
Abstract
Environmental issues resulting from production and applica-

tion of wood charcoal can be addressed by using biomass bri-
quettes as alternative. This research was undertaken to develop
and evaluate briquette from jatropha, groundnut and melon seed
residues. Samples of the briquette were formed from mixtures of
0.32-0.39 kg carbonised residues, 0.30-0.40 kg starch and 0.02-
0.04 kg water. Physical and mechanical properties of the briquette
samples including calorific value, bulk density and breaking force
were determined using standard methods. Box-Bekhen Design
Methodology was used to determine the optimum briquette blend.
The results showed that the optimal briquette blend gave values of
4711.87 kcal.kg–1 calorific value, 282.59 kg m–3 bulk density and
1.36 kN breaking force, with a desirability index of 61.5%. A com-
parative analysis of the properties of the optimal briquette with
that of a wood charcoal indicates no significant difference
(P<0.05). This implies that the briquette can serve as an alternative
energy source for cooking in rural communities.

Introduction
Charcoal is the principal source of energy for cooking in rural

communities because it is cheap and readily available (Stout et al.,
1985). The production of wood charcoal involves carbonisation or
charring of wood at a very high temperature, usually in the range
of 200-300°C, to form carbon. The wood charcoal has found
numeruous commertial applications, especially in the alloy and
steel industries; and can create jobs when traded as market com-
modities. The product however, is usually associated with both
short and long term challenges (Boersema and Reijnders, 2009).
For instance, the use of wood charcoal can cause health issue asso-
ciated with respiration because of the pollution effect, and this
may lead to heart failure in the short term. It may also result in the
extinction of wild lives, thereby affecting the general stability of
the ecosystem in the long term (Antal and Grønli, 2003; Adam,
2009). Moreover, the era of the fossil fuel is fast declining,
petroleum and its products will be the first to deplete followed by
coal (Höök and Tang, 2013). The solution to this, however, lies in
the use of renewable resources such as biomass energy. One type
of biomass materials is the agricultural residues, which is obtained
as a by-product of the processing of crops on the farm (Grella et
al., 2014), industries and our homes (Bhattacharya et al., 2000). 

Biomass residue presents alternative and important raw mate-
rial for production of clean energy, thereby avoiding problems
associated with the use of the wood charcoal (Ben-Iwo et al.,
2016). The annual production capacity of some crops with high
biomass energy potential in Nigeria and by extension in the world
is typically presented in Table 1 (Ryu et al., 2006; Jamradloedluk
and Wiriyaumpaiwong, 2007; Ben-Iwo et al., 2016). The heating
values of the jatropha seed, melon seed and groundnut shells are
well known to be higher than other available biomass sources.
Hence, in order to maximize the energy potentials of the biomass,
they can be transformed into briquettes for cooking energy utilisa-
tion (da Costa et al., 2004; Ahiduzzaman, 2007; Lucchini et al.,
2014). However, despite the availability and higher energy poten-
tial of the Jatropha seed shells, groundnut shells and melon seed
shells, there is no reported research on briquette production from
the above mentioned raw materials. There is therefore the need to
evaluate the potential huge energy presented by the products.

A lot of studies on the optimisation of briquette process vari-
ables have been undertaken in the past. For instance, the optimisa-
tion of the quality of briquette from the by-product of rice process-
ing was reported by Ndindeng et al. (2015). The authors reported
that the briquettes made from rice husk-bran-fibre and husk-bran
has characteristics features desirable by consumers. Musabbikhah
et al. (2017) studied the process optimisation of the heating values
of the coconut shell using Taguchi method, and reported a 60%
increase in the calorific value of the product with an increase in
time and temperature. Kaur et al. (2017) optimised the production
variables of briquettes from biomass residues and reported that
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best briquette ignites and burns at 12 sec and 5 min, respectively.
Thoreson et al. (2014), in their separate investigations, studied the
influence of densification process and materials properties on bri-
quette quality. The authors reported that density of briquette
increases with an increase in the force of compression and a
decrease in the particle size of the constitute materials. Helwani et
al. (2018) and Tumuluru et al. (2011) investigated the effects of
process variables on the energy value and the strength of some
biomass briquettes. Their studies revealed an increase in the
calorific value and the strength with an increase in the process vari-
ables. However, despite all these research findings, there are no
reported researches on the optimisation of the briquette blends
made from jatropha seed shells, groundnut shells and melon seed
shells. There is therefore the need to carry out a study on the opti-
misation of the briquette process variables in order to establish the
best briquette blend for alternative energy application. The objec-
tive of this research therefore was to optimise the briquette process
variables based on the physical and mechanical properties of the
briquette samples including bulk density, force at break, burning
rate and calorific value.

Materials and methods
Three different biomass residues, namely jatropha seed shells,

groundnut shells and melon seed shells obtained from Idofian
Farms Ilorin, Kwara State was used for this analysis. These are
non-woody products commonly referred to herbaceous biomass
according to the ISO standard specification for solid biofuels (ISO,
2014). The materials were transported to the National Centre for
Agricultural Mechanisation (NCAM), where their particle sizes
were reduced to approximately 20 mm diameter using a hammer
mill. The residues were thereafter carbonised by burning in a ring-
shaped metal airtight container for 15 min to form carbonised sam-
ples of the residues. Briquette samples were prepared by blending
0.30-0.39 kg of the carbonised sample from each of the agricultur-
al residues with 0.30-0.40 kg of starch, which was used as a bind-
ing agent, and 0.02-0.04 kg of water. A total of 27 samples of the
briquette blends were obtained, as shown in Table 2.

Description of a briquetting press
A dually operated screw press was designed and fabricated from
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Table 1. Biomass energy potential of some common resources in Nigeria.

Main resource       Production    Biomass         Residue to              Moisture           Total residue        Lower heating            Residue 
                              (×103 tons)    residue        product ratio        content (%)        (million tons)      value (MJ kg–1)    energy potential 
                                                                                                                                                                                                          (Petajoule)

Rice                                      3368.24               Straw                        1.757                              12.71                              7.860                                16.02                               125.02
                                                                          Husk                        0.200                              2.370                              1.190                                19.33                               23.000
Jatropha                              2722.00               Shell                         0.510                              8.900                              3.000                                 17.5                                37.270
Melon                                  782.205               Husk                        0.910                              6.970                              2.140                                21.78                               79.890
Soybean                               365.060               Straw                        2.500                              15.00                              0.910                                12.38                               11.270
                                                                          Pods                         1.000                              15.00                              0.370                                12.38                               4.5800
Cotton                                 602.440               Stalk                         3.743                              12.00                              2.250                                18.61                               41.870
Millet                                   5170.45               Straw                        1.750                              15.00                              9.050                                12.38                               89.630
Groundnut                          3799.25              Shells                       0.477                              8.200                              1.810                                15.66                               28.350
                                                                         Straw                        2.300                              15.00                              8.740                                17.58                               76.830
Sorghum                             7140.96               Straw                        1.250                              15.00                              8.930                                12.38                               88.390

Figure 1. A biomass briquetting press (1-die-head, 2-hopper, 3-driven pulley, 4-barrel, 5-frame, 6-main housing, 7-collector).
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locally available materials for use in the production of the briquette
(Figure 1). The design was carried out according to the approach and
procedures reported for screw mixer (Fadeyibi et al., 2014; Fadeyibi
et al., 2017). The press consists of a screw, which rotates tangentially
inside a barrel, and is powered by a 2 HP single phase electric motor.
When the non-woody herbaceous biomass materials are fed into the
hopper, they are transported into the barrel by gravity. The materials
are further pushed forward, by the conveying motion of the screw,
towards the compression region. The biomass compaction occurs in
the unit as the pressure build-up against the die head. Thus, the result-
ing products are collected as briquettes.

Production of briquette 
Each of the 27 briquette blends (Table 2), were thoroughly mixed

and passed into the briquetting press for processing. The machine was
operated for 30 min, and samples of the briquettes were formed and
dried in an air circulated oven dryer for 24 h (Fadeyibi and Osunde,
2012). The moisture content of the samples at the end of the drying
was found to be 4% (wet basis). Typical samples of the dried bri-
quettes are shown in Figure 2. 

Performance evaluation

Determination of some physical properties of the briquettes
The ash content was determined by placing 3 g of one of the bri-

quette samples into a porcelain crucible with the help of a lid and
heated to 750°C in an electric muffle oven (Model number: SX2-4-
14TP, 1400°C heating rate). The final weight of the sample was deter-
mined using a precision balance (Model number: HPB 201) The dif-
ference between the initial weight of the sample and its weight after
combustion, expressed as a percentage of the initial weight, repre-
sents the ash content (Ali et al., 2005). The bulk density of the bri-
quette samples was determined using the method described by
Jamradloedluk and Wiriyaumpaiwong (2007). The calorific value
was determined as a function of the heat of reaction of the briquette
samples in a benzoic acid solvent using the oxygen-bomb calorimeter
(Model number: EN ISO 1716 ) (Musabbikhah et al., 2017). The
burning rate was determined by taken instantaneous measurements of
the relative mass of the briquette burning in every 10 sec. The tests
were carried out for the other 26 briquette samples. Also, the proce-
dures were repeated three times for each of the physical parameter
and the average values were recorded.

Determination of some mechanical properties of the briquettes
A Universal Tensile Testing machine (Model number: M500,

100AT), with loading range of 0-100 kN and cross head speed of 10
mm.s–1, was used for the compression analysis of each of the 27 bri-
quette samples. The response of the samples to the force of compres-
sion at peak, break and yield were measured and recorded. The test
was carried out at National Centre for Agricultural Mechanisation,
Ilorin, Kwara State, Nigeria.

Optimisation of briquette blending process

Optimisation framework
The response of each of the briquette blends to the physical

and mechanical properties of the briquette samples were analysed
to determine the best possible combination of the blending process
according to Eq. (1).

y = f (x1,x2,x3)                                                                             (1)

where, 
y = response variable;
x1 = agricultural residues (kg);
x2 = water (kg);
x3 = starch or binder (kg).

The optimisation framework (Eq. 16) was solved subject to the
conditions specified for the independent variable (x), shown in
Table 3.

Experimental design
A 33 full factorial experiment was used to analyse the degree

of experimental error associated with the differences in the level of
treatment at P<0.05. A Box-Bekhen Design Methodology, which
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Table 2. Briquette blends.

s/n             Binder (kg)               Water (kg)              Residue (kg)

1                              0.30                                     0.02                                      0.32
2                              0.30                                     0.02                                      0.34
3                              0.30                                     0.02                                      0.36
4                              0.30                                     0.03                                      0.32
5                              0.30                                     0.03                                      0.34
6                              0.30                                     0.03                                      0.36
7                              0.30                                     0.04                                      0.32
8                              0.30                                     0.04                                      0.34
9                              0.30                                     0.04                                      0.36
10                            0.35                                     0.02                                      0.32
11                            0.35                                     0.02                                      0.34
12                            0.35                                     0.02                                      0.36
13                            0.35                                     0.03                                      0.32
14                            0.35                                     0.03                                      0.34
15                            0.35                                     0.03                                      0.36
16                            0.35                                     0.04                                      0.32
17                            0.35                                     0.04                                      0.34
18                            0.35                                     0.04                                      0.36
19                            0.40                                     0.02                                      0.32
20                            0.40                                     0.02                                      0.34
21                            0.40                                     0.02                                      0.36
22                            0.40                                     0.03                                      0.32
23                            0.40                                     0.03                                      0.34
24                            0.40                                     0.03                                      0.36
25                            0.40                                     0.04                                      0.32
26                            0.40                                     0.04                                      0.34
27                            0.40                                     0.04                                      0.36

Table 3. Properties of the optimisation variables in a Box-Bekhen
Design protocol.

                                                       Allowable range               
Optimisation variable    Unit     –1         0        +1         Constraint

Binder                                           kg        0.30        0.35       0.40              –1<α≤1
Water                                             kg        0.02        0.03       0.04              –1<α≤1
Residue                                         kg        0.32        0.34       0.36              –1<α≤1

                                                              [Journal of Agricultural Engineering 2020; LI:1032]                                           [page 163]

JAE_2020_03.qxp_Hrev_master  29/09/20  09:12  Pagina 163

Non
-co

mmerc
ial

 us
e o

nly



allows the use of three variables at three levels, was used to deter-
mine the optimum blends for the best briquette formulation found
closer to the optimal goal. Table 4 shows the layout of the 17 pos-
sible experiments with 5 centre points per block. Also, a one-way
t-test approach was used to compare the energy values of the bri-
quettes produced with that of the wood charcoal using Eq. (2). The
population calorific mean and the sample calorific mean values of
the briquette samples were compared hypothetically at P<0.05.

                                                                      

(2)

where:
µ = Population calorific mean value (kcal.kg–1);
Mo = Sample calorific mean value (kcal.kg–1);
Sd = Standard deviation of the energy value (kcal.kg–1);
n = number of sample replicates.

Results and discussion

Effect of starch binder and residue on briquette properties
The effects of binding agent and residue on the physical prop-

erties of the briquettes are shown in Figure 3A-D and 4A.
Irrespective of the nature of the agricultural residue, it can be seen
from Figure 3A that the calorific value increased from 2500-4350
kcal.kg–1, with an increase in the weight of the binder and a
decrease in the water content. The calorific value is an important
term of any briquetting and this variation is same for all the bri-
quettes prepared from the three agricultural residues. When plant

residues are utilised as a fastener or binder with the different
biomass materials, it can potentially enhance the calorific value. A
similar result was reported by Roy and da Silva (2014) who
demonstrated that briquettes delivered by utilising the sustain
stocks and cow dung waste has an energy value of 5920.40
kcal.kg–1 higher than the different briquettes utilised paper mash.
The burning or combustion time of the briquette increased from 4-
10 min, with an increase in the weight of the binder and a decrease
in water content (Figure 3B). Studies have shown that the binder
has an observable impact on biomass briquette forming and
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Figure 2. Samples of Briquettes produced.

Table 4. Layout of the experiment for optimisation.

                                                  Response variables
nr       S      W       R    Comb time  Ash content     Moisture content   Breaking force      Peak force     Yield force   Bulk density   Calorific value
                                       (min)              (%)                        (%)                        (N)                      (N)                 (N)             (kg m–3)         (kcal. kg–1)

1          0.35    0.03      0.34          11.50                     0.34                                 4.00                                1414                           280.0                     1310                       250                         2817.1
2          0.30    0.03      0.32          11.50                     0.33                                 3.78                                1265                           2055                     1199                       260                         3786.2
3          0.30    0.03      0.36          11.55                     0.33                                 2.88                                1077                           1313                     1037                       270                         4123.1
4          0.35    0.03      0.34          11.80                     0.36                                 4.23                                1324                           1816                     1124                       290                         2761.5
5          0.35    0.03      0.34          11.95                     0.35                                 6.17                                1223                           2080                     1354                       330                         3483.2
6          0.30    0.02      0.34          12.30                     0.38                                 4.00                                1254                           1590                     1332                       360                         4002.3
7          0.40    0.04      0.34          11.35                     0.36                                 3.90                                1243                           1397                     1243                       390                         3679.9
8          0.35    0.03      0.34          11.40                     0.35                                 5.10                                1123                           1225                     1123                       430                         3934.3
9          0.30    0.04      0.34          11.00                     0.37                                 4.82                                1123                           1397                     1222                       460                         4711.7
10        0.40    0.03      0.36          7.500                     0.39                                 3.67                                1393                           1225                     1074                       210                         3721.7
11        0.35    0.03      0.34          7.550                     0.33                                 2.99                                1698                           2898                     1698                       220                         3891.3
12        0.35    0.04      0.36          7.700                     0.33                                 4.34                                1329                           1284                     1329                       230                         3680.0
13        0.40    0.03      0.32          6.000                     0.31                                 2.78                                1221                           1798                     1232                       240                         2780.2
14        0.40    0.02      0.34          5.800                     0.32                                 4.23                                1321                           1529                     1423                       250                         2594.2
15        0.35    0.02      0.36          5.800                     0.33                                 5.23                                1432                           1432                     1333                       260                         3764.3
16        0.35    0.02      0.32          7.000                     0.32                                 4.00                                1112                           1432                     1332                       270                         3494.3
17        0.35    0.04      0.32          8.400                     0.32                                 3.56                                1213                           1423                     1223                       280                         2561.7
R, residue (kg); S, starch (kg); W, water (kg); nr, number of runs.
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mechanical properties (Karunanithy et al., 2012). The bulk density
varied only slightly from 200-275 kg m–3, with an increase in both
the weight of the binder and the water content (Figure 3C). The ash
content of the briquettes decreased from 0.37-0.26 kg, with an
increase in the weight of water but increases, with an increase in
the weight of the binder (Figure 3D). A related research by Roy
and da Silva (2014) reported that the ash content of briquettes pre-
pared from groundnut shells was less compared with that prepared
using the dairy animal manure.

The relationships between the binding agent and residue on the
load at peak, break and yield of the briquettes are shown in Figure
4A to D. It can be seen from Figure 4A, that the compressive force
at peak increases with weight of water and binder from 0-1500 N.
However, the compressive forces at break and yield varied only
slightly with an increase in the weight of the moisture and the
binder (Figure 4B and C). Özkaya et al. (2018) reported that the
briquette hardness can be enhanced with the addition rice bran
binder. Also, the nature of briquette constituents play important

role in the mechanical behaviour of the briquette products.
Briquette hardness, for example, is mainly influenced by its parti-
cle size distribution. Generally, the finer the particle size, the
greater will be the hardness and hence the compressive forces at
peak, break and yield. Fine particles usually absorb more moisture
than their coarse counterpart and, therefore, undergo a higher
degree of conditioning (Kaliyan and Morey, 2009). The bulk den-
sity increases with an increase in the weight of the compacted con-
stitutes of the briquettes, as was shown in Figure 3C. It is the ratio
of the total weight of the materials compacted to the total volume
of the briquetting vessel. This provides an underlying effect on the
hardness of the product as more and more the residue and binding
agent are added in the briquette production process. These findings
agree with the previous work by Ryu et al. (2005), whose study
revealed that the particle size influenced the density of briquettes
since smaller particles resulted in more dense packing of particles
at constant pressure. This study is essential to understand the
behaviour of the briquette product, especially during packaging
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Figure 3. A) Effect of binder and water on calorific value; B) Effect of binder and water on combustion time; C) Effect of binder and
water on bulk density; D) Effect of binder and water on ash content.
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and transportation on rough roads.
Furthermore, the outcomes of experiments by Jamradloedluk

and Wiriyaumpaiwong (2007) showed that briquettes produced
using charcoal tidy and different biomass materials with starch
mixes were best in physical qualities. The briquettes produced
using charcoal tidy with bovine manure blends were observed to
be most noteworthy in deformation as the results of the applied
load. The effects of starch binder, water and the different biomass
residues have been reported to enhance the surface smoothness of
briquettes (Oladeji and Enweremadu, 2012). However, the differ-
ence in the particle size improves the packing factor, density and
static strength of the briquette. The results of the effect of deforma-
tion on the applied load revealed that mixture of the biomass
residues and starch are good blends for quality briquettes. The bri-
quette can also be able to withstand any likely vibration resulting
from transportation on rough roads.

Optimum briquette blend for alternative energy appli-
cation

The purpose of optimisation is to obtain briquettes that can suf-
ficiently withstand mechanical damage, especially during trans-
portation, and to produce briquette with ideal physical characteris-
tics. The optimum process variable of the ideal briquette blend is
shown Figure 5. The goal of the optimisation variables is indicated
by the axis, which showed the range of the values of the binder,

water and residue. It was desired to maximize the calorific value,
combustion time and bulk density, whereas the ash content, mois-
ture content, force at peak, break and yield are minimized. The
optimum briquette blend has a composition of 0.399 kg binder,
0.03 kg water and 0.33 kg residue. The responses of the ideal bri-
quette blend, to its overall acceptability closer to the optimum
goal, were found to be 4711.87 kcal.kg–1 calorific value, 9.846 min
combustion time, 282.59 kgm–3 bulk density, 0.308 kg ash content,
5.11% moisture content, 1462.02 N force at peak, 1355.22 N force
at break and 1293.85 N force at yield with a desirability index of
61.5%. This is in line with the research results obtained by Kaur et
al. (2017). In other related investigation, Pereira et al. (2012) stud-
ied the quality of wood and charcoal from eucalyptus clones for
Ironmaster use and reported an average 0.5 kg ash content, 31.5
MJ kg–1 calorific value, 0.4 g cm–3 bulk density of wood charcoal.
Also, Sotannde et al. (2015) studied the physical and combustion
properties of charcoal briquettes from neem wood residues and
reported an average of 0.4 kg ash content, 32.09 MJ kg–1 calorific
value of the charcoal. A comparison of the properties of the ideal
briquette blend obtained in the present investigation with the prop-
erties of the wood charcoal indicates no significant difference
(P<0.05). Thus, this may imply that the briquette obtained from the
optimum blend can be used as an alternative source of cooking
energy in rural communities.

                             Article

Figure 4. A) Effect of binder and water on force at peak; B) Effect
of binder and water on force at break; C) Effect of binder and
water on force at yield.
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Conclusions
Biomass briquette can potentially serve as an alternative to

wood charcoal because of their close energy value. This paper
reports the development of briquette samples from the mixtures of
0.32-0.39 kg of each of the carbonised agricultural residues (jat-
ropha shells, groundnut shell and melon seed shell), 0.30-0.40 kg
of starch of cassava starch and 0.020-0.04 kg of water. The opti-
mum briquette blend was formulated with 0.33 kg of residue,
0.399 kg of starch binder and 0.03 kg of water. This blend gave
values of 4711.87 kcal.kg–1, 9.846 min, 282.59 kg m–1, 0.308 kg,
5.11%, 1462.02 N, 1355.22 N and 1293.85 N for caloric value,
combustion time, bulk density, ash content, moisture content, force
at peak, force at break and force at yield, respectively, with a desir-
ability index of 61.5%. A comparison of the properties of the ideal
briquette blend obtained in the present investigation with the prop-
erties of the wood charcoal indicates no significant difference
(P<0.05). Thus, this may imply that the resulting briquette can be
used as an alternative source of cooking energy in the rural com-
munities.
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Figure 5. Briquette process variable closer to optimum goal.
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