2016) reported a moisture content of 5.7 to 

15.7% for briquettes from wood dust and sawdust. The relationship between moisture content 

and briquette’s mix ratios is shown in Figure 4.2a. 

 
Figure 4.2a: Effect of Mix Ratios of Selected Feedstocks on Briquette’s Moisture Content 
 

The tolerance level of moisture content for briquettes may depend on the nature of the 

feedstocks. Studies have reported that moisture content of less than 5% will reduce the stability 

of briquettes, thus making them too dry leads to burning out quickly (Tumuluru et al., 2010). 

However, according to Miranda et al. (2021) high moisture content can make briquettes 

susceptible to poor combustion properties. A 3:2:1 mix ratio briquettes in this study are good 

enough to burn and conform to the tolerant level. However, any mix ratio with a high % of 

bagasse will attract moisture.  

The average moisture content for this study was calculated to be 7.43%. Mix ratios of 

1:1:1, 1:2:2, 1:3:3, 2:2:3 and 3:1:3 showed high moisture contents beyond the average and 

should not be used. However, the remaining four mix ratios (Table 4.2) briquettes are allowable 

and suitable for domestic use. An increase in the number of feedstocks reduced moisture content 

values of resulting briquettes. However, different mix ratios recorded different values depending 
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on the nature of biomass. Therefore, it can be concluded that moisture content was influenced by 

the number of feedstocks and mix ratio used for briquetting. 

Density is an important parameter determined by the nature of the feedstock, binder and 

briquetting pressure (Tumuluru et al., 2010). According to Avelar et al. (2016), the higher the 

density, the more concentrated the energy in the fuel, thus, leading to a high energy/volume ratio 

that prolongs burning time. However, according to Erickson and Prior (2018), other combustion 

properties of such briquettes may be negatively affected. The 1:3:3 briquette displayed the lowest 

density of 502 kg/m
3
, while the 3:2:1 briquette had the highest density at 904 kg/m

3
 (Table 4.3). 

The average value among all mix ratios was 719.44 kg/m
3
. However, ratios of 1:2:2, 1:3:3, 2:2:3 

and 3:1:3, however, recorded low-density values, less than mean values and could therefore be 

discarded. 

Single feedstock showed lower values of density. Onchieku et al. (2012) obtained (300 - 

390 kg/m
3
) from briquettes produced with a carbonized coffee husk, while Yank et al. (2016) 

reported 440 kg/m
3
 from rice husk briquettes. A mix of two feedstocks slightly improved these 

values as 590 kg/m
3
 was reported by Jittabat (2015) from rice straw and sugarcane leaves 

briquettes. A 580 kg/m
3
 was reported by Navalta et al. (2020) when sugarcane bagasse and rice 

bran were used as feedstocks. Oladeji (2010), in a study to evaluate properties of corncobs and 

rice husk briquettes, obtained 524 kg/m
3
 as density while 480 kg/m

3
 was noted by Falemara et al. 

(2018) from corncobs and wood residues. The relationship between briquette’s mix ratios and 

density is indicated in Figure 4.2b. 
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Figure 4.2b: Effect of Mix Ratios of Selected Feedstocks on Briquettes Density 
 

The regression developed has an R
2
 of 92.01%. Blending biomasses improved the density 

of the briquettes. Density increased but with a higher proportion of rice husk material. 

Comparing results from this study with literature, it can be said that density increased with an 

increase in the number of feedstocks. Also, mix ratios influenced density; mix with more rice 

husk and low value of bagasse recorded high-density value. Briquettes produced in this study 

have enough density suitable for transportation, handling and storage. 

 

4.2.2 Combustion Properties of Briquettes 

Calorific value (MJ/kg), ash content (%), fixed carbon (%) and volatile matter (%) were 

the four combustion properties investigated on the obtained briquettes in this study. Effect of the 

biofuels obtained was then recorded as shown in Table 4.3 
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Table 4.3: Effect of Mix Ratios of Husk: Corncob: Bagasse on Briquettes Combustion 

Properties 

Mix Ratios 

Husk: Corncobs: 

Bagasse 

Ash 

content (%) 

Volatile matter 

(%) 

Fixed carbon 

(%) 

Calorific value 

(MJ/kg) 

1:1:1 6.33 20.60 73.07 23.25 

1:2:2 7.00 23.25 69.75 20.73 

1:3:3 7.35 24.39 68.26 18.33 

2:1:2 5.88 20.52 73.60 23.83 

2:2:3 6.00 20.99 73.01 23.08 

2:3:1 5.00 19.23 75.77 25.61 

3:1:3 7.18 23.32 69.50 21.57 

3:2:1 3.63 18.56 77.81 29.04 

3:3:2 4.65 19.02 76.33 27.16 

Average 5.89 21.10 73.01 23.62 

 

The calorific value, which measures the briquettes’ energy content in line with Kpalo et 

al. (2021), was found to range from 29.04 MJ/kg for 3:2:1 mix to 18.33 MJ/kg for 1:3:3 ratio 

briquettes, as shown in Table 4.3. The values obtained in the study meet the minimum 

recommended value of (16.0 MJ/kg) set by the Wood Pellet Association of Canada, as cited in 

Mitchual et al. (2014). Also, the values obtained in this study are higher than the minimum 

requirement of 14.5 MJ/kg recommended for non-woody briquettes by ISO 17225-7 (2021). 

Compared with other pieces of literature, individual feedstocks showed low calorific values. 

Kpalo et al. (2020) reported 17.78 MJ/kg and 16.54 MJ/kg for briquettes made of corncobs and 

oil palm trunks, respectively. Also, Oyelaran (2015) obtained calorific values as 18.64 MJ/kg 

and 17.12 MJ/kg when evaluating briquettes from sugarcane bagasse and groundnut shells, 

respectively. However, when a two feedstocks mix was used, values slightly improved but were 

lower than mean value of the current study. Chungcharoen and Srisang (2020) reported a range 

value of 18 – 22 MJ/kg for cashew nut shells and areca nuts. A 20.27 MJ/kg was obtained by 

Osei Bonsu et al. (2020) from briquettes made of palm and kernel shells. Also, Onuegbu et al. 
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(2011) used bio-coal as feedstocks and reported a 20.39 MJ/kg calorific value. Effect of different 

mix ratios is presented in Figure 4.2c 

 

Figure 4.2c: Effect of Mix Ratios and Density on Calorific Value of Briquettes 

 

The regression developed has an R
2
 of 88.12%. The mean calorific value was obtained to 

be 23.62 MJ/kg. Tall bars represent high values of density. From Figure 4.2c, the higher the 

density, the higher the calorific value and vice versa. Production and adoption of briquettes from 

biomass wastes as alternative energy sources had enough calorific value to be used at the 

domestic level for energy. According to Idowu (2020); Kpalo et al. (2021) and Sawadogo et al. 

(2018), it has been reported that lower values of volatile matter with an associated high value of 

fixed carbon will lead to a high calorific value. 

Mix from two feedstocks showed high calorific value than individual feedstocks. Also, a 

three mix of feedstocks had a higher value than two feedstocks. Therefore, an increase in 

feedstocks increased the calorific value of briquettes. Calorific value, however, varied depending 

on individual feedstocks in mix ratios. Mix ratios with a high mass of rice husk, 3:2:1, 3:3:2 and 

2:3:1 showed high calorific values (Table 4.3) 

According to Falemara et al. (2018), Ash content was taken as a percentage of impurity 

that does not burn during and after combustion or the inorganic matter left after complete 

combustion of the biomass. Ash content obtained in the study ranged from a minimum of 3.63% 

for a mix ratio of 3:2:1 to a maximum of 7.35%. for a ratio of 1:3:3. Minimum ash content value 

occurred at the low level of bagasse material since molasses used as a binder are a byproduct of 
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bagasse. In contrast, maximum value occurred at a high level of bagasse material. Values 

reported from different pieces of literature using single feedstocks showed high ash content 

values. A 7% moisture content was obtained by Sawadogo et al. (2018) while using cashew 

industry waste briquettes. Lower values were obtained when two mixes were investigated. 

Onuegbu et al. (2011) reported a value of 6.09% from a mix of bio-coal briquettes, while 11.62% 

was recorded by Avelar et al. (2016) from bio sludge and cotton textile residues briquettes. 

Effect of different mix ratios on combustion properties is presented in Figure 4.2d 

 

 

Figure 4.2d: Effect of Feedstocks Mix Ratios on Briquettes Combustion Properties 

 

The mean value for ash content was obtained to be 5.89%. Mix ratios of 1:1:1, 1:2:2, 

1:3:3, 2:2:3 and 3:1:3 had values more than mean values (Table 4.3) and therefore not considered 

suitable for use. Molasses has a high value of non-combustible elements, which remain as ash 

after combustion, and this is why briquettes with a high % of bagasse had high ash content. 

According to Loo et al. (2008), the higher ash content in fuels usually lowers calorific value. Ash 

content values of the studied briquettes ranged from 3.63 to 7.35%. According to Hahn (2014), 

any value lower than 6% is considered suitable for briquettes regarding the Austria ÖNORM 

M7135 standards. Ash content is influenced by a number of feedstocks used. An increase in the 
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number of feedstocks corresponds to a decrease in ash content value. Also, the mix ratios of 

individual feedstocks are a key factor. 

The volatile matter was taken as volatile gases released when biomass material is heated, 

as reported by Ajimotokan et al. (2019). Findings in the current study showed 3:2:1 briquette had 

the lowest value of 18.56%, while the 1:3:3 ratio had 24.39%, as shown in Table 4.3. According 

to Adetogun et al. (2014), although briquettes with lower volatile matter take longer to ignite 

than highly volatile matter, they burn smoothly with low ash content. The higher the volatile 

matter in the biomass, the higher the smoke emissions from the produced briquettes. Thus, good-

quality briquettes should have a low volatile matter quantity. Individual feedstocks from 

different pieces of literature have shown high volatile matter content. Ajimotokan et al. (2019), 

in a study, stated a value of 82% and 77.7% for cassava peels and pine, respectively. Adetogun et 

al. (2014) obtained a range of 57.82 - 62.91% for maize cobs briquettes. However, relatively low 

values were reported from two mix ratios, Falamera et al. (2018) obtained (24.2 - 34.95%) for 

briquettes produced from agro-wastes and wood residues while (43 - 49%) was stated by 

Adegoke et al. (2010) for briquettes produced from mixed sawdust. 

An increase in the number of feedstocks led to a decrease in the value of volatile matter. 

The value decreased from single feedstocks to two mix ratios to three mix ratios. However, 

different mix ratios have different values. The mean value of volatile matter was 21.10%, while 

ratios 1:2:2, 1:3:3 and 3:1:3 (Table 4.3) had values more than the current study mean. 

Fixed carbon of fuel was taken as the percentage of carbon available for char combustion 

and gave a rough estimate of the heating value of fuel (Ajimotokan et al., 2019). From the study, 

values ranged from 77.81% for 3:2:1 to 68.26% for 1:3:3 ratio. These values compare well with 

74 - 76% reported by Manyuchi et al. (2018) when evaluating the value addition of coal fines 

and sawdust to briquettes using molasses as a binder. Also, the almost similar value of 68 - 

72.3% as stated by Kongprasert et al. (2019) from three feedstocks. 

Compared to other pieces of literature with single feedstocks, low values of fixed carbon 

have been reported. Daniel et al. (2020) stated 29.87% and 45.16% values for rice husks and 

bagasse briquettes, respectively. Ajimotokan et al. (2019) reported a 15% value from pine 

feedstocks. 16.80 – 20.90% was quantified by Adetogun et al. (2014), who determined 

combustion properties of briquettes produced from maize cob. Pieces of literature with two mix 
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ratios have reported improved values than single feedstocks. Falemara et al. (2018) stated a value 

of 62.4% for briquettes from agro-wastes and wood residues, while 50.13% was obtained by Jani 

(2016) from rice husks - charcoal briquettes. Navalta et al. (2020) stated a range of 60.5 - 74.3% 

for sugarcane bagasse and rice bran briquettes. Also, Sen et al. (2016) reported a 61.23% value 

for briquettes made of mixed wood charcoal. Effect of different mix ratios on fixed carbon 

against calorific value is presented in Figure 4.2e 

 

 

Figure 4.2e: Effect of Mix Ratios on Fixed Carbon and Calorific Value 
 

Tall bars (Fig 4.2e) represent high fixed carbon corresponding to a high calorific value. 

According to Thabuot et al. (2015) fixed carbon content in briquettes is a critical factor 

influencing the calorific value of the fuel. High values of fixed carbon and the calorific value 

obtained in this study agree to the assertion of Onukak et al. (2017), who reported that high fixed 

carbon implies high calorific value. The mean value of this study was obtained as 73.01%, while 

mix ratios of 1:2:2, 1:3:3 and 3:1:3 had values lower than the mean (Table 4.3). Fixed carbon 

was influenced by the number of feedstocks used. The % value increased with an increase in the 

number of feedstocks. Also, individual feedstocks in the mix ratio influenced % fixed carbon. 

Mix ratios with the high quantity of rice husks showed high fixed carbon values, while those 

with high content of sugarcane bagasse showed low fixed carbon values (Table 4.3). 
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4.2.3 Analysis of Variance for Physical and Combustion Properties of Briquettes 

Analysis of Variance (ANOVA) showed that for moisture content, all the nine mix ratios 

were significantly different apart from two mix ratios which were 2:3:1 and 3:3:2 that showed no 

difference. Similarly, mix ratios of 2:3:1 and 3:3:2 for density were the only ones that were not 

significantly different; otherwise, all the remaining mix ratios were significantly different from 

each other (p >0.05). ANOVA showed that for all nine mix ratios for ash content, all values were 

significantly different from each other since Fcalc>Fcrit at α = 0.05. The statistical significance of 

the volatile matter was examined using p-values at α = 0.05 using ANOVA. The analyzed data 

observed that mix ratios 1:1:1, 2:1:2 and 2:2:3 were not significantly different. Similarly, 1:2:2 

and 3:1:3 mix ratios were not significantly different from each other. Also, 2:3:1 and 3:3:2 were 

not significantly different from each other. Otherwise, the remaining mix ratios were 

significantly different from each other. Using α = 0.05, ANOVA showed that all mix ratios for 

fixed carbon were significantly different apart from three that included 1:1:1, 2:1:2 and 2:2:3. 

Finally, when the calorific value was subjected to ANOVA using α = 0.05, all the nine mix ratios 

were significantly different from each other. Calculation of F, P-value and F-critical is shown in 

the appendix from Table B.10 to B.14. 

 

4.3 Optimization of Briquette Properties Parameters 

Minimizing variances of the experiments for optimal process parameters settings was 

achieved by the Taguchi technique (Taguchi L9 OA). Also, in consideration of multiple 

responses, Taguchi Grey relational analysis was used to optimize briquettes' physical and 

combustion properties for multi-objective optimization. Table 4.6 shows experimental runs that 

were carried out using three technologies. For the Signal to Noise ratio (S/N), the quality with 

"smaller the better "was used to minimize the means for moisture content, ash content and 

volatile matter. Further, "larger is better" quality was used to maximize the means for density, 

fixed carbon and calorific value. 

 

4.3.1 Analysis of results for Taguchi based single objective optimization 

The loss function ―smaller the better‖ characteristics were selected for MC, AC, and VM, 

while ―larger the better‖ was chosen for   , FC, and CV. The signal to noise (S/N) ratio was 

calculated from the means of parameters. The lower for ―smaller the better‖ and greater signal to 
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noise ratio for ―larger the better‖ indicates better performance, and their related technology and 

mix ratio that delivers it were regarded as optimal settings. Table 4.4 displays the standard 

transformed into signal-to-noise ratios for each physical and combustion characteristic. 

 

Table 4.4: Signal to Noise Ratios for Physical and Combustion Properties 

Exp. 

No. 

Mix 

Ratios 

Tech. Parameters Rank GRG 

   MC   AC VM FC CV   

1 1:1:1 SP 21.78 53.90 16.82 26.39 35.89 25.48 8 0.36 

2 2:1:2 SP 21.32 55.13 16.41 25.13 36.56 26.00 6 0.44 

3 2:3:1 DA 21.56 55.01 16.65 26.99 36.02 25.85 7 0.42 

4 2:3:1 SP 20.97 57.00 16.12 22.05 37.67 26.58 4 0.50 

5 3:2:1 HM 21.90 53.13 17.04 27.00 35.00 25.04 9 0.33 

6 3:2:1 DA 20.84 57.23 15.87 24.82 37.78 26.99 3 0.60 

7 3:2:1 SP 20.15 59.70 15.33 23.46 38.22 27.72 1 0.98 

8 3:3:2 DA 21.00 56.59 16.17 24.87 36.96 26.14 5 0.49 

9 3:3:2 SP 20.31 58.00 15.49 24.00 38.01 27.24 2 0.87 

Abbreviations: Tech - Technology; MC- Moisture content;    - Density; AC - Ash content; VM - 

Volatile matter; FC - Fixed carbon; CV - Calorific value; GRG - Grey Relational Grade 

 

From (Table 4.4), S/N ratios for MC, AC, and VM were calculated using Equation (2.21) 

since "smaller is better" was desired. In contrast, S/N ratios for D, FC, and CV were calculated 

using Equation (2.22) since "larger is better" was intended. The results obtained the best quality 

characteristics of moisture content at a mix ratio of 3:2:1 RH: CC: SB when using screw press as 

the technology. However, technology was responsible for deviation in moisture content due to 

pressure used during briquetting and not the number of feedstocks in the mix ratios. On the other 

hand, density was maximum when screw press was used at the same mix ratio of 3:2:1. Both 

technology and individual feedstock were responsible for changes in density. An increase in 

pressure increased compaction, thus increasing density, while for mix ratio, each feedstock has 

its bulk density, and mixing them led to different densities. However, feedstock material has the 

highest impact in determining the energy density of the briquettes. Ash content was minimized 
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when a small amount of bagasse was used. Both technology and mix ratios affected ash content; 

however, individual feedstock bulk density contributed most to ash content. 

Technique had the most negligible influence on volatile matter, fixed carbon, and 

calorific value. All these three combustion properties were highly affected by the mix ratios of 

individual feedstock material. Depending on the type of feedstock, combustion properties kept 

changing. However, a mix ratio of 3:2:1 of feedstock material gave the highest values when the 

volatile matter was minimized while fixed carbon and calorific values maximized. 

 

4.3.2 Multi-objective Optimization using Taguchi-Grey Relational Analysis 

Nine mix ratios with the best qualities were chosen from the twenty-seven from a single 

objective analysis. However, further analysis was needed to determine the influence of the 

selected mix ratios and their corresponding technologies for best quality briquettes. Taguchi-

Grey relational analysis was thus used to determine the briquettes' best physical and combustion 

properties. Mean values from single-objective optimization were normalized and converted into 

Grey relational coefficients using grey relational analysis Equations (2.23- 2.26) and results 

tabulated in Table 4.5 
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Table 4.5: Optimal Physical and Combustion Properties 

Mix 

Ratios 

Tech. Parameters S/N for 

GRG 

Rank 

  MC   AC VM FC CV   

1:1:1 SP 8.01 576 7.18 23.32 69.50 21.57 -8.04 8 

2:1:2 SP 7.79 650 6.33 20.60 73.01 23.02 -7.10 6 

2:3:1 DA 7.92 591 7.00 23.25 69.75 20.73 -7.42 7 

2:3:1 SP 7.58 785 5.88 20.58 73.60 23.83 -6.64 4 

3:2:1 HM 8.12 542 7.35 24.39 68.26 18.33 -8.87 9 

3:2:1 DA 6.92 833 5.00 19.23 75.77 25.61 -5.00 3 

3:2:1 SP 6.43 904 3.63 18.56 77.81 29.04 -0.08 1 

3:3:1 DA 7.35 725 6.00 20.99 73.07 23.08 -6.91 5 

3:3:1 SP 6.74 869 4.65 19.02 76.33 27.16 -3.05 2 

Abbreviations: Tech- Technology; MC- Moisture content;   - Density; AC- Ash content; VM- 

Volatile matter; FC- Fixed carbon; CV- Calorific value; GRG- Grey relational grade 

 

 

Figure 4.3: A Graph showing S/N Ratios and its Corresponding GRG in Multi Objective 

Optimization 
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Table 4.5 and Fig. 4.3a show that experimental run No.7 has the highest Grey relational 

grade value corresponding to the highest S/N ratio. The higher the GRG number and S/N ratio, 

the better the experimental run. The optimal condition was obtained at a mixed ratio of 3:2:1 

when using screw press as the technique. The predicted value was 0.9879, which is close to 1. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

From the specific objectives, the following are the conclusions drawn from the findings. 

Briquetting techniques and the number of feedstocks influence the performance characteristics of 

briquettes. An increase in the number of feedstocks raised ignition time. Also, ignition time 

varied depending on the technique used as the pressurized technique (Screw press) registered 

high value. Also, the burning rate and specific fuel consumption were significantly influenced by 

the number of feedstocks and techniques used. An increase in feedstocks or pressure resulted in a 

corresponding decrease in performance values. However, time to boil and power output were not 

affected by a number of feedstocks but rather the technique used during production. The 

pressurized technique produced higher density briquettes that led to an increase in time to boil 

and power output. Therefore, the technique and number of feedstocks significantly influenced 

the properties investigated. 

Number of feedstocks used and mix ratios affected physical and combustion 

characteristics. An increase in feedstocks led to a decrease in moisture content, ash content, and 

volatile matter. However, an increase in feedstocks led to a corresponding increase in briquettes 

density, calorific value, and fixed carbon. Also, the properties were influenced by the individual 

value of the feedstock in the mix ratio. Ratios with high values of husks showed improved 

characteristics, while poor characteristics were obtained when bagasse was high in the mix. 

ANOVA showed a significant influence from the number of feedstocks used and among all mix 

ratios investigated at p = 5%. 

Taguchi technique (Taguchi L9 OA) using multi-response optimization showed that type 

of feedstocks, technique, and feedstocks mix ratios affected briquettes characteristics. However, 

analyses using ANOVA showed that the significant influence on briquettes’ properties was in the 

order of the number of feedstocks > mix ratios > technique. A confirmatory test was carried out 

to compare with analysis and agreed with the results where optimal physical and combustion 

properties were reached when screw press was used as the technique with mix ratio of 3:2:1 of 

husks: cobs: bagasse. 
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5.2 Recommendations 

From these research findings, the following are the recommendations for practitioners and 

further research: 

a) For practitioners: 

i. Screw press should be used during briquetting for improved briquettes 

performance characteristics.  

ii. Three feedstocks should be preferred for optimal energy from the briquettes.  

b) For further research, there is need to study the effect of: 

i. Emission levels from briquettes to environment compared to firewood, charcoal 

and fossil fuels. 

ii. Different pressures in screw press during briquetting and their effect on final 

briquettes performance characteristics.   

iii. Binder quantity with drum agglomerator and the effect on briquettes properties. 
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APPENDICES 

Appendix A: Design Calculations and Procedures 

A.1: Design Calculations of Kiln Development 

Density of maize cob = 815 Kgm
-3  

  
    

 
 

 

 

  

But;  D = 0.5m 

 h = 1, for carbonization, 0.75m was used. 

V = 
 

 
                           

V = 
 

 
        

 

           

m = 122.25 kg 

m = 120 kg was chosen from the study. 

Volume of the kiln, 
    

 
 

= 
 

 
                  

 0.15 = 
   

 
      

 D
2
 = 0.2546 

 D = 0.5046   0.5m 

 

A.2: Design Calculations of Screw Press Development 

Torque on Rotating Shaft  

   
       

    
       

 

Diameter of the Screw Shaft  

    
√                    

    
  

 

                    
         

 
 = 66.67 

 

Assuming, Maximum tension driven by the belt, P1 = 2.5 kN, 

µ = 0.24, 
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θ = 180
˚ 

Now,  
   

  
            = 1175 N ≈ 1.2 kN 

 

Torque, Mt = (P1 – P2) x radius  

Or, Mt = 330882.5 Nmm 

For the bending moment, Mt= (P3 – P4) x R2 

Or, (P3 – P4) x 125 = 330882.5  

So, P3 = 5000 N 

P4 = 2352.94 N 

From the Bending Moment Diagram, Mb = 1185625.45 Nmm 

 

Load Lifted by Screw   

    

  

       
 

    
           

 

 

Pressure Lifted by Screw Thread  

    
  

  
  

But, Ap = πDm4*0.85 

 

Briquette Capacity  

     
 

 
                        

                   = 15.35 

 

Power and Torque on the Screw Shaft  

               

But,         

      
 

     

   
      

      

  

 

Longitudinal and Hoop Stress 

Hoop stress is always taken as double than longitudinal stress. Therefore, design is based on 

hoop stress.  
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Assuming, σH = 50 Mpa, P = 15 Mpa 

Given, Dm = 50 mm  

Thus, a reasonable value of extruder chamber thickness was obtained, t = 15 mm  

     
     

    
  = 12.5 

    
     

    
  = 25 

 

A.3: Procedure for Carrying out Water Boiling Test (WBT) 

a) Cold start - high power phase 

 Two liters of water at room temperature was poured into a pot and the briquettes 

were stacked in the combustion chamber of the cook stove. 

 Initial water temperature was determined using a digital thermometer at a depth of 

about 1cm above the bottom of the pot.  

 The initial weight of pot with water and cook stove with briquettes was determined 

by a weighing balance of 1g accuracy.  

 Briquettes were given time to kindle and ignition time noted using a stopwatch.  

 Once the briquettes had ignited, the pot with water was placed on the cook stove. 

 The starting and stopping time were recorded and the water heated until the boiling 

point.  

 Finally, the final water temperature, weights of; pot with remaining water, cook 

stove with remaining briquettes (after shaking it to allow the ash to fall on the ash 

tray), ash and the time to boil were determined and recorded. 

 

b) Hot Start - High Power Phase 

 The pot containing two litres of water at room temperature was placed on the cook 

stove with the remaining hot briquettes from cold start phase. The starting and 

stopping time was noted when the water reached the boiling point of 94
o
C.  

 The final water temperature; weights of pot with remaining water, cook stove with 

remaining briquettes, (after shaking it to allow the ash to fall on the ash tray), and 

time to boil was determined and recorded.  

 The weight of ash is assumed to be the same as that of cold start phase. 
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c) Simmering - Low Power Phase 

 A known weight of briquettes was added to fill the cook stove.  

 The pot with the remaining hot water from the hot start phase was simmered for 45 

minutes whereby, the water temperature is maintained at 3
o
C below the boiling 

point.  

 The ash tray port was opened and closed to regulate the air flowing into the 

combustion chamber hence controlling the water temperature.  

 After 45 minutes, the final water temperature; weights of pot with remaining water, 

cook stove with remaining briquettes, (after shaking it to allow the ash to fall on the 

ash tray), ash and time to boil were determined and recorded.  

 The shift from one phase to another was conducted within two minutes. 

 

A.4: Procedures for Determining Physical Properties 

i.  Moisture Content 

 Empty crucibles were cleaned and weighed. 

 Two grams (2g) of samples were weighed using an electronic mass balance, 

poured on crucibles and placed in an oven. 

 Oven was turned on and set to a temperature of 105
 o
C. 

 Samples were allowed in the oven for 3 hours before being removed and placed in 

a desiccator to cool for 20 minutes to a room temperature.  

 The final mass of the sample was then determined. 

 

ii.  Density 

 Diameter and height of spherical briquettes were measured at six (6) positions at 

90
o 
to each other by a vernier caliper. 

 Volume (v) was then calculated from the average of the measurements which was 

computed and assumed as diameter (d) and height (h). 

 Mass of the briquettes was measured using an electronic mass balance. 
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A.5: Procedures for Determining Combustion Properties 

1) Calorific Value 

 Approximately 1g of the sample was carefully weighed and placed directly into 

the crucible. Sample was weighed the to the nearest 0.1mg. Some form of 

compaction was done to ensure satisfactory ignition and complete combustion. 

 1.0ml of water was added to the bomb by a pipet. 

 A measured length of firing wire was connected to the ignition terminals and 

maintained contact with the sample. 

 The bomb calorimeter was charged with oxygen to a consistent pressure between 

20 and 30 atm (2.03 and 3.04 MPa).  

 Calorimeter water was adjusted before weighing as follows: Isothermal Jacket 

Method (1.6 to 2.0°C / 3.0 to 3.5°F below jacket temperature). 

 Calorimeter in the jacket was assembled and stirrer started. 5 min was allowed for 

attainment of equilibrium; then calorimeter temperatures recorded at 1min 

intervals for 5 min.  

 The charge was fired at the start of the sixth minute and time and temperature 

recorded.  

 The time at which the 60% point is reached was recorded.  

 Temperatures was also recorded (after the rapid-rise period (about 4 to 5 min), at 1 

min intervals on the minute until the difference between successive readings 

remained constant for 5 min. 

 Temperature rise in the water jacket was used by the calorimeter to calculate the 

heating value of the sample and tests on each sample replicated five times then 

average calculated. 

 

2) Volatile Matter 

 As specified in standards E-872, 1g of grounded sample was measured and put in a 

covered crucible 

 The covered crucible was placed in a maffle furnace maintained at 950+_ 20°C. 
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 The volatile released were detected by luminous flame observed from the top of 

furnace. 

 The heating was done for 7 min after which the crucible was removed and cooled 

in a desiccator. 

 Mass of the sample was immediately weighed to determine weight loss due to 

devolatilization 

 

3) Ash Content 

 As specified in ASTM test protocol E-1755-01, a 1g of sample fully crushed and 

grounded was dried and placed into a muffle furnace with uncovered crucible. 

 The temperature of the furnace was set at 575+_ 25°C and sample heated for 3 

hours.  

 The sample was removed, cooled in a desiccator and weighed. 
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Appendix B: Experimental Data and Statistical Analysis 

i. Screw Press Machine 

Table B.1: General Performance during High Power- Cold Start 

    TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 4.00 3.80 4.30 4.03 

Time to Boil Min 15.20 15.10 14.80 15.03 

Burning Rate g/min 18.40 18.20 17.85 18.15 

S.F.C J/g 0.135 0.138 0.133 0.135 

Power Output KW 6.7 6.5 6.80 6.67 

 

Table B.2: General Performance during High Power- Hot Start 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 12.10 12.30 11.80 12.07 

Burning Rate g/min 21.00 21.40 21.10 21.17 

S.F.C J/g 0.106 0.104 0.102 0.104 

Power Output KW 7.9 7.6 7.8 7.77 

 

Table B.3: General Performance during Low Power- Simmer Phase 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 45 45 45 45.00 

Burning Rate g/min 11.00 11.30 11.20 11.17 

S.F.C J/g 0.085 0.087 0.085 0.086 

Power Output KW 4.50 4.45 4.52 4.49 
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ii. Drum Agglomerator 

Table B.4: General Performance during High Power- Cold Start  

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 3.00 3.20 3.00 3.07 

Time to Boil Min 13.00 13.25 12.80 13.02 

Burning Rate g/min 21.00 20.80 21.50 21.10 

S.F.C J/g 0.137 0.135 0.137 0.136 

Power Output KW 5.90 6.00 5.80 5.90 

 

Table B.5: General Performance during High Power- Hot Start 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 11.00 10.80 10.90 10.90 

Burning Rate g/min 23.10 22.75 23.00 22.95 

S.F.C J/g 0.109 0.110 0.107 0.109 

Power Output KW 6.50 6.43 6.45 6.46 

 

Table B.6: General Performance during Low Power- Simmer Phase 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 45 45 45 45.00 

Burning Rate g/min 12.80 13.00 12.90 12.90 

S.F.C J/g 0.087 0.088 0.087 0.087 

Power Output KW 4.20 4.15 4.15 4.17 
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iii. Hand Made 

Table B.7: General Performance during High Power- Cold Start 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 3.00 3.10 2.85 2.98 

Time to Boil Min 12.00 11.90 11.90 11.93 

Burning Rate g/min 26.00 26.00 25.80 25.93 

S.F.C J/g 0.141 0.143 0.141 0.142 

Power Output KW 4.10 4.00 4.10 4.07 

 

Table B.8: General Performance during High Power- Hot Start 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 11.00 11.30 10.90 11.07 

Burning Rate g/min 28.70 29.00 29.20 28.97 

S.F.C J/g 0.113 0.112 0.113 0.113 

Power Output KW 5.50 5.30 5.50 5.43 

 

Table B.9: General Performance during Low Power- Simmer Phase 

   TRIALS   

Parameter Units 1 2 3 Mean 

Ignition Time Min 0 0 0 0.00 

Time to Boil Min 45 45 45 45.00 

Burning Rate g/min 14.00 14.30 14.10 14.13 

S.F.C J/g 0.090 0.091 0.088 0.089 

Power Output KW 3.90 3.85 3.92 3.89 
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Table B.10: ANOVA for cold, hot and simmering phases (Power Output) 

Source  DF Sum of 

Squares 

Mean Square F-Value Pr>F 

Model 4 40.88717778 10.22179444 53.39 <.001 

Error 22 4.21182222 0.19144646   

Corrected Total 26 45.09900000    

R-Square Coeff Var Root MSE PO Mean 

0.906609 8.062886 0.437546 5.426667 

 

Source  DF Type I SS Mean Square F Value Pr>F 

Tech 2 15.40015556 7.70007778 40.22 <.001 

Phases  2 25.48702222 12.74351111 66.56 <.001 

 

Table B.11: ANOVA for cold, hot and simmering phases (S.F.C) 

Source  DF Sum of 

Squares 

Mean Square F-Value Pr>F 

Model 4 0.01164081 0.00291020 1026.52 <.001 

Error 22 0.00006237 0.00000284   

Corrected Total 26 0.01170319    

R-Square Coeff Var Root MSE SFC Mean 

0.994671 1.513358 0.001684 0.111259 

 

Source DF Type I SS Mean Square F Value Pr>F 

Tech  2 0.00018363 0.00009181 32.39 <.001 

Phases  2 0.01145719 0.00572859 2020.66 <.001 
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Table B.12: ANOVA for cold, hot and simmering phases (Burning Rate) 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model  4 846.4281481 211.6070370 156.66 <.01 

Error  22 29.7153704 1.3506987   

Corrected Total  26 876.1435185    

R-Square Coeff Var Root MSE BR Mean 

0.966084 5.927329 1.162196 19.60741 

 

Source DF Type I SS Mean Square F Value Pr>F 

Tech  2 177.3090741 88.6545370 65.64 <.01 

Phases  2 669.1190741 334.5595370 247.69 <.01 

 

Table B.13: ANOVA for cold, hot and simmering phases (Ignition Time) 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model  4 68.46370370 17.11592593 243.31 <.02 

Error  22 1.54759259 0.07034512   

Corrected Total  26 70.01129630    

R-Square Coeff Var Root MSE IT Mean 

0.977895 23.67311 0.265227 1.120370 

 

Source DF Type I SS Mean Square F Value Pr>F 

Tech  2 0.68129630 0.34064815 4.84 <.02 

Phases  2 67.78240741 33.89120370 481.78 <.02 
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Table B.14: ANOVA for cold, hot and simmering phases (Time to Boil) 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model  4 6428.540370 1607.135093 4205.92 <.04 

Error  22 8.406481 0.382113   

Corrected Total  26 6436.946852    

R-Square Coeff Var Root MSE TB Mean 

0.998694 2.661689 0.618153 23.22407 

 

Source DF Type I SS Mean Square F Value Pr>F 

Tech  2 0.68129630 0.34064815 4.84 <.04 

Phases  2 67.78240741 33.89120370 481.78 <.04 

 

Table B.15: Effect of Mix Ratios of Selected Feedstocks on Physical Properties  

Variable Parameter 

Mix Ratios 
Moisture 

  
Density 

  Content 

RH:CC:SB 1 2 3 Mean 1 2 3 Mean 

1:1:1 7.56 7.54 7.64 7.58 784 784 787 785 

1:2:2 8 8.02 8.01 8.01 591 593 589 591 

1:3:3 8.11 8.13 8.12 8.12 541 544 538 542 

2:1:2 7.34 7.36 7.35 7.35 720 723 732 725 

2:2:3 7.79 7.78 7.8 7.79 652 647 651 650 

2:3:1 6.9 6.92 6.94 6.92 833 831 835 833 

3:1:3 7.94 7.91 7.89 7.92 577 573 578 576 

3:2:1 6.41 6.43 6.45 6.43 900 907 905 904 

3:3:2 6.74 6.73 6.75 6.74 868 868 871 869 
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Table B.16: ANOVA for the effect of Mix Ratios on Moisture Content of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 8.82234074 1.10279259 2096.86 <.0001 

Error 18 0.00946667 0.00052593   

Corrected 

Total  

26 8.83180741    

R-Square Coeff Var Root MSE Moisture Mean 

 0.998928 0.308732 0.022933 7.428148  

 

Table B.17: Density ANOVA for the effect of Mix Ratios on Density of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 442170.0000 55271.2500 5589.23 <.0001 

Error 18 178.0000 9.8889   

Corrected 

Total  

26 442348.0000    

   R-Square     Coeff Var      Root MSE      Density Mean 

 0.998928 0.308732          0.022933  7.428148  

 

Table B.18: ANOVA for the effect of Mix Ratios on Ash Content of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 38.01266667 4.75158333 4915.43 <.0001 

Error 18 0.01740000 0.00096667   

Corrected 

Total  

26 38.0300667    

R-Square Coeff Var Root MSE Ash Mean 

0.999542 0.527766 0.031091 5.891111 

  



105 

 

Table B.19: ANOVA for the effect of Mix Ratios on Volatile Matter of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 106.2569185 13.2821148 357.12 <.0001 

Error 18 0.6694667 0.0371926   

Corrected 

Total  

26 106.9263852    

    R-Square     Coeff Var    Root MSE    Volatile Mean 

0.993739 0.915703 0.192854 21.06074 

 

Table B.20: ANOVA for the effect of Mix Ratios on Fixed Carbon of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 262.6256667 32.8282083 8741.24 <.0001 

Error 18 0.0676000 0.0037556   

Corrected 

Total  

26 262.6932667    

R-Square  Coeff Var Root MSE Fixed Mean 

0.999743 0.083936 0.061283 73.01111 

 

Table B.21: ANOVA for the effect of Mix Ratios on Calorific Value of the Briquettes 

Source  DF Sum of 

Squares 

Mean Square F Value Pr>F 

Model 8 260.6380667 32.5797583 40166.8 <.0001 

Error 18 0.0146000 0.0008111   

Corrected 

Total  

26 260.6526667    

R-Square Coeff Var Root MSE CV Mean 

0.999944 0.120564 0.028480 23.6222 
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Table B.22: Experimental output corresponding to Technologies and Mix Ratios 

Exp. 

No 

Technology Mix 

Ratios 

 MC 

(%) 

D 

(Kg/m
3
) 

 AC 

(%) 

VM 

(%) 

 FC 

(%) 

CV 

(MJ/Kg) 

1 SP 1:1:1 7.58 785 6.33 20.60 73.07 23.25 

2 SP 1:2:2 8.01 591 7.00 23.25 69.75 20.73 

3 SP 1:3:3 8.12 542 7.35 24.39 68.26 18.33 

4 SP 2:1:2 7.35 725 5.88 20.52 73.60 23.83 

5 SP 2:2:3 7.79 650 6.00 20.99 73.01 23.08 

6 SP 2:3:1 6.92 833 5.00 19.23 75.77 25.61 

7 SP 3:1:3 7.92 576 7.18 23.32 69.50 21.57 

8 SP 3:2:1 6.43 904 3.63 18.56 77.81 29.04 

9 SP 3:3:2 6.74 869 4.65 19.02 76.33 27.16 

10 DA 1:1:1 8.45 753 8.25 22.51 69.24 21.15 

11 DA 1:2:2 9.21 531 8.92 25.16 65.92 18.53 

12 DA 1:3:3 9.42 502 9.27 26.30 64.43 16.13 

13 DA 2:1:2 8.60 700 7.80 22.43 69.77 21.63 

14 DA 2:2:3 8.89 637 7.92 22.90 69.18 20.88 

15 DA 2:3:1 7.82 801 6.92 21.14 71.94 23.41 

16 DA 3:1:3 9.00 516 9.10 25.23 65.67 19.37 

17 DA 3:2:1 7.47 875 5.55 20.47 73.98 26.84 

18 DA 3:3:2 7.64 839 6.57 20.93 72.50 24.96 

19 HM 1:1:1 9.69 702 9.86 24.12 66.02 19.03 

20 HM 1:2:2 10.45 500 10.53 26.77 62.70 16.41 

21 HM 1:3:3 10.66 471 10.88 27.91 61.21 14.01 

22 HM 2:1:2 9.84 669 9.41 24.04 66.55 19.51 

23 HM 2:2:3 10.13 606 9.53 24.51 65.96 18.76 

24 HM 2:3:1 9.06 750 8.53 22.75 68.72 20.29 

25 HM 3:1:3 10.24 485 10.71 26.84 62.45 17.25 

26 HM 3:2:1 8.71 824 7.16 22.08 70.76 22.72 

27 HM 3:3:2 8.88 788 8.18 22.54 69.28 21.84 
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Table B.23: ANOVA for means from multi objective optimization 

Process Parameters DF MS SS F-value p-value 

Technology 2 0.0582 0.1390 41.23 0.005 

Mix Ratio 2 0.0214 0.0528 35.21 0.035 

Error 6 0.0307 0.0061   

Total 10     

 

  



108 

 

Appendix C: Research Photos 

 

 

  

 

 

 

 

 

 

 

 

 

Figure C.1: Drum Agglomerator   Figure C.2: Briquettes from Drum Agglomerator 

 

 

Figure C.3: Screw Press    Figure C.4: Briquettes from Screw Press 
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Figure C.5: Drum Kiln  Figure C.6: Carbonized Corncobs  

    

 

Figure C.7: Oven Drier (Dairy)  Figure C.8: Combustion analysis of 

 briquettes in a muffle furnace 
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Figure C.9: Cooling in a Desiccator   Figure C.10: Burning briquettes in 

improved jiko 
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Appendix D: Research Permit (NACOSTI) 
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Appendix E: Relevant Publications Based on the Study  
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