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Highlights

e Groundnut shells and bagasse briquettes were developed with 30, 50, 70 and 90 grams of
cassava and wheat binder

e Non-carbonized briquettes had higher drop strength at 99% than carbonized briquettes

e Non-carbonized briquettes had average HHV of 16MJ/kg

e The average heating values for carbonized groundnut shell and bagasse briquettes were
between 21 and 23 MJ/kg
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Abstract

In this study groundnut shells and bagasse briquettes from agricultural wastes were developed
with cassava and wheat starch binders using low pressure and high pressure techniques. In the
low pressure technique, briquettes were produced after carbonization of groundnut shells and
bagasse. The resulting bio-char was mixed with 30, 50, 70 and 90 grams of cassava and wheat
flour starch binder for each 1000g of groundnut shells and bagasse bio-char. Groundnut shell
briquettes were also developed under high pressure (230 MPa) using groundnut shells (1000g)
without a binder, groundnut shells (1000g) with cassava flour starch binder (250g) and groundnut
shells with wheat flour starch binder (250g). Thermo-physical properties of the briquettes were
determined using thermo-gravimetric analysis. A Bomb calorimeter was used to determine the
higher heating values of the briquettes. Thermal characteristics were determined by observing the
flame temperature during combustion. The mechanical integrity of the briquettes was determined
using the drop test method. The higher heating values for groundnut shell and bagasse briquettes
developed using low pressure techniques were between 21 and 23 MJ/kg for both cassava and
wheat starch binders. The results were all above the 16 MIJ/kg average recorded for non-
carbonized groundnut shell briquettes developed under high pressure.
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1. Introduction

Currently, biomass provides only about 15-20% of global energy needs. In developing nations
biomass provides 20-33% of total energy demand (Vargas-Moreno et al., 2012). In Uganda,
Firewood/charcoal accounts for over 90% of domestic fuel sources used for cooking (Uganda
Bureau of Statistics, 2014). Between 1990 and 2013, Uganda lost over 46% of its forest cover.
The current rate of deforestation stands at 1.8% per annum (Uganda Bureau of Statistics, 2014;
Uganda Bureau of Statistics, 2015). If the status quo continues, then Uganda is projected to
become a biomass deficient country by 2020. This will exacerbate the effects of climate change
due to the substantial reduction of CO, capture provided by forest cover (Kanabahita, 2001;
Okello et al., 2013a; Okello et al., 2013b). The smoke produced from using firewood/charcoal for
domestic cooking applications has negative health implications on women and children,

especially (Raymer, 2006; Rehfuess, 2006).

In addition, Uganda has one of the highest population growth rates (about 3%) in the world with a
current population of 34.9 million people (Uganda Bureau of Statistics, 2015). This implies that
more energy will be required for domestic cooking applications. Agriculture generates large
amount of by-products that could be used to produce energy and reduce on the amount of
fuelwood required to meet daily cooking needs, especially in developing countries (Government
of Uganda, 2007; Yank et al., 2016). By 2007, over 1.2 million tons of agricultural wastes were
generated annually in Uganda (Government of Uganda, 2007). By 2013, the documented amounts
of agricultural wastes had risen to over 19 million tonnes (Okello et al. 2013a). The disposal of
these wastes are very problematic as majority of them are burned in open fields which has
negative environmental impacts (Government of Uganda, 2007). Two common readily available
agricultural wastes in Uganda are groundnut shells and bagasse. Estimates of the total energy

potential available from the utilization of groundnut shells and bagasse agricultural residues in



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Uganda are 5.38 and 0.38 PJ per year, respectively. This indicates that groundnut shells and
bagasse are potential energy resources in the development of bioenergy technologies in Uganda

(Okello et al., 2013a).

One sustainable way of utilizing this energy potential is the development of groundnut shell and
bagasse briquettes which will provide more energy per unit of volume (Ndindeng et al., 2015).
The development of groundnut shell and bagasse briquettes will reduce on the deforestation
taking place for wood/charcoal for domestic cooking applications as well as mitigate climatic
changes, environmental degradation and pollution (Okello et al., 2013b). Greenhouse gas
mitigation potential by utilizing briquettes from agricultural wastes is also gaining significant
interest in the literature (Thao et al., 2011).The fact that groundnut shells and bagasse agricultural
wastes form the main raw material for the briquettes implies that as long as consumption of
groundnuts and sugarcane continues, there will always be a sustainable resource of groundnut
shells and bagasse for the briquettes. Briquettes developed from groundnut shells and bagasse will

provide a low cost and simple, cleaner energy source for domestic cooking applications.

The technological process involved in briquetting is relatively well known (Bhattacharya et al.,
1989). However, the number of studies on briquettes developed from agricultural wastes are still
few given the different types and quantities of agricultural wastes generated worldwide (Amaya et
al., 2007; Blesa et al., 2001; Chen et al., 2009; Chin and Siddiqui, 2000; Chou et al., 2009a; Chou
et al., 2009b; Gangil, 2014; Haykiri-Acma et al., 2013; Hu et al., 2015; Kaliyan and Morey,
2009a; Kaliyan and Morey, 2009b; Kaliyan and Morey, 2010a; Kaliyan and Morey, 2010b; Kong
et al., 2012; Liu et al. 2013; Liu et al., 2014; Lu et al., 2014; Muazu and Stegemann, 2015; Musa,
2012; Mwampamba et al., 2013; Oladeji, 2012; Panwar, 2009; Singh et al. 2007; Srivastava et al.,
2014; Stelte et al., 2011; Stolarski et al., 2013; Tembe et al., 2014). It is also very important to

note that differences in hydrogeological conditions will most likely affect physical properties of
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agricultural wastes from one geographical region to another, making it difficult to transfer
performance results from different geographical regions (Vassilev et al., 2010; Vassilev et al.,
2012; Vassilev et al., 2013). Very few studies have been undertaken and documented in the
literature regarding briquettes developed from agricultural wastes in Uganda despite the fact that

they are a potential energy resource.

Also, very few studies exist in the literature on the utilization of starch based organic binders in
the development of briquettes from agricultural wastes (Hu et al., 2015; Kaliyan and Morey,
2010b; Muazu and Stegemann, 2015; Rezania et al., 2015; Rezania et al., 2016; Razuan et al.,
2011; Sotannde et al., 2010; Yank et al., 2016). In this study, cassava and wheat starch were used
as binder material because of their organic nature and availability. Wheat and cassava starch have
been shown to improve strength at low temperature due to the amylose content in them (Han et
al., 2014; Oladunmoye et al. 2014). Amylose content affects drop strength performance of
briquettes (Dureja et al., 2011; Goesaert et al., 2005; Oladunmoye et al. 2014; Zaidul et al. 2007).
The presence of Protein in both wheat (12.43%) and cassava (1.4%) starch enhances bonding due
to its ability to plasticize under application of heat. This generally results in an increase in
bonding and strength of the densified bio-char or briquettes (Dureja et al., 2011; Kaliyan and
Morey, 2009a; Mani et al., 2006; Oladunmoye et al., 2014Rezvani et al., 2014; Serrano et al.,
2011). Therefore, in this study, groundnut and bagasse agricultural wastes were used to develop

briquettes with cassava and wheat starch as binders.

2. Experimental

2.1. Briquette Development

Groundnut shells and bagasse (from sugarcane) raw materials were sun dried for 6 - 8 hours. The

dried groundnut shells and bagasse were then fed into a carbonizer. The carbonizer was made
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from a steel drum of 200 litre capacity with height and diameter of 1m and 0.5m, respectively.
These drums are locally available on the market which is very important for sustainability. The
carbonizer has openings of diameter 0.02m on its surface. These openings are used to regulate the
amount of air intake after ignition of agricultural waste at the top. A schematic of the carbonizer is

shown in Figure 1.

During the carbonization process, these holes were covered with mud/clay to limit the amount of
air available for complete combustion in the carbonizer. The top of the drum was covered. After
carbonization, bio-char was formed (Bazargan et al., 2014; Hu et al., 2015;Tsai et al., 2012). Bio-
char was then measured into 1000g portions which were mixed with 30, 50, 70 and 90g of wheat
flour and cassava flour starch binder. The starch binders were prepared by mixing 30, 50, 70 and
90g of wheat and cassava flour in water and boiling them in order to obtain a uniform starchy
binder (Rezania et al. 2016; Yank et al. 2016). These were each mixed with the biochar and
compressed at a pressure of <7 MPa using a briquetting machine. A longitudinal schematic of the
briquetting machine is shown in Figure 2. This pressure (< 7 MPa) is similar to the pressure used
by other researchers developing low cost briquettes (Barzargan et al., 2014; Furtado et al., 2010;
Husein et al., 2002). The briquetting machine consists of 12 compression moulds and a foot pedal
for lifting the moulds to meet an oncoming compressor arm as shown in Figure 2. The resulting
briquettes were black solids of dimensions 0.05m diameter and 0.05m height. Composite
briquettes were also developed using a combined mixture of groundnut shells bio-char (500g) and
bagasse (500g) bio-char with both cassava and wheat flour starch binder. Two sets of composite
briquettes were made. One set had 25g of cassava binder and 25g of wheat binder. The second set
had 35g of cassava binder and 35g of wheat binder. Process parameters used in the development

of the briquettes are shown in Table 1.
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For high pressure briquette development, groundnut shells and bagasse raw materials were first
sun dried for 6-8 hours. Materials were dried to 10%-15% moisture content. They were then fed
into an automated feed section that transferred it to a hopper using a screw mechanism run by an
electric motor (see Figure 3) (Kaliyan and Morey, 2009b; Kaliyan and Morey, 2010a; Muazu and
Stegemann, 2015). From the hopper the raw materials move to a compression chamber where a
piston ram of 5.5 cm diameter and 40 cm length continuously densifies them. The piston gets
mechanical energy from rotary motion of wheels that are run by a motor at 1470 rpm. Due to
internal friction, the temperature of the raw material increased to about 200 °C - 250 °C. The die
temperature at this time was also between 280 °C - 290 °C. Compaction pressure of 230MPa was
maintained throughout the entire process. The formed briquette passed through a cooling
conveyor. High pressure was used to produce briquettes using groundnut shells (1000g) without a
binder, groundnut shells (1000g) with cassava binder (250g) and groundnut shells (1000g) with
wheat binder(250g). Development of bagasse briquettes using high pressure failed because of its
high moisture content (22.5%), dust-like nature and feathery structural morphology (Vassilev et

al., 2010).

2.2. Thermogravimetric analysis (TGA) and bomb caolrimetry.

An Eltra Thermostep non-isothermal Thermogravimetric analyzer was used to determine physical
properties of the developed briquettes. The TGA was executed with a heating rate of 16°C min-!
for dynamic runs (Chen et al., 2012; Munir et al., 2009). TGA was used to determine moisture
content, ash content, fixed carbon and volatiles in the developed briquettes. TGA analysis was
also used to represent the weight loss, first derivative and temperature evolution profiles versus
time for each of the groundnut shell and bagasse briquettes developed (Avelar et al., 2016; Gil et
al., 2010; Hu et al., 2015; Liu et al., 2014; Virmond et al. 2012). The higher heating values for the
groundnut shell and bagasse briquettes were determined using an IKA C 2000 oxygen bomb

calorimeter (Chen et al., 2012; Fernandez et al., 2014 ; Olupot et al., 2016; Rezania et al., 2016).
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2.3. Mechanical Characterization

The drop test was used to determine the integrity of the briquttes under impact. In order to
determine the drop strength, the briquettes were elevated up to 2m and then dropped onto a thick
steel plate. The ratio of weight after dropping to weight before dropping was recorded as the drop
strength. This is very important because it determines whether the briquettes will retain their form
during packaging, storage and transportation (Fengmin and Mingquan, 2011; Tumuluru, 2014).
Bulk density was determined from the ratio of the mass of material to the volume of a standard
cylinder. Particle density of the briquettes was determined from actual measurements of the mass,
diameter and length of the developed briquettes (Fernandez et al., 2013; Obernbergera and Thek,

2004; Srivastava et al., 2014).

2.4. Thermal characterization

The water boiling test was used to determine how long it would take 200g of briquettes to boil 0.5
liters of water in an improved stove (Chen et al., 2016; Tumutegyereize et al., 2016). The flame
after boiling the water was observed and the highest temperature of the briquettes at this point
was recorded using a DT-8865 non-contact infra red thermometer gun (Dual laser up to 1000 °C;

30:1 D/S ratio) for each category of groundnut shell and bagasse briquettes developed.

3. Results and Discussion

The resulting bio-char from the carbonization of bagasse and groundnut shells showed structural
characteristics very much in line with the structure of the pre-carbonized raw material as shown in
the Figure 4 (Chen et al., 2012; Mustelier et al., 2012; Vassilev et al., 2013). The bio-chars have
different morphologies, but the original textures and structures of the bagasse and groundnut

shells were maintained in the char particles. Bio-char from bagasse maintained its feathery dust-
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like characteristics, whereas bio-char from groundnut shells maintained the integral structure of
the shell, however, their surface finish appeared much smoother and shinnier (see Figure 4). This
may be due to the presence of unburned matter in coarse grain fractions of biomass ash (Fenandez
et al., 2012). A comparison of the surface morphology of the bagasse and groundnut shells shows
more structural damage for the bagasse, indicating possibly higher hemicellulose content in the

bagasse (Chen et al., 2012; Saidur et al., 2011).

The particle size of bagasse (37.9+21.9mm) varied significantly (see Figure 4a) when compared
to the particle size for groundnut shells (21.1+4.6mm) (see Figure 4b). This high variation in the
particle size of bagasse coupled together with its feathery loose particles resulted in its failure to
densify using high pressure. Samples of briquettes developed after carbonization using low
pressure and non-carbonized briquettes developed using high pressure are shown in Figure 5a and
Figure 5b respectively. The surface finish for the low pressure developed carbonized briquettes
were generally rough with loose particles visible on the circumference. The surface finish for the
high pressure developed non-carbonized briquettes were smooth and shinny and with no loose
particles visible on the circumferential area. This shinny glassy appearance is a characteristic of
solid bridge bonding in briquettes (Kaliyan and Morey, 2010a). Briquettes developed using high
pressure and temperatures develop solid bridge bonding mechanisms as a result of crystallization
of the raw material, chemical reactions between the cassava and wheat binder with the groundnut
shells and solidification of melted components during the cooling phase (Kaliyan and Morey,
2010a; Kong et al.,, 2012). The bonding in briquettes developed after carbonization is
characterized by short range forces such as hydrogen bridges and van der Waals’ forces, which
are generally weak (Kaliyan and Morey, 2009a; Kaliyan and Morey, 2010a). The surface finish
observed also indicates that briquettes developed after carbonization of the raw material will have

lower drop strengths compared to briquettes developed using high pressure.
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The TGA (Eltra Thermostep) is non-isothermal and as such during the first phase all of the
samples are dried at 105°C to ensure that the moisture content in the samples is acceptable before
dynamic runs with constant heating rate can begin. The TGA was executed with a heating rate of
16°C min-!'. Physical properties for groundnut shells raw material were: Fixed Carbon: 19.3%;
Volatile matter: 67.7%; Ash content: 3.8%; and, Moisture Content: 9.2%. Physical properties for
the bagasse raw material were: Fixed carbon: 12.2%; Volatile matter: 62.7; Ash content 2.5%;
and Moisture content 22.5%. TGA profile results for the combustion of bagasse and groundnut
shell raw material are shown in Figure 6. TGA results for carbonized groundnut shell briquettes
with cassava binder (a); carbonized groundnut shell briquettes with wheat binder (b); carbonized
bagasse briquettes with cassava binder (c); and carbonized bagasse briquettes with wheat binder
(d) for 30g of cassava and 30 g of wheat binder are shown in Figure 7. The slight decrease in
weight observed during the initial drying phase was due to moisture loss and molecular
degradation (Gil et al., 2010; Liu et al., 2014). After initial drying, additonal mass loss occures
during the dynamic runs at 16°Cmin-!'. During this period the drying phase changes to biomass
volatization where volatile matter due to hemicellulose (190 °C — 320 °C), cellulose (280 °C — 400
°C) and lignin (320 °C — 450 °C) decomposition is released (Avelar, 2016; Chen et al., 2012;

Fernandez et al., 2012).

The results for the physical properties of the developed carbonized groundnut shells and
carbonized bagasse briquettes with cassava and wheat binder are shown from Figure 8 to Figure
12. For all of the briquettes developed from carbonized groundnut shells and carbonized bio-char,
the moisture content was considerably less than the moisture content in the raw material. These
results are similar to those obtained in previous studies where the combination of pyrolytic bio-
char and binders have been used (Hu et al., 2015; Muazu and Stegemann, 2015). The results
indicate that the combination of the carbonization process and the presence of cassava and wheat

binders had a positive effect on reducing moisture content. The carbonization process inhibites
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moisture adsorption which is a very important result for increased shelf life and storage of the
briquettes by preventing rotting and decomposition (Fernandez et al., 2013; Liu et al., 2013). The
decrease in absorption of moisture by carbonized briquettes is due to the destruction of
hydrophilic groups, such as hydroxyl groups, in the carbonization process (Liu et al., 2013). As
evaporation is an endothermic process, moisture decreases the briquette fuel’s useful energy
content. This negatively affects both the combustion efficiency and quality. High moisture
content inhibits ignition of the briquette and reduces combustion temperature. This in turn hinders
the combustion of the reaction products and consquently affects the quality of the combustion
process (Saenger et al., 2001; Werther et al., 2001). Additionally, high moisture levels require
larger equipment and present with more maintenance difficulties, thus increasing processing costs

(Fernandez et al., 2014; Mani et al., 2004).

The volatile matter results are shown in Figure 9. Generally, the briquettes developed with
carbonized bagasse with both cassava and wheat binders had volatile matter values that were
higher than for briquettes developed with carbonized groundnut shells. However, the volatile
results are much lower than the volatile matter in groundnut shell and bagasse raw material which
are over 60%. This result was expected due to the fact that in the process of carbonization, more
volatiles are expended from groundnut shells as compared to bagasse in the formation of bio-char.
High volatile matter eases ignition and enhances combustion due to increased chemical reactivity
(Fernandez et al., 2014; Mckendry, 2002; Vargas-Moreno et al., 2012; Werther et al., 2001).
Ideally for agricultural residues which typically have high percentages of volatiles, devolatization
starts at low temperatures as soon as the fuel is exposed to a high temperature medium because of
the rapid consumption of oxygen. For the carbonized groundnut shell and bagasse briquettes, the
volatile combustion phase will be much shorter followed by a longer char combustion phase

(Werther et al., 2001).

10
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As expected, an opposite trend was observed for the ash content results shown in Figure 10.
Briquettes developed from carbonized groundnut shells had higher ash content percentages than
briquettes developed from carbonized bagasse. This is attributed to the high ash content in the
groundnut shells compared to ash content in bagasse (Vassilev et al. 2010). Generally, ash content
increases with increase in cassava binder for carbonized groundnut shell and bagasse briquettes.
Also, bagasse briquettes made with wheat binder had higher ash content than bagasse briquettes
made with cassava binder. High ash content levels reduce heating value, increase thermal
resistance to heat transfer, and lead to generation of slag deposits which requires more equipment

maintenance (Fernandez et al., 2014; Mckendry, 2002, Vargas-Moreno et al., 2012).

The carbonization process employed in this study was responsible for the increased fixed carbon
percentages that were observed and shown in Figure 11 (Amaya et al., 2007). All of the
developed carbonized briquettes had fixed carbon percentages of over 45%. However, closer
inspection of the results suggest that briquettes developed from carbonized groundnut shells with
wheat binder had higher fixed carbon percentages irrespective of the grams of wheat binder used

in their development.

Physical properties for composite briquettes developed with 500g of both carbonized groundnut
shells and carbonized bagasse with 25g and 35g of both cassava and wheat binders are shown in
Figure 12. The results were generally in line with the results explained for Figure 7 to Figure 11.
The composite briquettes developed with 35g of both cassava and wheat binder had marginally
higher values for moisture content and volatile matter. The composite briquettes developed with
25g of both cassava and wheat binder had marginally higher values for ash content and fixed
carbon. The results indicate that development of the composite briquettes had limited influence on

their overall physical properties.

11
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Physical proporties of non-carbonized briquettes developed under high pressure for groundnut
shells without binder, with cassava binder and wheat binder are shown in Figure 13. In all cases,
the moisture content remains higher than for carbonized briquettes developed after carbonization
of the groundnuts shells and bagasse (see Figure 8). The volatile matter results are all over 70%
which is much higher than the volatile matter recorded for carbonized briquettes (see Figure 9).
The ash content and fixed carbon values are lower than for briquettes developed after
carbonization of the groundnuts shells and bagasse as expected (Liu et al., 2013) . The results
from Figure 13 suggest that the inclusion of cassava and wheat starch binders before high
pressure compaction has very little effect on the physical properties of the developed non-

carbonized briquettes.

The results for the higher heating values (HHV) for briquettes developed from carbonized
groundnut shells and bagasse with cassava and wheat binders are shown in Figure 14. The
avearge heating value for all of the carbonized briquettes was about 22.5 MJ/kg. Generally for
briquettes developed from carbonized bagasse, HHV was observed to decrease with an increase in
the amount of binder. The highest HHV of about 24 MlJ/kg was measured for briquettes
developed from carbonized groundnut shells with 30g of cassava binder. The HHV for the non-
carbonized briquettes developed under high pressure were 16MJ/kg irrespective of the binder
amount and the presence or absence of binder. This results was expected because the presence of
cassava and wheat binder had no significance on the physical properties of these briquettes as
discussed in Figure 13. The developed carbonized composite briquettes had similar HHV values

of about 23 MJ/kg irrespective of the differences in amount of binder used.

The drop strength results for the carbonized briquettes are shown in Figure 15. Generally, an
increasing trend was observed in the drop strength results for both carbonized graoundnut shell

and bagasse briquettes when cassava binder was used. For briquettes developed from carbonized

12
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bagasse with wheat binder the drop strength initially increases as the binder present increases
until almost 100%. The results indicate a positive effect due to the presence of cassava and wheat
binder in the carbonized groundnut shells and carbonized bagasse briquettes. Higher values of
drop strength are indicative of the ability of the developed briquettes to be stored without
disintegrating (Fengmin & Mingquan, 2011). Cassava binder has lower amounts of phosphorus
compared to wheat (Zhu, 2015). Lower amounts of phosphorus are linked to increased amounts of
amylose which positively affects resistance to heat and shear force (Zaidul et al., 2007). Water
addition and heating results into the formation of intermolecular hydrogen bonds between the
amylose and amylopectin components of starch. This is followed by loss of crystallinity in the
structure of the two components which leads to the formation of a viscous solution that undergoes
retro-gradation. This results in briquettes attaining a higher strength at room temperature (Tako
and Hizukuri, 2002). The results in Figure 15 agree with this assertion for both carbonized
groundnut shell briquettes and carbonized bagasse briquettes with cassava and wheat binder. The
amount of phosphorus in groundnut shells is higher than that in bagasse (Vassilev et al., 2010).
This explains the consistently good performance of drop strength of carbonized groundnut shell
briquettes with cassava binder. In the carbonization process, ‘natural binders’ are softened as
temperatures increase which can enhance bonding of carbonized briquettes (Liu et al., 2013). The
bonding in briquettes developed after carbonization are characterized by short range forces such
as hydrogen bridges and van der Waals’ forces, which are generally weak (Kaliyan and Morey,
2009a; Kaliyan and Morey, 2010b). Carbonized composite briquettes with 25g of cassava and
wheat binder had a lower drop strength of 70% compared to carbonized composite briquettes with
35g of cassava and wheat binder which had a drop strength of 85%. (see Figure 16). These results
indicate that a marginal increase in composite binder formulation had a positive impact on the
drop strength. This may be due to an increase in the total amount of proteins available in the
composite cassava and wheat binder which enhance plasitisization when heat is applied, and thus

increase bonding and strength (Kaliyan and Morey, 2009a). Non-carbonized briquettes developed

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

using high pressure had drop strengths of 99%. This implies that they can be stored and
transported very well without disintegration (Fengmin and Mingquan, 2011; Serrano et al., 2011).
Their high drop strengths are due to the formation of solid bridge type bonding due to the
application of high pressure (230 MPa) and generation of intantaneous temperature that enhance
crystallization between the binder and the groundnut shell raw material (Kaliyan and Morey,
2009a; Kaliyan and Morey, 2009b; Kaliyan and Morey, 2010a; Kaliyan and Morey, 2010b; Kong,

2012).

Bulk density for groundnut shells and bagasse were 258.8 kg/m3 and 182.7 kg/m?, respectively.
The results of drop strength in Figure 15 and Figure 16 are validated by the results of particle
density for the briquettes shown in Figure 17. For briquettes developed after carbonization,
groundnut shells with cassava binder had the highest particle density irrespective of the binder
amount. This result corresponds very well with the result for drop strength in Figure 15. Highest

particle density was recorded for briquettes developed using high pressure.

The water boiling tests were conducted in an open air environment in order to obtain practical
results for the performance of the briquettes. This is very important because in sub-Saharan
Africa, domestic cooking is usually carried out in the open. The water boiling tests were
performed using an improved stove (Briketi). From Figure 18a), it can be observed that the
ignition of the briquettes and flame distribution around them is non-uniform. A typical aluminium
pan and covering used for domestic cooking application for boiling water is shown in Figure 18b.
The results for time taken to boil 0.5 litres of water using 200 g of developed briquettes are shown
in Figure 19. The results generally indicate that non-carbonized briquettes with binders required
the least amount of time (4-5 minutes) to boil 0.5 litres of water. The performance for non-

carbonized briquettes is expected due to the fact that they have a higher percentage of volatiles
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present (see Figure 13). This is despite the fact that the heating value of the non-carbonized

briquettes is lower than that for the carbonized briquettes.

The highest flame temperature for the non-carbonized briquettes with cassava and wheat binders
were less than 800°C (see Figure 20). The binderless non-carbonized groundnut shell briquettes
attained a maximum temperature of about 630°C. The carbonized composite briquettes with 25g
of cassava and 25g of wheat binder attained a higher maximum flame temperature of 890°C than
that for composite briquettes developed with 35g cassava and 35g wheat binder. For carbonized
groundnut shells briquettes with wheat binder, the maximum flame temperature generally
increased with an increase in the amount of binder. For carbonized bagasse briquettes with wheat
binder, it was observed that the maximum flame temperature reduced with an increase in the
amount of binder. The results for the maximum attainable flame temperature correlated very well

with the HHV results for the developed briquettes.

4. Conclusions

In this study, groundnut shells and bagasse briquettes with cassava and wheat binder were
developed as sustainable fuel sources for domestic cooking applications. The briquettes were
developed using both low and high pressures. The low pressure briquettes were developed after
carbonization of the raw material in a limited air environment to form bio-char. The resulting bio-
char was mixed with 30, 50, 70 and 90 grams of cassava and wheat flour starch binder for each
1000g of groundnut shells and bagasse bio-char. Also, groundnut shell briquettes were produced
at 230 MPa. These high pressure developed briquettes were produced using groundnut shells
(1000g) without a binder, groundnut shells (1000g) with cassava flour starch binder (250g) and
groundnut shells with wheat flour starch binder(250g). Thermo-physical properties of the

briquettes were determined using thermo gravimetric analysis. A Bomb calorimeter was used to
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determine the higher heating value of the briquettes. Thermal characteristics were determined by
observing the flame temperature during combustion. The mechanical integrity of the briquettes
were determined using the drop test method. The average higher heating values for carbonized
groundnut shell and carbonized bagasse briquettes developed using low pressure techniques were
between 21 and 23 MJ/kg when both wheat and cassava flour starch were used as binder
materials. The results were all above 16 MJ/kg, which were recorded for non-carbonised
groundnut shell briquettes developed using high pressure. The results indicate a positive effect
due to the presence of cassava and wheat binder in the carbonized groundnut shells and
carbonized bagasse briquettes with regards to drop strength. Non-carbonized briquettes developed
using high pressure had drop strengths of 99%. The maximum attainable flame temperatures were

generally in line with the higher heating values of the specific briquettes.
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Figure 4: Picture of bio char of (a) bagasse, and (b) groundnut shells after carbonization



ACCEPTED MANUSCRIPT

o e, 2

Figure 5: Picture of carbonized (low pressure) briquettes (a) and non-carbonzed (high pressure)

briquettes



ACCEPTED MANUSCRIPT

a Weight loss (%) b —— Weight loss (%)
) ———— First derivative (%/second) oM First derivative (%/second)
oo0d—— | e Temperature (C) oo | Temperature (C)
800 800
800 500
o ] O 4004
T 400 “ ]
£ ] S 200
T 200 4 -
= = 1
0
04 '
I
-200 !
-200 H
N
400 ‘
404+ F 777 —— 77—
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000 16000
Time in seconds Time in seconds

Figure 6: TGA results for bagasse (a) and groundnut shells (b) raw material



Weight Loss Weight loss (%)
12000 | _____. First derivative (%/second) | | First derivative (%/second)
......... Temperature (°C) a 1000 -~ Temperature (°C) b
1000
800
800
600
© 600+ ©
= [
- -
S 400 8 4004
2 z
200 ! 200+
N e - . -
-200 T T T T T T T T T T T T . -200 . y . r . r . r ' r y ,
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
- Time (sec)
Weight loss (%)
—————— First derivative (%/second) Weight Loss
1000 - Temperature (°C) c 41 | First derivative (%/second) d
1000 ------- Temperature ("C)
800
800
600
L 600 -
- L
400 -
= £ 400+
z 2
200 - =
200
(o S P . e
- [o - . -
-200 T T T T T T el
0 2000 4000 6000 8000 10000 12000 -200 T T T T T T
0 2000 4000 6000 8000 10000 12000

Time (sec)
Time (sec)

Figure 7. TGA results for briquettes for carbonized groundnut shell briquettes with cassava binder
(a); carbonized groundnut shell briquettes with wheat binder (b); carbonized bagasse briquettes
with cassava binder (c); and carbonized bagasse briquettes with wheat binder (d). For all cases (a

—d) 30g of both cassava and wheat binder is considered.



ized bagasse

7 \\\\\\\\\\\\\\\\\\\\

Z AN

H

90
rbon

nd ca

...
N

H

o

70

ized groundnut shell briquettes a
nd wheat flour binder
10

v \T\\\\\\\\\\\\\\\\\\\k
AN

—

2% Bagasse with cassava binder
E— Bagasse with wheat binder

77777) Groundnut shells with cassava binder
Y] Groundnut shells with wheat binder

50
Grams of binder present

rbon

ntent % for ca

30

\ \\\\\\\\\\\\\\\\\\\ %

T

///////////////////////////////

(7] nO 7.- nh__ Ly =T [ap] o — o
JUSJUON) INISION %

briquettes with different amounts of cassava a

Figure 8. Moisture co



77777) Groundnut shells with cassava binder
35S Groundnut shells with wheat binder
[e558] Bagasse with cassava binder

40 - - Bagasse with wheat binder
T : T
- T
[ . T T

30 + [
3? ] T T il
®
E 204 I
= 20
Qo
E i
(@)
>

10 4

0 1

30 50 70 90
Grams of binder present

Figure 9: Volatile matter % for carbonized groundnut shell briquettes and carbonized bagasse

briquettes with different amounts of cassava and wheat flour binder

11



77) Groundnut shells and cassava binder

] ] Groundnut shells and wheat binder
30 - T --E-_Ef-i{if- Bagasse and cassava binder
| - —— Bagasse and wheat binder
25 - T
| 1
_ 1
o 20- ]
= 1
9
g 18- | T
S |1 . T .
m T
< 104
5
0

1
30 50 70 90 100
Grams of binder present

Figure 10: Ash Content % for carbonized groundnut shell briquettes and carbonized bagasse

briquettes with different amounts of cassava and wheat flour binder

12



Groundnut shells with cassava binder
Groundnut shells with wheat binder

[ Bagasse with cassava binder
—1Bagasse with wheat binder

o]
o
atetelaluletell

60

T - T
. T
50 ok = T LT N

40

30

Fixed Carbon %

20 5

10 5

30 50 70 90

Grams of binder present

Figure 11: Fixed Carbon % for carbonized groundnut shell briquettes and carbonized bagasse

briquettes with different amounts of cassava and wheat flour binder

13



m Mixture briquette with 25 grams of each binder
5% Mixture briquette with 35 grams of each binder

- T

B

E Y
o
|

(8
o
|

]
o
]

Percentage Composition

—
o
]

0 L T T 1
Moisture Content Volatile Matter Ash Content Fixed Carbon

Physical Property

Figure 12: Physical properties for carbonized composite briquettes developed with 500g of both

groundnut shells and bagasse with 25g and 35g of both cassava and wheat binders

14



[ ] Groundnut shells without binder
77772) Groundnut shells with cassava binder

70- /

560_. %

3 504 %

%40-_ %

gzo- Z

10—. ~%7 % /
Tl .

Physical property

Figure 13: Physical propoerties of non-carbonized groundnut shells without binder and with

cassava and wheat binders
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Figure 15: Drop strength of carbonized groundnut shell briquettes and carbonized bagasse

briquettes with different amounts of binder
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Figure 16: HHV and drop strength results for non-carbonized groundnut shell briquettes and

carbonized composite briquettes
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Figure 17: Particle density for Groundnut shell briquettes and bagasse briquettes with different binder amounts developed after carbonization and under high pressure without
carbonization
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Flgure 1: mpved coo tve it 1gn1te brlquette (OO g) a) boiing 0.5 liters of water (b).
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Figure 19: Time (in minutes) taken to boil 0.5 liters of water with 200g of briquettes
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ACCEPTED MANUSCRIPT
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Figure 20: Maximum attainable flame temperatures during the water boiling test
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Tables

Table 1: Process parameters used in the development of the groundnut shells and bagasse

briquettes
Raw material Briquette State of material | Binder Used Ratio of raw
development | at briquettes material to
pressure development starch binder
Groundnut shells <7 MPa Carbonized Cassava starch 100:3
Groundnut shells <7 MPa Carbonized Cassava starch 100:5
Groundnut shells <7 MPa Carbonized Cassava starch 100:7
Groundnut shells <7 MPa Carbonized Cassava starch 100:9
Groundnut shells <7 MPa Carbonized Wheat starch 100:3
Groundnut shells <7 MPa Carbonized Wheat starch 100:5
Groundnut shells <7 MPa Carbonized Wheat starch 100:7
Groundnut shells <7 MPa Carbonized Wheat starch 100:9
Bagasse <7 MPa Carbonized Cassava starch 100:3
Bagasse <7 MPa Carbonized Cassava starch 100:5
Bagasse <7 MPa Carbonized Cassava starch 100:7
Bagasse <7MPa Carbonized Cassava starch 100:9
Bagasse <7 MPa Carbonized Wheat starch 100:3
Bagasse <7 MPa Carbonized Wheat starch 100:5
Bagasse <7 MPa Carbonized Wheat starch 100:7
Bagasse <7 MPa Carbonized Wheat starch 100:9
Bagasse and <7MPa Carbonized Cassava starch: | 50:50:2.5:2.5
groundnut shells Wheat starch
Bagasse and <7 MPa Carbonized Cassava starch: | 50:50:3.5:3.5
groundnut shells Wheat starch
Groundnut shells 230 MPa Non-carbonized | No binder 0
Groundnut shells 230 MPa Non-carbonized | Wheat flour 4:1
Groundnut shells 230 MPa Non-carbonized | Cassava flour 4.1




