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Abstract

Physical and thermal properties of briquettes produced by recycling charcoal dust under different processing conditions
have been reported in this study. The main aim was to investigate the effects of the binder and processing conditions on the
properties of briquettes. The effect of adding molasses binder on combustion properties of the briquette was first assessed.
Then by fitting experimental data, mathematical models to predict gross calorific value, ash content, moisture content,
relaxed density and shatter index with respect to binder mass fraction, drying temperature and compaction pressure were
developed. All briquettes properties were predominantly affected by amount of molasses used. Molasses mass fraction
increment in briquette results in significant increment in ash content, moisture content, relaxed density and shatter index
and significant reduction in gross calorific value. Drying temperature did not have major influence on briquette properties
except moisture content. Compaction pressure (50—150 MPa) used in this study had negligible influences on all briquette
properties. Therefore, such high pressure which involves energy consumption is not necessary during production of charcoal
dust briquettes. Optimized values of gross calorific value and shatter index were 29.031 MJ/kg and 80.363%, respectively,

for 50 MPa compaction pressure, 29.512 °C drying temperature and 10% molasses mass ratio.
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Introduction

Biomass fuel is the main source of energy for most Ken-
yan population. In fact, according to Energy Commission
of Kenya [1], 70% of the Kenya energy demand is contrib-
uted by biomass and more than 90% of the rural households
depend on it for their energy needs. These fuels are normally
used in various forms, viz.; solid wood, wood chips, wood
pellets, charcoal, crop residue, sawdust, briquette, etc. Char-
coal and firewood are the principal fuels used in Kenya [2,
3]. Even though there is a large amount of biomass waste
generated in Kenya (4.5 million tonnes per year [4]), its
usage in the form of briquette fuels is still low [5]. Charcoal
dust is among these unexploited resources [2].
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In Kenya, charcoal is produced in rural areas and trans-
ported to urban area where its consumption rate stands at
82% [6]. Along charcoal supply chain, some of it ends up
being waste in the form of fine char particles (charcoal dust).
This waste product arises from handling and transportation
of charcoal. They are available in abundance at charcoal
vendors. For instance, Fig. 1 shows a photo of charcoal dust
dumped outside a charcoal vendor store in Nyeri, Kenya.
According to Kenya Forestry Service report [7], charcoal
dust generated during charcoal production is between 10
and 15% of the total charcoal produced. Pure charcoal dust
has the same calorific values as the parent charcoal. There-
fore, they have potential of supplying more energy in places
where they are readily available. They can be used in spe-
cialized boilers which are designed to burn pulverized bio-
mass fuel [8]. However, the authors noted that these boilers
are not common and the existing ones which are used for
pulverized coal combustion need to be redesigned for effi-
cient pulverized biomass combustion. On the other hand,
charcoal dust can be used to make briquettes which are then
burned in an ordinary stove for small-scale applications.
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Fig.1 A photo of charcoal dust dumped outside a charcoal vendor
store in Nyeri, Kenya

Briquetting is the process of compressing loose fuel mate-
rial to form a high densified product. As a result, physi-
cal, chemical and combustion properties of the material are
much improved [9-11]. In addition, transportation and stor-
age is enhanced. Numerous research [12—-16] have been done
on briquette production and characterization. A lot of efforts
have been made to study briquettes from different sources
[17-21]. Properties such as volatile matter, calorific value,
relaxed density, compressed density, ash content, durability,
fixed carbon, dimensional stability, compressive strength,
etc., vary with raw material, binder type, compacting pres-
sure and temperature. Therefore, these properties cannot be
generalized. During briquette making, some biomass natu-
rally binds when subjected to favourable temperatures and
pressures because they have lignin [4, 22, 23]. However, if
these conditions are not met then a binder is required to com-
plete the process. Some of the binders which are normally
used include starch, molasses, clay, dung, gum, among oth-
ers. These binders have impact on briquette properties. For
instance, Ngusale et al. [4] reported that charcoal briquettes
made from clay and red soil as binders emit a lot of smoke
during combustion.

Diversity of raw materials and binders for briquette mak-
ing complicates its physical, chemical and thermal charac-
terization. Furthermore, properties of a briquette are altered
by the ratio of binder to raw material. Even though charcoal
dust briquettes have been produced and use in Kenya [4], the
effect of various binders and processing conditions such as
compression pressures and drying temperature on fuel prop-
erties have not been fully assessed. This research is moti-
vated by this fact and the need to identify the binder type
together with mixing ratio for optimum properties. Sugar
cane molasses, which has relatively good combustion prop-
erties as a binder [24] has been used in this study.

The main aim of this study was to investigate the effect
of using sugar cane molasses as a binder on the properties
of briquette made from recycling charcoal dust. The impact
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of compaction pressure, drying temperature and binder’s
level on the physical and thermal properties of the briquette
were evaluated. Subsequently, the independent parameters
that give optimum briquette’s performance in terms of gross
calorific value, fixed carbon, ash content, moisture content,
relaxed density and shatter index were determined through
analysis of variance (ANOVA) and regression analysis (RA).
Furthermore, a mathematical model to predict each of these
briquette properties as a function of input parameters was
developed.

Material and methods
Material

Eucalyptus charcoal was obtained from a charcoal vendor in
Nyeri, Kenya. The charcoal was grinded into fine particles
to represent the charcoal dust. The charcoal dust was sieved
with a 2 mm sized sieve, so that dust with particles less than
this size was used in the tests. Raw sugarcane molasses was
obtained from a local shop in Nyeri, Kenya.

Briquette production

An experimental rig, shown in Fig. 2a was designed so that it
could be used on a hydraulic press (Tecnotest, Modena Italy)
available at civil department, DeKUT. Figure 2b shows a
mold that has been mounted on hydraulic press. The inter-
nal diameter and length of the mild steel mold was 25 and
100 mm, respectively. A 24.8 mm diameter by 100 mm long
mild steel shaft was used as a piston. During compression,
the mold was placed on a removable plate and the two pieces
held together by a compression spring as shown in Fig. 2a.
Once the sample was compressed to the required force, the
removable plate was removed and the mold placed concen-
trically on top of ejection guide. The sample was ejected
from the mold by applying a small force on it.

Three different ratios by mass of charcoal dust to undi-
luted sugarcane molasses, according to experimental plans,
were prepared for mixture. Since molasses was a small frac-
tion of the total mixture, it was diluted with water (10% of
the total mixture) to ensure homogeneity in the properties
of charcoal/molasses mixture. The percentage of molas-
ses/charcoal dust by mass was set to range between 0 and
10%. For every ratio, 20+0.1 g of the mixture was com-
pacted under different pressure, namely, between 50 and
150 MPa. The mass of charcoal dust, molasses and mixture
were determined using electronic weighing scale TP-B2000
with an accuracy of 0.1 g. A manually operated hydraulic
press was used to compact the mixture in the mold. The
pressing force was determined using in-build force sen-
sors attached to the punch and the readings obtained on an
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Fig.2 Schematic diagram of

the briquette production mold, Press

E]iﬂ

35
. . N
hydraulic press and briquette \i e
samples
\
g \
7 .
| 7 \\
Mold— / 25 [/ g
—
plate ‘?\\\liiii\\\ N 8
Ejection— 7 %
guide 7 7
Z Z
@27
=
(a) Mold

analogue display. Once the desired force was achieved, the
punch was retracted and the briquette ejected immediately
from the mold. In total, five sets of 17 samples (according
to Box-Behnken Design methodology which is illustrated
in Sect. “Design of Experiments ) shown in Fig. 2c are
produced. Each set was tested for moisture content, ash con-
tent, gross calorific value, relaxed density and shatter index,
respectively. Each sample was dried on an electric oven
at the required temperature, according to the experimental
plan, for 2 h.

A different set of briquettes were used to evaluate the
effect of binder’s level alone on its combustion properties.
This set were produced at a pressure of 100 MPa and dried
at 25 °C.

Physical properties of briquettes

Moisture content

Moisture content of briquettes produced under different con-
ditions was determined in accordance to CEN-TS 14774-
2:2009 standard.

Relaxed density

Relaxed density, RD, of the sample was determined in
accordance to international standard ISO 3131. The weight
and volume of the sample was determined after leaving it to
dry for 30 days from the production day.

Shatter index

Durability of the briquette was determined using shatter [13,

22, 25]. Shatter index of the sample was determined by sub-
jecting it to a free fall from a constant height. Each sample

~Compression

(b) Hydraulic press

(¢) Briquette samples

was dropped in a metal bucket three times from a height
of 1.5 m. The broken pieces were passed through a 1.0 cm
sieve and the retained mass recorded. Detailed description
of shatter index calculation can be found [22].

Thermal properties of briquettes

In this study, the combustion quality of the produced bri-
quettes was evaluated based on gross calorific value, volatile
matter, fixed carbon and ash content. Gross calorific value,
volatile matter and ash content were determined in accord-
ance to CEN-TS 14918:2009, CEN-TS 15148:2009 and
CEN-TS 14775:2009 standards, respectively. Fixed carbon,
FC was estimated by difference:

FC =100 - (VM + AC), 1)

where VM is the volatile matter and AC is the ash content.

Design of experiments

To establish the optimum conditions in terms of compres-
sion force, charcoal dust/sugarcane molasses ratio and drying
temperature, Box—Behnken Design (BBD) methodology for
experiment was used. The aim of using BBD methodology,
which is one of the response surface methodology (RSM),
was to reduce the cost and the number of experiments and for
optimization purpose [26, 27]. In three-level factorial BBD,
the number of experiments is according to the equation:
N=2k(k - 1)+ Cps where e is the number of central points, k
is the number of factors and N is the number of experiments.
Therefore, for three factors used in this study, the total num-
ber of experiments was 17; 12 experiments for each factor
at three levels and five central experiments. As required by
BBD, all factors were adjusted at three equally spaced levels
(= 1,0, + 1). The compaction pressure, drying temperature
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and binders weight fraction have been coded as x;, x, and x5,
respectively. The three levels of these factors are presented in
Table 1.

Mathematical models to predict calorific value, ash content,
moisture content, relaxed density and shatter index, respec-
tively, as a function of input parameters were to be developed.
The general mathematical model for each of these parameters
was a second-order polynomial regression model Eq. (2),
which was established by fitting the experimental data:

k k k
y=Fo+ D Bxi+ D B+ ) By + e, )
i=1 =1 i=1

where k is the number of independent variables, x; and x; are
the independent input variable, y is the response variables,
Py 1s the constant term, f; is the linear parameters coefficient

Table 1 Physical and coded values for input factors

Input factors Coded values of input factors

xi.min xi,O xi,max

(=D 0 (+D
Compaction pressure, x; (Mpa) 50 100 150
Drying temperature, x, (°C) 25 62.5 100
Molasses mass, x5 (%) 0 5 10

Bj; is the quadratic parameter coefficient, f; is the interaction
parameter coefficient and € the experimental residuals.

Design-Expert 10 software package was used to gener-
ate the experimental points as per BBD methodology. The
experimental points and data are shown in Table 2 Experi-
mental data was used to determine regression model. Fur-
thermore, ANOVA was used to evaluate the statistical sig-
nificance of the regression model. ANOVA results response
variables investigated are shown in Table 3. Compaction
pressure, drying temperature and molasses mass are rep-
resented as A, B and C, respectively, in the design expert
software.

Results and discussions

Effect of binder on briquettes combustion
properties

The effect of the binder on briquettes combustion properties
is illustrated in Table 4. The table shows that the binder level
has a significant influence on all the combustion properties
investigated. An increase in binder level reduces the gross
calorific value. This is expected because of the reduction
in char fraction which contribute significantly to the gross
calorific value of the mixture. It is also observed that vola-
tile matter increases while the fixed carbon reduces as the
binder level is increased. This is an indication that molas-
ses has additional volatiles which are non-combustible. This

Table 2 Physical and combustion properties of briquette as a function of input factors

Sample Compaction pres- Drying tem- Molasses Gross calorific Ash content  Moisture con-  Relax density  Shatter
sure (Mpa) perature (°C) mass (%) value (MJ/kg) (wt %) tent (wt %) (g/cm?) index
(%)
1 150 62.5 0 29.75 13 11.2 1.017 34.7
2 50 100 5 27.15 1.7 9.4 0.976 82.8
3 100 100 10 27.20 39 11.1 1.076 94.1
4 100 25 10 28.27 4.0 16.3 1.147 66.7
5 50 25 5 29.37 2.7 16.1 1.053 574
6 150 100 5 27.87 2.6 10.1 1.025 574
7 100 100 0 29.14 1.5 8.3 0.976 23.4
8 100 25 0 30.67 1.6 14.6 1.030 322
9 100 62.5 5 27.96 3.1 12.8 1.067 52.8
10 150 25 5 29.01 1.8 15.0 1.115 60.6
11 50 62.5 0 29.73 13 11.4 0.935 22.6
12 150 62.5 10 27.70 4.6 13.1 1.106 61.1
13 100 62.5 5 28.47 2.8 12.0 1.070 54.3
14 50 62.5 10 28.55 2.8 13.0 1.081 92.7
15 100 62.5 5 28.21 2.8 12.6 1.044 53.8
16 100 62.5 28.52 34 12.3 1.035 52.0
17 100 62.5 28.33 3.0 12.0 1.030 522
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Table 4 Briquettes combustion Molasses level

Briquette combustion properties

Gross calorific
value (MJ/kg)

Volatile matter (%) Fixed carbon (%)

properties (Wt%)
Ash content (%)

0 1.55+0.03a
2 2.10+0.04b
4 2.73+0.02¢c
6 2.30+0.04d
8 3.34+0.07¢
10 3.95+0.05¢f
P value 0.042

23.03+0.04a 75.43+0.02a 30.56 +£0.02a
23.73+0.09b 74.18 +£0.05b 29.85+0.01b
23.92+0.03¢ 73.35+0.02¢ 29.25+0.02c
24.40+0.05d 72.60+0.03d 28.88+0.03d
24.67+0.06e 72.03+£0.07e 28.69+0.04e
25.33+0.02f 70.73 £0.03f 28.29+0.03f
0.021 0.028 0.037

Data presented in the table are mean values of four replicates. Values in the same column with different
alphabet are significantly different at «=0.05 using Duncan multiple range test

also contributes to the reduction in gross calorific value. The
ash content increases with increase in binder level. Some of
non-combustible elements present in molasses which do not
vaporize remains as ash.

Overall effect of the binder and processing
conditions on briquettes properties

Gross calorific value of briquettes

Gross calorific values for briquettes produced ranged
between 27.15 and 30.67 MJ/kg, which compares well
with the values obtained for wood char by other researchers
[28-31].

The effect of various factors and their interaction on vari-
ous briquette properties are shown in Table 3. It shows that
factors B, C and C? are significant model terms for gross
calorific value. Therefore, insignificant factors AC, AB, BC,
A? and B? have been omitted in the model. Even though
factor A is not significant, it has not been omitted because it
supports mathematical hierarchy.

The mathematical model for gross calorific value as a
function of compaction pressure, drying temperature and
molasses mass is given by Eq. (3).

Gross calorific value =31.182 — 1.175 x 10734
—0.019867B — 0.41131C
+0.022206C2.

3

In this model, R? of 0.92 and adjusted R? of 0.89 were
obtained. Figure 3 shows a graphical representation of
the model when compaction pressure was kept constant at
100 MPa. As depicted by the graph, gross calorific value
of briquette was significantly influenced by the amount of
molasses added to charcoal dust. Pure charcoal dust has
high gross calorific value which decreased as molasses
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Fig.3 Gross calorific value as a function of drying temperature
and molasses mass when compaction pressure is kept constant at
100 MPa

ratio was increased. This was attributed to the fact that
molasses is constituted mainly of sucrose [32] which does
not have high calorific value as compared to wood char. A
similar behavior had also been observed when molasses
was used as a binder in rubber wood, corn cob, eucalyp-
tus and bamboo sawdust [20]. On the other hand, it was
observed that gross calorific value slightly decreased as
drying temperature increased. A maximum gross calo-
rific value of 30.67 MJ/kg was attained at 0% molasses
mass, 25 °C drying temperature and 100 MPa compac-
tion pressure, while minimum value of 27.15 MJ/kg was
attained at 5% molasses mass, 100 °C drying temperature
and 50 MPa compaction pressure. Compaction pressure,
which is known to have no impact on calorific value [26]
was included in this research to check its possibility of
improving mechanical strength of briquettes. Therefore,
its influence was negligible as seen in model Eq. (3).



International Journal of Energy and Environmental Engineering (2018) 9:341-350 347

Ash content of briquettes

Ash content of the produced briquettes ranged between a
minimum of 1.3% and a maximum of 4.6%. A survey of the
literature for eucalyptus wood char (primary raw material for
briquettes in this study) ash content reports a minimum of
1.9% and a maximum of 2.44% [29, 30, 33]. This indicates
that the processing parameters had both negative and posi-
tive impact on the ash content of briquettes.

Table 3 shows that the significant model terms for ash
content are A, C, AB, AC, A% and B°. The model was reduced
by removing the other terms (BC and C?) which are not sig-
nificant. Factor B was not omitted because of the reason that
has been mentioned. Therefore, the final equation in terms
of actual factors for predicting ash content was obtained as
follows:

Ash content =0.93333 + 0.023237A — 7.0175 x 107°B
+0.06C +2.4 x 107*AB + 1.8 X 10°AC
—2.13684 x 107*A% — 2.02105 x 10—432.(4)
R? of 0.96 and adjusted R? of 0.93 were obtained for this
model. Figure 4 shows a plot of ash content as a function of
compaction pressure and molasses mass when drying tem-
perature was kept constant at 62.5 °C. The minimum ash
content value occurred at 0% molasses mass, 62.5 °C drying
temperature and 150 MPa compaction pressure, while maxi-
mum value occurred at 10% molasses mass, 62.5 °C drying
temperature and 150 MPa compaction pressure. Ash content
was significantly affected by the amount of molasses used
in making briquette. Figure 4 demonstrated an almost linear
direct relationship between ash content value and molasses
mass fraction. This is attributed to the fact that molasses has

Ash content (wt%)

Fig.4 Ash content as a function of compaction pressure and molas-
ses mass when drying temperature is kept constant at 62.5 °C

a high amount of non-combustible elements, which remain
as ash after combustion. The effect of compaction pressure
was seen to be moderate with a quadratic curve. At low
molasses percentage, ash content increased with increasing
compaction pressure from 50 to about 100 MPa and then
decreased with pressure increment. As molasses percent-
age increased a similar behavior was observed, however, the
value remained constant after peaking. In this study, it was
noted that drying temperature had negligible influence on
ash content.

Moisture content of briquettes

Moisture content of the briquettes obtained ranged between
8.3 and 16.3%. Table 3 indicates that moisture content is a
linear relationship of the input factors A, B and C, whose
model is shown by Eq. (5).

Moisture content = 16.36691 — 1.25 X 1073A — 0.077B + 0.2C.
&)
R? of 0.97 and adjusted R* of 0.96 were obtained for
this model. Shown in Fig. 5 is a graph of moisture con-
tent as a function of drying temperature and molasses mass
when compaction pressure is kept constant at 100 MPa. As
expected, drying temperature had a dominating influence on
the moisture content of briquettes. It decreased significantly
from a maximum of 16.3% to a minimum of 8.3% for dry-
ing temperature of 25 and 100 °C, respectively. A moderate
increase in moisture content with increase in molasses mass
was observed. Compaction pressure did not have any influ-
ence on moisture content.

Moisture content (wt%)

10

100
85

/

70
//?

025 9 B Drying temperature (°C)

Fig.5 Moisture content as a function of drying temperature and
molasses mass when compaction pressure is kept constant at
100 MPa
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Relaxed density of briquettes

Relaxed density of briquettes made ranged between 0.935
and 1.147 g/cm®. As indicated by Table 3, relaxed density
had a linear relationship with factors A, B, and C in the form
given by Eq. (6).

Relaxed density =0.99589 + 5.45 x 107*A

§ ©)
—9.73333 x 107°B + 0.0113C.

R? of 0.92 and adjusted R? of 0.90 were obtained for this
case. Shown in Fig. 6 is a graph of relaxed density as a func-
tion of drying temperature and molasses mass when com-
paction pressure was kept constant at 100 MPa. Significant
increment in relaxed density was observed as molasses was
increased from O to 10%. This was attributed to relatively
high specific gravity of molasses (1.39-1.45 [34]) as com-
pared to that of wood char particle density (0.7-0.9 g/cm®
[35]). Briquettes made from high molasses mass fraction and
dried at low temperatures exhibited the highest relaxed den-
sity. Briquettes which are dried at low temperatures retained
a high amount of moisture (as discussed in Sect. 3.2.3),
which increases briquettes weight and their density. There
was negligible influence of compaction pressure on relaxed
density. The slight changes in relaxed density with change
in pressure show that the briquette had already been com-
pressed beyond rearrangement/fragmentation stage at the
lowest pressure (50 MPa). Therefore, the pressures applied
was in the plastic deformation range where there are no more
internal pores to be filled by the increasing compaction force
and the briquette volume remains relatively constant.

1.18
11

1.05

0.95

0.9

Relaxed density (g/cm’)

100

55
40 B: Drying temperature (°C)

Fig.6 Relaxed density as a function of drying temperature and
molasses mass when compaction pressure is kept constant at
100 MPa
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Shatter index of briquettes

Briquettes that were produced had shatter index ranging
between 22.6 and 94.1%. According to ANOVA results
(Table 3), all factors as well as interactions were significant
in the shatter index model. Therefore, the model without
reduction is presented in Eq. (7).

Shatter index = 32.06072 — 0.055777A — 0.29551B + 8.53403C
—3.81333 x 1072AB — 0.0437AC + 0.048267BC
+2.0418 X 107°A? + 4.5721 x 1073B* — 0.21382C>.

(N

R? of 0.99 and adjusted R? of 0.99 were obtained for this
model. Shown in Fig. 7 is a graph of shatter index as a func-
tion of drying temperature and molasses mass when compac-
tion pressure is kept constant at 100 MPa. Shatter index was
significantly changed from 22 to 94.1% for molasses mass
fraction of 0 and 10%, respectively. Drying temperature has
no effects on shatter index of briquette made without molas-
ses binder. When the binder was introduced, shatter index
slightly increased with drying temperature increment. Its
effect is seen to be profound at high molasses mass fraction.
On the other hand, for briquette without binder, shatter

index slightly increased with increased in compaction pres-
sure (shown in Fig. 8). However, at high molasses ratio shat-
ter index decreases with increase in compaction pressure.
This is contrary to the expectation that high pressure would
increase the closeness of the particles and may improve the
bonding forces. The sole purpose of including compaction
pressure as one of the factors in this study was to check its
effect on briquette strength. Therefore, with this regard, it
is not desirable to have such a high compaction pressures
which increases energy consumption and has little influence
on briquette durability and strength.

Shatter index (%)

10 100

6
S5

C: Molasses mass (%) 40 B: Drying temperature (°C)

Fig.7 Shatter index as a function of drying temperature and molasses
mass when compaction pressure is kept constant at 100 MPa
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Fig.8 Shatter index as a function of compaction pressure and molas-
ses mass when drying temperature is kept constant at 62.5 °C

Finally, optimization was done to determine a combina-
tion of the three factors that produced briquette with the best
properties. In this study, gross calorific value was chosen
as an optimization parameter to evaluate the thermal prop-
erty of briquette, whereas ash content was left out because
it had a small range. On the other hand, shatter index was
used as optimization parameter for evaluating the briquette
strength. By utilizing optimization code available in Design
Expert software, it was established that optimized values
of gross calorific value and shatter index are 29.031 MJ/kg
and 80.363%, respectively, for 50 MPa compaction pres-
sure, 29.512 °C drying temperature and 10% molasses mass
ratio. At this point, ash content, moisture content and relaxed
density of briquettes are 3.244, 16.032% and 1.107 g/cm?,
respectively.

Conclusion

In this study, an investigation on the effects of compaction
pressure, drying temperature and binder ratio on briquette
combustion and physical properties was done. Mathemati-
cal models for predicting gross calorific value, ash content,
relaxed density, moisture content and shatter index as func-
tion of input factors were determined. It was established that
molasses mass fraction had predominant effects on all prop-
erties investigated. As molasses amount were increased, ash
content, moisture content, relaxed density and shatter index
were significantly increased while fixed carbon and gross
calorific value were significantly reduced. Drying tempera-
ture did not have major influence on shatter index, relaxed
density, ash content and gross calorific value. However, dry-
ing temperature had a dominating influence on the moisture

content. Compaction pressure had negligible influences
on all briquette properties. Therefore, such high pressure
which involves energy consumption is not necessary during
production of charcoal dust briquettes. Optimized values of
gross calorific value and shatter index were established as
29.031 MJ/kg and 80.363%, respectively, for 50 MPa com-
paction pressure, 29.512 °C drying temperature and 10%
molasses mass ratio.
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