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Abstract- Torrefaction is one of the techniques to produce solid fuel from cocoa pod shells (CPS). In this research, changing
combustion characteristic and kinetics of CPS after torrefaction process was investigated using Coats — Redfern Method.
Torrefied CPS processed at temperatures of 200, 250, and 300°C and holding times of 0, 30, 60, and 90 min were used in this
investigation. The results proved that the ignition and burnout temperatures shifted to higher value, while the peak mass loss rate
tend to lower value when the torrefaction temperature and the holding time increased. The period of volatile release during the
combustion process was shorter along with longer holding time and higher temperature of torrefaction. The maximum mass loss
rate of raw CPS was 0.12005 g/min, while torrefied CPS has range between 0.046 to 0.114 g/min. The maximum mass loss rates
of all samples decrease with increasing fuel ratio (FR). The activation energy increases gradually with increasing severity of
torrefaction. The value of activation energy in the devolatilization and volatile combustion stage is greater compared to that of
the char combustion stage.

Keywords- torrefaction, combustion characteristic, cocoa pod shells, Coats — Redfern method, activation energy

Introduction Biomass is a renewable energy source whose properties
can be converted to those of coal as close as possible.
Therefore biomass can be used partially in existing coal power
plants, with least modifications to the handling and
combustion equipment [10]. Biomass must be processed so
that its characteristics are as similar as to coal. A technology

that can convert the characteristics of biomass to be close to

The using coal in Indonesia's power plants is still high
because coal reserves are currently still abundant. In the
future, the use of coal as power plant fuels must be reduced or
replaced for two reasons, the depletion of coal reserves and the
problem of environmental pollution. The Indonesian

government has targeted coal reduction from 57% in 2018 to
41% in 2050 [1]. To achieve the target, biomass is a reliable
material to replace coal. Indonesia has abundant biomass
resources such as agricultural and forestry wastes because
Indonesia is a tropical and agriculture based country [2].
Besides that, biomass is considered as one of the prospective
sustainable and environmentally friendly for renewable
energy resources [3]-[5]. Biomass is renewable and neutral
carbon energy sources to support energy security [6]. Energy
security is a vital factor for economic growth, especially in
developing countries [7]. Therefore, utilization of agricultural
wastes as energy source has get more attention [8], [9].

those for coal is torrefaction [11], [12].

Torrefaction is a kind of thermo-chemical method of
pretreatment the biomass carried out at relatively low
temperature of between 200 - 300°C where raw biomass is
heated in an inert atmosphere to remove the moisture and
oxygenated compounds, which aims to upgrade the fuel
properties  [13]-[15]. Torrefaction is a low temperature
pyrolysis process run at low heating rate. The process is
characterized by a low heating rate at the desired holding time
(usually 10 — 60 min) [16]. Torrefaction is often referred to as
temperate pyrolysis, slow pyrolysis, roasting, and thermal
pretreatment, in accordance with its utilization [17]. The
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biomass partially decomposes due to heat effect during
torrefaction. This process results in biomass with a modified
chemical components that has new properties [18]. The solid
product of the process has higher energy density but lower
moisture and volatile contents compared to the untreated
biomass [3], [11].

Changing the biomass properties will affect the behavior
of biomass combustion. Information about combustion
characteristics of solid fuel, such as reaction peak, ignition,
and burnout temperatures, are needed for interpretation of fuel
combustion. Burning time and maximum combustion rate are
also useful for fuel combustion interpretation. Combustion
kinetics parameters including activation energy, pre-
exponential factor, and reaction order are fundamental
information to predict the combustion process. The designing,
operating, and improving efficiency of combustion furnace
also requires the information [19],[20]. Thermogravimetric
analysis (TGA) has become a common method to estimate the
combustion or pyrolysis behaviors of solid material [21],[22].
In this method, decreasing of sample mass related to
increasing temperature is logged. The mass loss data
generated from TGA could be utilized to identify the
combustion characteristics and the combustion kinetic
parameters [23]. The activation energy is a parameter to
determine the lowest energy which must available so that
potential reactants in a chemical system are able to react
chemically [24]. The activation energy is calculated to
determine the least amount of energy needed to begin a
chemical reaction, whereas the pre-exponential factor can be
determined by identifying the reaction mechanism [25].

Numerous researchers have interested in the using TG
and DTG as functional tools to describe the combustion
characteristics and kinetics of biomass, where: TG -
thermogravimetry presents the change of mass loss throughout
combustion under increasing temperature, DTG — the first
derivative of the TG curve, illustrating the mass loss rate
variation. Combustion Kinetics of some biomass was
investigated using TG and DTG such as leaf stem, leaf, and
date palm seed [26], pine sawdust [19], wood, olive leaves,

and pruning [27], red pepper [28], solid recovered fuel [29],
miscanthus, acacia, and pine [30], tobacco waste [31],
bamboo, sugarcane bagasse [32], sugarcane and cassava
bagasse [33], sida [4], and karanja fruit hulls [20].

Most of previous researchers aim to compare the
combustion characteristics and kinetics between several
untreated biomass. Meanwhile, in-depth research on the effect
of biomass pretreatment, particularly the effect of torrefaction
holding time and temperature on combustion characteristics
and kinetics has not been widely studied. Therefore, the main
interest of this research work was to investigate the effect of
torrefaction holding time and temperature on combustion
characteristics of CPS. The CPS was torrefied at temperatures
of 200, 250, and 300 °C and four different holding times (0,
30, 60, and 90 min), while proximate and ultimate analyses,
as well as HHV, were performed for raw and torrefied CPS.
In addition, burning tests were carried out to obtain ignition,
peak, and burnout temperatures by using TG analysis.
Calculating the activation energy and pre-exponential factor
of CPS combustion process applied Coats-Redfern method.

2. Materials and Method
2.1. Sample Preparation

In the present work, raw and torrefied CPS samples were
used to study the thermal kinetics under air environment.
Torrefied CPS samples were obtained from torrefaction
processes under combination of three temperatures (200 °C,
250 °C , 300 °C) and four holding times (0 min, 30 min, 60
min, 90 min). Raw CPS sample was obtained from a cocoa
plantation in Gunung Kidul, Indonesia. Torrefaction was
performed by placed the raw CPS in tubular torrefaction
reactor heated by Nichrome electric heater and flowed with
nitrogen as inert gas. Furthermore, each torrefied sample was
weighed then wrapped in an airtight plastic bag for further
analysing.

Table 1. Proximate analysis and HHV of CPS at various temperatures and holding times.

Torrefaction condition Proximate Analysis (wt%, adb) HHV (MJ/kg)
TT (°C) HT (min) Moisture Volatile Fixed carbon Ash

Raw CPS 10.66 60.78 21.74 6.82 16.35
200 0 9.21 58.26 22.66 9.86 17.17
200 30 6.96 58.20 25.89 8.94 18.31
200 60 6.37 59.01 25.80 8.80 18.80
200 90 7.26 58.38 25.60 8.75 19.00
250 0 8.56 59.36 23.22 8.85 17.81
250 30 6.66 57.94 29.13 6.26 19.58
250 60 6.02 53.08 33.21 7.67 21.08
250 90 5.78 54.13 33.18 6.91 21.20
300 0 6.94 57.42 27.47 5.52 20.57
300 30 10.60 41.97 37.76 4.98 21.68
300 60 6.33 44.77 39.24 4.92 21.87
300 90 6.39 41.39 39.11 4.74 23.11
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2.2. Sample Characteristics

Prior to proximate and ultimate analyses, as well as HHV,
each sample was milled and sieved into particles sized of 177—
250 um. Proximate analyses for torrefied and raw CPS were
carried out twice according to ASTM 3171, 3174, and 3175 to
obtain moisture, volatile matter, and fixed carbon contents.
Fixed carbon and volatile matter ratio which is defined as the
fuel ratio (FR) is used to represent the properties of a solid fuel
[34]. A bomb calorimeter IKA C6000 was used to determine
HHV of all samples. These analyzes were conducted twice for
repeatability. Proximate analyses and HHV of CPS and treated
samples are given in Table 1.

2.3. Thermogravimetric analysis

The combustion investigation was perform using a self-
designed macro thermo-balance. Figure 1 illustrates the
configuration of the experimental device. Each experiment
used a sample of approximately 0.25 g. Then the sample was
put in an alumina crucible with a thermocouple placed close
to the sample to observe the temperature. The loss of the
sample mass was logged from ambient temperature to 600 °C
with 65 °C/min heating rate. Each test was performed at least
twice to confirm that the experimental data had good
repeatability. The mass loss rate of the samples was
represented as a function of combustion time. The combustion
characteristics, including ignition and burnout temperatures
were determined from TG/DTG curve in accordance with the
previous literatures [35]. The burnout temperature was
determined based on the mass loss rate which was less than 1
wt.%/min. The TG/DTG curve (as shown in Figure 2) is used
to determine the ignition temperature. The ignition
temperature is determined based on the correlation between
the highest value of the DTG profile (point A) and the

Data logger

30.0 Balance

beginning of devolatilization on the TG curve. A vertical line
was sketched from the peak of the DTG curve and crossed
with the TG curves (point B), and then from the intersection
point, a line that tangents to the TG curve was drawn. The
tangent met the parallel lines of the beginning devolatilization
at point C. A line was drawn through point C in a downward
direction, which met the temperature curve at point D of the
temperature curve. The point D was identified as the ignition
temperature.

2.4. Kinetic Analysis

The design and optimization of combustion system
requires the chemical kinetics of biomass combustion
information. An integral method is one of the methods to
analyze combustion kinetics using non-isothermal TG data.
Combustion reactions are considered as one-dimensional
diffusion process to simplify the kinetic calculations. Coats-
Redfern method is the most generally method applied in the
kinetic analysis of biomass thermal decomposition. Naqvi et
al. [36] and Surahmanto et al. [37] determined the activation
energy using the Coats-Redfern method in the kinetic analysis
of paddy husk and oil palm solid wastes.

The kinetic analysis of CPS combustion was determined
by Arrhenius law, which was given by the below equation

= = k(Df (@) (1)

where o is defined as, a = (m, —m,)/(m, —m;) (2)

and k(T) = A exp(—E,/RT) 3)

where m,, m,, and mrare the initial mass, the mass at time t,
and the final mass. T is temperature (K), A is pre-exponential
factor (1/min), R is the gas constant (0.0083 kJ/mol K), and E
is the activation energy (kJ/mol).

Thermocouple
Sample pan

Induction heater coil

Heat insulation

Supporting rod

Computer

Fig. 1. The schematic of Macro-Thermobalance and instruments
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Fig. 2. Ignition temperature definition sketch

For heating rate 3 (°C/min) during combustion is constant
value, B = dT/dt, Eq. (1) can be converted as below,

da/f(a) = (k/B)dT (4)

Integrating Eq. (4) gives a new equation,

g(a) = fda/f(a) = A/ﬁ fexp(—Ea/RT)dT (%)

where g(a) is the conversion integral function.

Eq. (5) is integrated using the Coats-Redfern model and
becomes:

In [g(oc) =In [2—5(1—@) E

T? E ) RT (6)
If assuming that 2RT/E << 1 than Eq. (6) becomes:
In[g()/T?] = In[AR/BE] — E/RT ©

In this work, diffusion model for Solid-State mechanism was
applied. For 1-D diffusion model, g (a) would be g(a) = a2.

Plots of In [g (o)/T?] versus 1/T under heating rate of 65
°C/min were resulted from the torrefaction processes with
different temperatures and holding times. The plot was
separated into two segments, based on linearity. The slope and
interception of the plot was applied to evaluate the activation
energy. The correlation coefficient value (R?) showed the
accuracy of the calculation., The combustion region was
divided into two segments (removal and volatiles combustion
and combustion of char), so that the kinetics can be calculated
much accurately

3. Results and discussion
3.1. Combustion characteristics of materials
Combustion characteristics of solid matter can be

determined quickly by thermogravimetric analysis (TGA).
Samples of torrefied CPS were subjected to thermal analysis

to recognize the effect of holding time and torrefaction
temperature on the combustion characteristic of CPS. The
results of this study were shown in the form of TG and DTG
curves. TG and DTG profiles make them possible to identify
the mass loss which occur throughout the combustion process.
Figure 3 presents TG and DTG profiles with center of
attention on the thermal behavior of torrefied CPS.

The biomass combustion is typically divided in three
stages, i.e. loss of moisture, devolatilization and combustion
of volatile, and char combustion [38][39]. The decreasing
sample mass took place due to the removal of moisture content
along with the gradual increasing the furnace temperature. The
releasing and burning volatile matter occurred after removal
of moisture content. In the second stage, the acceleration of
mass loss rate leads to the TG curve that gets sharper and
reaches the peak at a certain temperature. The combustion of
char was depicted by a trend of the TG curve which downward
slowly along with rising the furnace temperature. Finally, its
mass loss will stop to decrease caused by complete
combustion.

3.1.1. Mass loss of the samples

The samples mass loss at the first stage initiated from the
furnace temperature 50 °C to 190 °C was due to releasing
moisture content, which was about 12 - 15 wt.%. The second
stage started from 190 °C to around 300 °C was due to removal
of the volatile matters and oxidation. The TG curve became
steeper because of the accelerating the mass loss rate and
reached the peak at a specific temperature. After the volatiles
was removed from the samples, the combustion process was
continued by oxidation of the char until the mass of the sample
was not decrease anymore. The TG curve in the stage sloped
slightly and more stable compared to the second stage. Figure
3 also showed that the longer the holding time and the higher
the temperature, the shorter the volatile decomposition stage
period.

The main characteristic of CPS combustion was that the
mass loss rate in the third stage was notably lower than that in
the second stage as shown in Fig. 3. Fang et al. [40] also
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obtained the same result about this phenomenon in some
biomass samples. It was caused by the volatile content that
was higher than that of the fixed carbon content. The fixed
carbon can ignite and then burn at higher temperatures than
that of the volatile matter. The TGA curve of torrefied CPS at
200 °C was slightly different from each other as shown in
Figure 3.a. These results indicate that in light torrefaction, the
effect of holding time variation is not significant. Whereas for
torrefied 250 °C, the TGA curve showed a clear difference
except for holding time of 60 min and 90 min where the curves
are almost coincided. It means that the effect of increasing a

holding time of more than 60 min is no longer significant. The
TGA curve of torrefied 300 °C with various holding times
showed differently. The fact indicates that difference in
holding times has a significant effect on the TGA curve at
severe torrefaction. Combustion residue in the form of ash
could also be observed from the DTG curve. The longer the
holding time and the higher the torrefaction temperature, the
more the combustion residue. TGA curves also illustrate that
the longer the holding time and the higher the torrefaction
temperature, the second stage took place in a shorter period.
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Fig. 3. Comparison TG/DTG curves of torrefied CPS at different torrefaction temperatures: a) 200 °C, b) 250 °C,
and ¢) 300 °C
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3.1.2. Mass loss rate

The DTG curve exhibits mass loss rate of the sample.
From the DTG curve in Fig. 3, it is recognized that there are
two peaks of the mass loss rate. The first peak relates to the
releasing moisture and the second peak corresponds to
devolatilization. The first peak occurs around 150 seconds
which corresponds to a temperature of 135 °C. The second
peak relates to the devolatilization and combustion of volatile
matter processes. The second peak of the samples is different
from each other. The maximum mass loss rate of raw CPS was
0.12005 g/min, while torrefied CPS has range between 0.046
to 0.114 g/min, which depend on the holding time and the
torrefaction temperature of the torrefaction process. The
maximum mass loss rate decreased from 0.114 g/min for
torrefied at 200 °C and 0 min to 0.046 g/min for torrefied at
300 °C and 90 min. Table 2 reveals that the second peak
temperature of CPS was lower than torrefied CPS. Torrefied
CPS at 200 °C and 0 min holding time has the lower second
peak temperature (299.4 °C) of treated CPS, while the highest
second peak temperature (398.8 °C) was achieved by torrefied
CPS at 250 °C and 90 min holding time. The summit of mass
loss rate and temperature can be used to evaluate the reactivity
of the sample. The higher the maximum mass loss rate and the
lower the peak temperature, the higher the sample reactivity.
Liu et al. [41] confirmed that the torrefaction increased the
peak temperature and decreased the summit of mass loss rate.
This phenomenon indicated that reactivity of bamboo
decreased due to torrefaction process.

3.1.3. Fuel Ratio analysis

Figure 4 shows the relationships between Fuel Ratio (FR)
and the summit of mass loss rate and illustrated that the cause
of the difference in the maximum mass loss rate was due to
the torrefaction process. The value of FR rose with increasing
torrefaction severity was due to increasing fixed carbon and
decreasing volatile matter. In the previous research that
carried out by Park et al., the value of FR is in the range of
0.244 - 1.245, 0.435 - 3.443, and 0.070 - 4.345 for rice husk,
wood chip, and wood pellet that pyrolyzed at 300, 400, and
500 °C [34]. In the present work, the FR was in the range of
0.358 for raw CPS to 0.945 for torrefied CPS at 300 °C and 90
min. The increasing FR was more significant at the holding
time of 90 min than the others. As shown in Fig. 3, the FR and
the maximum mass loss rate had opposing trends. With
increasing the FR, maximum mass loss rate decreased. The FR
and the maximum mass loss rate were correlated with the
power model, y= 5394 x%2%° where y was the maximum mass
loss rate and x was FR. The model obtained had a high
correlation which was indicated by an R? value of more than
0.95 and was valid for FR from 0.358 to 0.945.

3.1.4. Ignition and burnout temperatures

One of the crucial combustion characteristics of fuel is
ignition temperature. The ignition temperature indicates how
easily or difficultly fuel gets ignited. The lower the ignition
temperature, the easier the fuel ignites. As pointed out in Table
2, the ignition temperature of CPS and torrefied CPS is in the
range of 263 to 302 °C depends on the holding time and

torrefaction temperature. The ignition temperature of CPS was
263 °C. It is higher than ignition temperature of wheat straw
(243 °C) and rape straw (247 °C) but lower than flax straw
(266 °C) [42]. For torrefied CPS at 200 °C and 250 °C, the
ignition temperatures were 265 to 285 °C and 265 to 300 °C,
respectively, while for torrefied CPS at 300 °C, the ignition
temperatures were 268 to 302 °C. Generally, the longer the
holding time and the higher the torrefaction temperature, the
ignition temperature shifted to higher. It can be caused by the
amount of component in biomass that is easy to burn released
during torrefaction process.

The burnout temperature of CPS is 636.4 °C, whereas
torrefied CPS is between 640.6 and 651.2 °C as presented in
Table 2. Similar to the ignition temperatures, the burnout
temperature tent to increase along with increasing the holding
time and the torrefaction temperature. The higher the burnout
temperature indicates the more the time for fuels to burn out
caused by the lower the volatile content and the higher the
fixed carbon content.
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Fig. 4. Correlation of FR and maximum mass loss rate

Table 2. Combustion characteristics of torrefied CPS

Torrefaction o
condition Temperature (°C)

TT (°C) HT (min) Ignition 2" peak burnout
RM 263 282.7 636.4
200 0 265 299.4 640.6
200 30 268 319.7 646.8
200 60 270 373.6 649.9
200 90 285 373.6 650.6
250 0 265 299.4 643.6
250 30 270 299.4 648.4
250 60 287 343.5 650.2
250 90 300 398.8 650.8
300 0 268 299.4 649.6
300 30 283 319.7 650.4
300 60 298 343.5 650.4
300 90 302 319.7 651.2
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3.2. Combustion kinetics

The kinetic parameters were determined evaluating the
TGA data applying the Coats-Redfern method. Figure 5 shows
the examples of the plotting In [g ()/T?] against 1/T of the
Coats-Redfern method. Table 3 presents the calculation
results of activation energy (E) and pre-exponential factor (A)
of the torrefied samples. Activation energy and pre-
exponential factor are obtained from slopes of straight lines by
using Eq. (7). Most of the correlation coefficients were above
0.99 denoting the reliability of the calculations. The
difference in behavior can be described by comparing the
range of activation energy of each combustion stage with the
different torrefaction temperatures and holding times.

Torrefaction has effects on the kinetic parameters of the
CPS. In Table 3, the activation energy and pre-exponential
factor increase with increasing of torrefaction severity. The
phenomena are due to the increasing number of compounds
with weak chemical bonds that are released when the
torrefaction temperature is higher, and the holding time of
torrefaction is longer. As listed in Table 3, the lowest value of
activation energy of torrefied CPS was 30.146 kJ/mol in the
second stage and 15.114 klJ/mol in the third stage of
torrefaction at 200 °C, 0 min holding time. While the higher
value of activation energy of torrefied CPS was 36.087 kJ/mol
in the second stage and 28.276 kJ/mol in the third stage of
torrefaction at 300 °C.

The values of activation energy and pre-exponential
factor in the second stage of combustion which is the
devolatilization stage are greater compared to those of char
combustion stage. The activation energies are in the range of
32.690 to 36.087 kl/mol in the second stage, and these are
15.114 —28.276 kJ/mol in the third stage. The pre-exponential
factor for the torrefied samples were 25.1 — 67.6 min-1 in the
second stage and 1.02 - 8.87 min-1 in the third stage. In the
second stage, releasing volatile content takes place in low
temperature conditions, in which molecules are slow down,
and energy requirement for molecules activation is higher.
Also, the devolatilization reaction in the second stage creates
a permeable char structure, which results favorable conditions

for oxygen diffusion to the surface and lead to less activation
energies requirement in the third stage. It shows that activation
energy in high temperature range is lower than that in low
temperature range [23].
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Fig. 5. Linear regression curves by plotting In (g(o)/T?)
versus 1/T a) torrefied CPS at 200°C, 90 min
holding time; b) torrefied CPS at 300°C, 60 min
holding time.

Table 3. Activation energy (E) and pre-exponential factor (A) of torrefied CPS

Torrefaction condition Second stage Thirth stage

TT (°C) HT (min) E (kJ/mol) A (1/min) R2 (%) E (kJ/mol) A (1/min) R2 (%)
200 0 30.146 25.1 98.01 15.114 1.02 98.99
200 30 31.644 34.1 97.89 15.139 1.03 99.79
200 60 32.231 37.6 99.20 16.161 1.28 98.36
200 90 32.690 46.4 99.03 18,128 1.57 99,89
250 0 31.347 39.6 96.10 15.619 1.20 99.61
250 30 31.722 35.9 97.20 17.643 1.55 98.57
250 60 32.290 22.9 99.05 25.789 6.59 99.82
250 90 33.978 52.0 99.63 25.852 6.67 99.66
300 0 33.930 38.3 97.58 21.133 3.04 99.74
300 30 36.087 67.6 97.64 27.466 8.48 99.57
300 60 - - - 27.943 8.87 99.27
300 90 - - - 28.276 8,64 96.50
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4. Conclusions

The results of TGA for torrefied CPS are provided in this
study. The torrefaction process at longer holding times and
higher temperatures contributed to the increase of ignition and
burnout temperatures, while the maximum mass loss rate
tended to decrease. The shorter period of devolatilization took
place along with longer holding times and higher
temperatures. The activation energy and pre-exponential
factor of the biomass combustion are determined using the
Coats-Redfern method. The activation energies in the
devolatilization stage are 32.690 — 36.087kJ/mol, and in the
char combustion stage are 15.114 — 28.276kJ/mol. The
activation energy increases gradually with increasing the
torrefaction severity. The values of activation energy and pre-
exponential factor in the devolatilization stage are greater
compared to those in the char combustion stage.
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