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appearance, compressive strength, density and mass yield as well as combustion
properties such as high heating value (HHV), energy yield and proximate analysis of
untorrefied and torrefied briquettes were determined in the present study. The
performances of the torrefied briquettes were also compared with the case of
untorrefied briquettes as well as international benchmarks. It was found that
torrefaction temperature significantly affects the properties of torrefied briquette
rather than volume flow rate of nitrogen. At severe torrefaction condition
(temperature of 275°C), HHV of 22.16+0.23 MJ/kg was obtained, that is the highest if
compared to HHV of the briquettes torrefied at other temperatures. It was found that
properties of the torrefied briquettes do not really affected by nitrogen flow rate.
Overall, with the presence of starch binder, briquettes with considerably high
compressive strength were obtained if compared to the previously developed
binderless PKS briquettes.
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1. Introduction

Depletion of global coal sources, environmental and health issues are major limitations for the
energy industries to cope with the needs of high energy demand. According to National Emission
Inventory (2014) [1], coal combustion alone can contribute up to 2862 tonnes of toxicity gases per
year, thus leading to the environmental and health problems globally. Therefore, global coal sources
that being used since 1973 [2] can be substituted by various alternative fuels.

Biomass based fuels offer promising benefits due to “clean”, high energy potentiality and
availability. Biomass-based fuels cover wide range of sources; from agricultural wastes to municipal
solid wastes. Malaysia, being one of the world dominant oil palm producers, oil palm wastes are the
highest commodity produced throughout the year, with around 56.45 million tonnes of wastes were
generated annually from various parts of palm trees [3]. The palm wastes majorly consisted of 18.88
million tonnes of empty fruit bunch (EFB), 11.59 million tonnes of mesocarp fibre (MSF), 4.72 million
tonnes of palm kernel shell (PKS), 17.10 million tonnes of trunk and 4.16 million tonnes of frond [3].
Due to large amount of wastes available, it is currently being used in multiple applications;
manufacturing, agricultural, and energy production sectors [4,5]. In the energy perspective, oil palm
wastes are considered as carbon-based wastes and potentially to be used in energy production sector
due to the considerable amount of carbon content and energy content, that are approximately 46 to
58% and 16 to 20MJ/kg, respectively [6]. Among the oil palm wastes, raw PKS has the highest carbon
and energy contents, that are 58% and 20 MJ/kg, respectively [6]. However, the aforementioned
contents are still uncompetitive and unreadily used commercially if compared to coal. Therefore,
combined pretreatments; densification and torrefaction can be implemented to convert raw PKS into
a solid fuel with a high energy density [7]. Here, energy density is known as the amount of energy
that contained in a unit volume of the densified products.

Densification (or compaction) is a conversion process of any loose materials into highly dense and
durable products through compaction at high pressure [8,9]. In addition, densification allows proper
utilization of loose materials or wastes and is beneficial to the logistic purposes. Due to the flexibility,
densification process is implemented for wide range of applications; energy productions [10],
building [11], pharmaceutical [12], and electrical industries [13]. In the case of energy production,
generally, biomass is densified in prior to the end-use purposes. However, the physical quality (i.e
physical strength, durability, water absorption) of densified biomass especially made of PKS is still
unsatisfactory, thus adding binder is expected could address the issue.

Development of oil palm biomass based briquette has been initiated by Husain, Zainac and
Abdullah [10], by using mixture of palm fibre and palm kernel shell. In general, excessively high
compaction pressures that range from 150-800 MPa have been used for studies of densification of
biomass as well as for commercialization [14,15] for obtaining high quality products. Thus, the
scenarios, in turn making the densification process as an uneconomical process due to large energy
consumption; for example, biomass pellets produced from compaction pressure of 158 MPa had
consumed energy of about 56.8 MJ/t [15]. Due to this fact, many efforts have been performed until
now in order to produce oil palm briquettes with high quality as well as economically viable.

The effect of various parameters such as compaction pressure, composition, type of binder as
well as size of particles on the performance of briquettes have been studied previously [16,17].
Briguettes made of PKS has drawn attentions from number of parties such as industries and
researchers due to the substantial amount of energy obtained during combustion. Besides, the
presence of high composition of lignin [17] in PKS has potential to become as a source of binder for
high quality briquette development. A study revealed that the thermally heated briquetting can
produce physically strong oil palm briquettes with average compressive strength of 7.9MPa, thus
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showing the potential of lignin to become as a binder, and therefore, adding additional binder is
expected can further enhance the physical strength of the briquettes [18].

On the other hand, as an alternative to the thermally heated process during briquetting, the use
of additional binder could be a potential alternative. Interestingly, the additional binder could be
made of readily available sources derived from organic (i.e natural sources) and inorganic (synthetic
sources) by-products [17]. Generally, natural sources are environmentally friendly [12] rather than
synthetic sources which are more hazardous [19]. Both sources of binder have been used and tested
by many researchers and the results demonstrated the possibility of producing durable and high
density briquette, ranging from 1 to 14 MPa of compressive strength and 820 to 1137kg/m3 of mass
density [15,17,19-25]. For the case of the natural binder, the mixture of PKS bio-char and starch
briquette has been developed [23]. Interestingly, the study has shown the presence of starch binder
played an important role in making a durable PKS briquette [23]. Based on their study, they obtained
821426 kN/m2 of tensile crushing strength and 167 of impact resistance index (IRI) [23]. However,
the study had revealed that the briquette achieves a considerably low water resistance index of less
than 50%, revealing that the briquette with starch binder is more hygroscopic, and this phenomenon
could degrade the combustion performance as well as inconvenience for logistic activities (handling,
storage and transportation) [23]. Interestingly, by torrefaction, the aforementioned problem could
be potentially addressed so that the products have potential to become more hydrophobic nature
[26,27].

Meanwhile, torrefaction is known for its capability to enhance the combustion properties of raw
biomass, to some extent become superior properties than that of coal [26]. Interestingly, torrefaction
offers improvement at mild reaction; temperature range of 200 to 300°C with heating rate of
<50°C/min [28]. Torrefaction is typically performed in an inert environment with mild (200-250°C) or
severe (250-300°C) torrefaction conditions [29]. In both torrefaction conditions, degradation of
lignocellulose components of biomass occurs [30], resulting the formation of various energy sources;
bio-char, bio-oils and non-condensable gases. In addition, sufficiently high amount of energy
obtained from severe reaction has been reported to be suitable for energy production sector [31]. In
addition, it is interesting to note that the syngas obtained from gasification of torrefied biomass has
considerably higher quality if compared to the syngas obtained from gasification of raw biomass [32].
Based on the advantages as mentioned above, solid products obtained from torrefaction have
potential to be used as coal replacement.

Combined pretreatments of densification (with additional binder) followed by torrefaction
becomes as state-of-the-art of the present study. The study on combined pretreatments has not been
performed yet for the case of PKS with starch binder, even though numerous studies on the
combined densification and torrefaction of biomass have been widely published. The previous
studies on combined densification and followed by torrefaction or vice versa have shown a significant
improvement in terms of the quality of biomass pellets or briquettes due to the torrefaction effect
[7,26,27,33,34]. Besides, in torrefaction, biomass briquettes with relatively high energy content (25.5
to 29.6 MJ/kg) [20,26,35,36] and carbon content up to 63.3% [26] have been produced. In the other
studies, the torrefied biomass briquettes with considerably high durability (i.e high compressive
strength with the range of 1.5 to 5MPa) were successfully developed [7,20,36]. During torrefaction,
biomass briquettes suffer a severe mass loss as torrefaction temperature is increased, which in turn
causes the density of biomass briquette to be slightly lower if compared to the untorrefied biomass
briquette. A few studies have reported that the density of torrefied biomass briquettes are around
600 to 900 kg/m3 [7,20,36]. As mentioned previously, combined torrefaction and followed by
densification could produce the physically strong and dense biomass pellets, however, large energy
consumption used during densification have been reported [33,34]. A recent study has shown that
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binderless PKS briquette suffers a severe physical destruction when torrefaction is performed at
severe condition [7]. Until now, there is no investigation on the potentiality of using PKS briquette
with starch as binder for the combined pretreatments of densification and torrefaction to address
the aforementioned problems.

The present study is performed to understand fundamentally physical and combustion properties
of the PKS briquette containing starch binder (with weight ratio of 60:40) after torrefaction. The
parameters involved were torrefaction temperature (225-275°C) and nitrogen flow rate (1000-3000
mL/min). Physical and combustion performances of briquettes were evaluated in terms of physical
appearance, density, compressive strength, density yield and mass yield as well as energy yield,
heating value, and proximate analysis. Furthermore, the performance of the produced briquettes in
the present study were also compared with international benchmarks as well as previously produced
binderless PKS briquette [7].

2. Materials Preparation and Methodology
2.1 Materials

The PKS was collected from a local oil palm mill and was pulverized by using crushing machine
(RETSCH BB50). The pulverized PKS was then sieved to obtain particles with size of less than 500um
by using a sieve shaker machine (RETSCH type AS200 digit). Meanwhile, corn starch was purchased
from a local supplier. The properties of materials are shown in Table 1. The moisture content and
volatile matter of raw PKS were found to be lower than that of corn starch binder. Meanwhile, ash
content, fixed carbon and high heating value of raw PKS are higher if compared to the corn starch
binder.

Table 1
Properties of raw PKS and corn starch binder
Raw PKS Corn starch binder
Proximate analysis
Moisture content (wt %) 10.7510.00 77.35+0.56
Volatile matter (db %)? 75.81+0.00 96.98+0.36
Ash content (db %)? 3.79+0.00 0.22+0.22
Fixed carbon (db %)*° 20.40+0.00 2.79+0.58
High heating value (MJ/kg) 17.88+0.02 1.31+0.33

a dry basis
b Calculated by difference

2.2 Gelatinization of Starch Binder and Briquetting

For preparation of starch binder, the distilled water and corn starch with weight ratio of 80:20
[35] were mixed and continuously stirred at stirring speed of 200 rpm for 10 minutes at room
temperature to ensure the homogeneity of the mixture [37]. The mixture of starch and water were
then gelatinized and continuously stirred at the same rated speed of 200rpm in a warm water with
temperature of 75°C for 30 minutes [12,38]. The gelatinized starch binder was left to be cooled inside
a desiccator for a day in prior to mixing with pulverized PKS.

Then, the PKS and starch binder with weight ratio of 60:40 was mixed homogeneously by using a
stand mixer (Model PM-215) at low speed (at level 1) for 30 minutes [39]. The mixing ratio of 60:40
was employed due to the promising abrasive resistance [40]. Based on this statement, 50g of the
mixture of PKS and starch binder were loaded into a cylindrical stainless steel die set with internal
diameter of 50 mm and the mixture was compressed at a fixed condition (compaction pressure of 7
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MPa and holding time of 30 minutes) by using INSTRON 600 DX Universal Testing Machine. The
produced briquette with diameter of around 50mm and height of 20mm was then left at an ambient
condition for a week to achieve stability.

2.3 Torrefaction Of PKS and Starch Binder Briquette

In the present study, torrefaction was performed in a vertical reactor with internal diameter of
100mm as shown in Figure 1. The reactor was equipped with heater clamp on the outer surface of
reactor as well as K-type thermocouple sensor. The K-type thermocouple sensor was set 3 mm above
the briquette in the reactor. In this study, the briquette was torrefied for various torrefaction
temperatures and nitrogen flow rates of 225°C to 275°C and 1000 to 3000 mL/min, respectively.
Initially, the briquette was placed on the mesh holder and was put inside the reactor. The lid of
reactor was sealed tightly. Later, the reactor was purged by designated nitrogen flow rates for one
hour and subsequently the briquette was heated according to the desired torrefaction temperature
for 30 minutes. Upon completion, the heater was set to 30°C and the briquette was cooled under
continuous flow of nitrogen. Finally, the briquette was taken out from the reactor and was left at an
ambient condition for a week to ensure the stability and rigidity.

Gas exit

Reactor

1-Nitrogen cylinder
2-Pressure regulator
3-Flow meter

4-Heater

5-Mesh Holder
6-Thermocouple
7-Temperature controller

Fig. 1. The experimental setup of torrefaction [36]
2.4 Characterization

Proximate analysis of the untorrefied and torrefied briquettes were performed in accordance to
the ISO standards; moisture contents (EN I1SO 18134-2:2015) [41], volatile matter content (EN 1SO
18123:2015) [42], and ash content (EN 1SO 18122:2015) [43]. Meanwhile, high heating value was
determined in accordance to ISO standards EN ISO 14918:2010 [44]. The heating values for the
untorrefied and torrefied briquettes were determined by using IKA calorimeter system (model
C2000).
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In the present study, the relaxed density was also determined by measuring the mass and volume
of the untorrefied and torrefied briquettes [45] while mass and energy yields were determined by
following method introduced by Bridgeman et al., [46] and Huang et al., [47], respectively. The
equation for determining density, mass and energy yields of briquettes are shown by Eq. (1)-(4). The
characterization of the untorrefied and torrefied briquettes was repeated twice.

Relaxed density (kg/m?3) = mass (kg) / volume (m3) (1)
Mass yield (%) = [(mass of torrefied briquette) / (mass of untorrefied briquette)] X 100 (2)

Density yield (%) = [(density of torrefied briquette) x 100
/ (density of untorrefied briquette)] (3)

Energy yield (%) = mass yield (%) x (heating value of torrefied biomass/heating value
of untorrefied biomass) x 100 (4)

2.5 Compressive Testing

In the present study, the compressive strength of the untorrefied and torrefied briquettes were
tested by using INSTRON 100 kN Universal Testing Machine. The produced briquette was put on the
centre of bottom plate of the compression machine. The top plate of the compression machine was
then moved downward with a speed of 0.05 mm/sec to compress the briquette. The test was
completed when the sudden drop of force (that representing the crack) was observed.

3. Results and Discussion
3.1 Effect of Torrefaction Temperature on Physical and Combustion Properties of Briquettes

Generally, temperature plays an important role in affecting physically and combustibility of
torrefied products. The reaction becomes more severe as the temperature is increased. For
investigation on the effect of temperature, the briquettes were torrefied under various torrefaction
temperatures (225, 250 and 275°C) at a constant flow rate of nitrogen (1000 mL/min).

3.1.1 Physical appearance of torrefied briquettes

Figure 2 shows the physical appearance of briquettes that contained mixture of PKS and starch
binder, torrefied under various torrefaction temperatures (225, 250 and 275°C) and at a constant
flow rate of nitrogen (1000 mL/min). Here, the image of the untorrefied briquette is also enclosed.
With an increase in torrefaction temperature, the physical condition of the torrefied briquettes was
found to be slowly degraded (mild crack surface). This is mainly due to more intense reaction of
torrefaction as the temperature is increased. Interestingly, the physical condition of the produced
briquettes was considerably improved and sustained even after intensively torrefied at severe
torrefaction condition if compared to the previously produced briquettes that suffered a mild and
severe deterioration at torrefaction temperatures of 250°C and 275°C, respectively [7]. These
findings revealed that the starch binder is hardened as it is thermally heated [17]. Meanwhile, the
colour of the torrefied briquettes changed from light brownish to darker as torrefaction temperature
is increased, indicating the increase of carbon content after torrefaction [26].

26



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 70, Issue 2 (2020) 21-36

Fig. 2. Physical appearance of (a) untorrefied briquette, (b) briquette torrefied at 225°C, (c) briquette
torrefied at 250°C and (d) briquette torrefied at 275°C

3.1.2 Physical properties of torrefied briquettes

Figure 3 shows compressive strength of the torrefied briquettes produced under various
torrefaction temperatures. It was found that the compressive strength decreases, ranging from
around 9.61+1.20 to around 3.41+0.01 MPa when the torrefaction temperature is increased from
225 to 275°C. This phenomenon is mainly due to the more intense reaction as torrefaction
temperature is increased, resulting in more severe physical degradation. This phenomenon is well
agreement with other studies on torrefied briquette [7,20,36]. Interestingly, in the present study, the
compressive strength of the produced torrefied briquettes regardless of torrefaction temperature
were higher if compared to the strength of the untorrefied briquette (2.59+0.07 MPa) and the
strength of the previously developed torrefied binderless PKS briquettes (0.8 to 2.5 MPa) [7], thus
revealing the importance of starch binder in producing highly durable briquette [17]. Meanwhile, the
densities of the torrefied briquettes (Figure 4) in the present study were found to be slightly lower if
compared to the untorrefied briquette, with the range of around 846 to 753 kg/m?3.

14

- Compressive strength of untorrefied briquette
- Compressive strength of torrefied briquette at 1000 mL/min
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Fig. 3. Compressive strength of briquettes torrefied under various
temperatures at nitrogen flow rate of 1000 mL/min
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Fig. 4. Density of briquettes torrefied under various temperatures
with fixed nitrogen flow rate of 1000 mL/min

3.1.3 Combustion properties of torrefied briquette

Figure 5 illustrates the density, mass and energy yields of briquettes torrefied under various
torrefaction temperatures. In the present study, the density, mass and energy yields of the torrefied
briquettes decrease from 92 to 73%, 84 to 59 % and 89 to 73%, respectively as the torrefaction
temperature is increased from 225 to 275°C. The decreasing trend of density, mass and energy yields
of the torrefied briquettes revealed that devolatilization becomes more rapid when the temperature
is increased [26,34].

100
- Density yield of torrefied briquette at 27000 mL/min
- Mass yield of torrefied briquette at 1000 mL/min
Il Energy yield of torrefied briquette at 1000 mL/min
80
) -
e\c; 60
n
o
2
> 40
20 + —
0

I ! I ! I
225 250 275
Temperature (°C)

Fig. 5. Yields of briquettes torrefied under various temperatures and fixed
nitrogen flow rate of 1000 mL/min
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The high heating values (HHV) of the briquettes torrefied under various torrefaction
temperatures are shown in Table 2. It could be observed that as the torrefaction temperature is
increased, the HHV of the torrefied briquettes increases from 17.88+0.01 to 22.16+0.23 MJ/kg, thus
implying an increase in carbon and fixed carbon contents. However, it was found that the HHV of the
briquettes torrefied at 225°C increases slightly, only about 6% if compared to the HHV of the
untorrefied briquette due to mild decomposition phase. Based on the results obtained, it can be said
that HHV of the torrefied briquettes produced are higher if compared to the HHV of the untorrefied
briquettes. However, if compared to the previously developed torrefied binderless PKS briquette, the
HHV of the torrefied briquettes in the present study was found to be slightly lower [7]. It was found
that the performance still fulfils the requirements stated by international benchmarks. As
comparison, at the same torrefaction temperature (i.e 275°C), HHV of the torrefied binderless PKS
briquette [7] was 24.12 MJ/kg while HHV of the torrefied PKS briquette with starch binder in the
present study was 22.16+0.23 MJ/kg. This phenomenon is supposed due to the high composition of
starch binder, thus causing the produced torrefied briquettes in the present study tend to be more
hygroscopic.

Table 2

Summary of fuel properties of untorrefied briquettes and briquettes torrefied under various

torrefaction temperatures and nitrogen flow rates

Analysis Conditions International
benchmark

Untorrefied 225° 250° 2752 275b 275°¢

Proximate

analysis

Moisture  10.75+0.00 8.01+0.00 6.73+0.24  6.88+0.78  6.54+0.24  6.59+0.39  <10%°
content

(%)

Volatile 75.81+0.00 74.04+0.00 68.42+0.42 57.67+0.76 59.62+0.86 62.42+0.09

matter

(db %)

Ash 3.79+0.00 4.92+0.00 4.89+0.15 6.53%1.11 6.94+0.75 7.26%0.02  <5%°
content

(db %)

Fixed 20.40+0.00 21.05+0.00 26.69+0.53 35.79+1.87 33.44+1.61 30.32+0.12

carbon

(db %)

High 17.88+0.01 18.96+0.33 20.07+0.38 22.16%0.23 21.82+0.58 20.85%0.26 >20%'
heating

value

(MJ/kg)

aBriquette torrefied with flow rate of 1000 mL/min

b Briquette torrefied with flow rate of 2000 mL/min

¢ Briquette torrefied with flow rate of 3000 mL/min

9EN ISO 18134-2:2015[41]

€ EN1SO 18122:2015 [43]

FEN 1SO18125: 2017 [48]

The results of proximate analysis for the untorrefied briquettes and briquettes torrefied at
various temperatures are shown in Table 2. In general, fixed carbon content of the torrefied
briquettes in the present study increases from 20.40£0.00 to 35.79+1.87 db% when the torrefaction
temperature isincreased. Meanwhile, it was found that the volatile matter of the torrefied briquettes
decreases from 74.04+0.00 to 57.67+0.76 db% when the torrefaction temperature is increased. On
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the other hand, the ash content of the torrefied briquettes produced under various torrefaction
temperatures was found to be higher (within the range of 4.89+0.15 to 6.53+1.11 db%) if compared
to the ash content of the untorrefied briquette (only 3.79+0.00 db%). However, it can be said that
the ash content of the torrefied briquettes in the present study is still competitive if compared to the
requirement stated by international benchmarks. The occurrence of this phenomena is due to the
lower torrefaction temperatures employed in the present study if compared to the temperature of
vaporization phase of alkali salts in ash [49,50]. In the present study, moisture content of the torrefied
briquettes was found to be within the range of 6.7310.24 to 8.01+0.00%. Generally, it can be said
that the moisture content of the briquettes is reduced when the torrefaction pretreatment is applied
due to the drying and vaporization processes. Overall, it was found that the moisture content of the
torrefied briquettes produced in the present study fulfils the requirement as stated by EN ISO 18134-
2:2015 (<10%) [41] while the ash content was found to be competitive if compared to the
requirement as stated by EN ISO 18122:2015 (<5%) [43].

3.2 Effect of Nitrogen Flow Rate on Physical and Combustion Properties of Briquettes

In the present study, the effect of nitrogen flow rate on the physical and combustion properties
of the briquettes was investigated at fixed torrefaction temperature of 275°C and nitrogen flow rates
of 1000 to 3000 mL/min.

3.2.1 Physical appearance of briquettes torrefied under various nitrogen flow rates

Figure 6 shows the physical appearance of the briquettes torrefied at 275°C under various
nitrogen flow rates. It was found that the colour of the briquettes torrefied at various nitrogen flow
rates becomes darker after being torrefied. However, the darkness level was found to become mild
once nitrogen flow rate is increased, thus revealing that the briquette may not fully carbonized. This
is mainly due to the increasing volume flow rate of nitrogen gas that in turn leading to more
unreactive atmosphere during torrefaction. This phenomenon is also observed by the previous
researchers who performed torrefaction of oil palm frond for various flow rates (50 to 150 mL/min)
[51]. Meanwhile, the briquettes torrefied at various flow rates (Figure 6) was considerably sturdy as
only mild crack could be observed on the surface of the torrefied briquettes, thus revealing the
hardening of binder takes place when the briquette is thermally heated [17].

b

Fig. 6. Physical appearance of briquettes torrefied under various flow rates
of nitrogen: (a) untorrefied briquette, (b) briquette torrefied at 2000
mL/min and (c) briquette torrefied at 3000 mL/min
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3.2.2 Physical properties of torrefied briquettes for various flow rates

The compressive strength of the torrefied briquettes produced under various flow rates is
illustrated in Figure 7. In the present study, it was found that the values of compressive strength of
the torrefied briquettes exceed 4.8 MPa. If compared to the compressive strength of the untorrefied
briquettes and briquettes torrefied at 275°C under flow rate of 1000 mL/min, the strength of the
briquettes after torrefaction under flow rate of 2000 mL/min was relatively higher. It can be said that
the strength of the torrrefied briquette slightly increases when the flow rate is increased, showing
that the briquettes somehow experience milder degradation due to more unreactive atmosphere.
Based on the results obtained, it was found that torrefaction improves the compressive strength of
the briquettes, in which the strength is enhanced by 30% to 80%. However, the trend of compressive
strength with respect to nitrogen flow rate (between 2000 and 3000 mL/min) is unclear, that is
supposed due to milder effect of nitrogen flow rate if compared to the effect of uncertainties
involved when the briquettes experiencing significant physical destruction at torrefaction
temperature of 275°C. Meanwhile, density of the briquettes (see Figure 8) ranged from 725.42 to
690.50 kg/m3 for torrefaction under various nitrogen flow rates, showing that briquettes are
intensively volatilized during torrefaction.

14
U/ J- Compressive strength of untorrefied briquette
124 |[_] Compressive strength of torrefied briquette at 275°C (1000mL/min)
_ E=3- compressive strength of torrefied briquette at 275°C (2000mL/min)
J [TTT1)- compressive strength of torrefied briquette at 275°C (3000mL/min)
\E/ 10+
=
2
s °]
»
g
= 6
7
o
o
E 44
o)
O
2 -
0 1

T T T T T T
Untorrefied 1000 2000 3000
Nitrogen flow rate (mL/min)

Fig. 7. Compressive strength of briquettes torrefied under various flow
rates of nitrogen and fixed temperature of 275°C
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Fig. 8. Density of briquettes torrefied under various flow rates of
nitrogen and fixed temperature of 275°C

3.2.3 Combustion properties of torrefied briquette for various nitrogen flow rates

The density, mass and energy yields of the produced briquettes torrefied under various flow rates
are illustrated in Figure 9. In the present study, it was found that the density yield of the torrefied
briquettes increases from 73 to 79% when the flow rate is increased from 1000 to 2000 mL/min, and
slightly decreases to 75% when nitrogen flow rate is further increased to 3000 mL/min. Meanwhile,
the mass yield of the torrefied briquettes increased from 60 to 64% with an increase in flow rate,
proving that an increase in flow rate leads to more unreactive atmosphere during torrefaction.
Meanwhile, energy yield of the torrefied briquettes was found to be within the range of 73 to 75%.
If comparison is performed between the briquettes torrefied at different nitrogen flow rate, it can be
said that there is almost no change in the energy yield but the mass yield and density yield change
slightly. Similar findings on the insignificant changes of yields under various nitrogen flow rates have
also been reported by several previous studies [35,52,53].

Table 2 shows the high heating value (HHV) of the untorrefied briquettes and briquettes torrefied
under various flow rates of nitrogen. It could be observed that the heating value of the torrefied
briquettes is higher if compared to the untorrefied briquettes. In the present study, the highest HHV
obtained was about 21.82+0.58 MJ/kg for the briquettes torrefied at nitrogen flow rate of 2000
mL/min. However, when the flow rate was further increased to 3000 mL/min, the HHV of the
torrefied briquettes slightly declined to 20.85 MJ/kg, thus proving that the environment for
torrefaction becomes less reactive as the flow rate is increased. This phenomenon has also been
reported in several studies [35,51]. Based on the proximate analysis of the torrefied briquettes, it
was found that the fixed carbon content of the torrefied briquettes slightly decreases from
33.44+1.61to 30.32+0.12 db% when the flow rate is increased from 2000 to 3000 mL/min.
Meanwhile, ash contents of the briquettes torrefied under flow rates of 2000 and 3000 mL/min were
6.9410.75 and 7.2610.02 db%, respectively, in which higher than that of the untorrefied briquettes,
briquettes torrefied under flow rate of 1000 mL/min and international benchmarks. On the other
hand, it was found that the volatile matter and moisture contents of the torrefied briquettes increase

32



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 70, Issue 2 (2020) 21-36

slightly from 59.62+0.86 to 62.42+0.09 db% and 6.54+0.24 to 6.59+0.39%, respectively with an
increase in flow rate.

100

] E= Density yield of torrefied briquette at 275°C
90 1 XN Mass yield of torrefied briquette at 275°C
] Il Energy yield of torrefied briquette at 275°C
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Fig. 9. Yields of briquettes torrefied under various flow rates of nitrogen and

fixed temperature of 275°C

4. Conclusions

Briquettes made of mixture of PKS and starch binder have been developed and an investigation
was performed to study the effect of torrefaction temperature and nitrogen flow rate on the physical
and combustion properties of the torrefied products. In terms of the effect of temperature, it can be
said that torrefaction temperature is a dominant factor for the changes in physical and combustion
properties. When temperature is increased, the compressive strength, density and density yield of
the torrefied briquettes decrease. In terms of combustion properties of the torrefied briquettes
produced under various temperatures, the mass and energy yields decrease while moisture content,
HHV, fixed carbon and ash content increase with increasing temperature.

For the case of briquettes torrefied under various flow rates of nitrogen, compressive strength,
density and density yield somehow fluctuate with an increase in flow rate of nitrogen. It was also
found that when flow rate of nitrogen is increased, the ash content, fixed carbon and HHV of the
produced briquettes decrease. However, mass and energy yields as well as moisture content and
volatile matter were found to increase with an increase in flow rate of nitrogen. Overall, in most
cases, due to the presence of starch binder, durable torrefied briquettes with competitive
combustion properties could be obtained.
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