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Abstract — Torrefaction is the promising process of pretreating biomass materials to increase the quality of their
energy, especially to upgrade the materials’ grindability so that it is suitable for a commercial pulverizer machine. In this
study, torrefaction of oak, bamboo, oil palm trunk, and rice husk was carried out under different torrefaction tempera-
tures (300 °C, 330 °C, and 350 °C) and different torrefaction residence times (30, 45, and 60 minutes). Complete char-
acterization of the torrefied biomass, including proximate analysis, calorific value, thermogravimetric analysis, mass
yield, energy yield, and grindability properties (Hardgrove Grindability Index) was carried out. Increasing the torrefac-
tion temperature and residence time significantly improved the calorific value, energy density (by reducing the product
mass), and grindability of the product. Furthermore, for commercial purposes, the torrefaction conditions that produced
the desired grindability properties of the torrefied product were 330 °C-30 minutes and 300 °C-45 minutes, and the latter
condition produced a higher energy yield for bamboo, oil palm trunk, and rice husk; however, torrefaction of oak did not

achieve the targeted grindability property values.
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1. Introduction

Interest in biomass fuel to generate energy has increased due to the
optimism for its use as a source for 30% of energy generation by
2050 [1]. The shift in behavior from conventional energy to renew-
able energy is based on the growth of people’s awareness about the
environment as fossil fuel contributes to a significant amount of CO,
emission. This has led to using biomass fuel as a substitute for fossil
fuel because biomass materials are considered to be carbon-neutral
since the CO, emitted from the combustion process is equal to the
CO, absorbed by the photosynthesis process of the plant [2]. Further-
more, using biomass as a source of energy not only enhances the
diversification of fuel generation, but it also reduces sulfur emissions
and heavy metal production because the amount of sulfur and heavy
metals in biomass is relatively low compared to coal [3].

Unfortunately, the limitation of biomass properties in comparison
to the properties of fossil-fuel-based energy, such as its high mois-
ture content, high bulk volume, hydrophilic nature, and low calorific
value, leads to the high cost of transportation, handling, and storage
of raw biomass [4]. Thus, a pretreatment process should be utilized
to enhance biomass properties before this type of fuel can be eco-
nomically feasible to use. Torrefaction is a biomass pretreatment
process that has gained much attention due to its ability to improve
the quality of biomass [5-7]. Furthermore, it is a promising process
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to overcome the high energy-intensive characteristic of biomass
grinding due to its fibrous structure [7-9].

Biomass torrefaction is the process of heating the biomass in the
range of 200~300 °C in an inert environment [5]. A torrefaction pro-
cess at a temperature over 300 °C may cause extensive devolatiliza-
tion since it initiates the pyrolysis process [10]. The higher energy
density of a torrefied product caused by the dehydration, dihydrox-
ylation, and decarboxylation process that occurs during the torre-
faction process decreases the oxygen/carbon (O/C) ratio and the
hydrogen/carbon (H/C) ratio of that product in comparison to the
raw biomass [5].

Biomass is pretreated to overcome its weaknesses; this step is very
important if the biomass will be used for co-firing and as part of the
co-gasification process. For instance, in the coal combustion process,
it is important to achieve the right particle size for the coal in order to
maintain the efficiency of the combustion process; otherwise the
amount of unburned carbon and the stability of the combustion will
be affected [11]. Existing machinery for the coal pulverizing pro-
cess is typically used for coal with a Hardgrove Grindability Index
(HGI) value as high as 50 [12]. For commercial purposes, it is nec-
essary to know the optimum condition of torrefaction to achieve
this HGI value.

In this paper, the torrefaction process of oak, bamboo, oil palm
trunk, and rice husk, was carried out under different torrefaction tem-
peratures (300 °C, 330 °C, and 350 °C) and residence times (30, 45,
and 60 minutes) in order to produce suitable torrefied biomass grind-
ability properties for a commercial grinding machine. Complete
characterization of the torrefied biomass, including proximate analysis,
grindability properties (HGI value), calorific value, thermogravimet-
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ric analysis (TGA), mass yield, and energy yield, was performed to
analyze the chemical and physical properties of the product.

2. Experimental

2-1. Material

Four types of biomass were used in this experiment: oak, bamboo,
oil palm trunk, and rice husk. All of the biomasses were used as received,
without any treatment. The initial moisture content for those bio-
masses was 29.18%, 18.31%, 69.21%, and 9.885%, respectively. The
ultimate analysis of the raw biomasses is shown in Table 1.

2-2. Experimental procedure

The torrefaction process of the biomasses was performed in a lab-
scale furnace. A total of 60 grams of biomass was placed in a 15.5
cmx15.5 cmx3.5 cm crucible. Nitrogen was introduced into the tube
at 1.5 LPM to create an inert atmosphere. The biomass was torrefied
in the range of 300~350 °C for 30 minutes until a time period of 60
minutes was reached. The mass loss of the torrefied biomass was
then calculated after the experiment. The schematic diagram of the
experiment is shown in Fig. 1.

2-3. Hardgrove grindability index (HGI) value
Determination of the HGI value of the torrefied biomass was
based on ASTM D409 and ISO5047 grindability testing methods.

Table 1. Ultimate analysis of the raw biomasses (Dry basis)
Sample C(wWt%) HWt%) NWt%) O Wt%) S (wt%)

The torrefied biomass was first ground with a grinder and then the
material underwent a sieving process to produce a 600~1180 pm
fraction of biomass. Next, 50 grams + 0.01 grams of the sample was
inserted evenly into the Hardgrove testing machine. After the sam-
ple was crushed for 60 rotations by the apparatus, it was then sieved
with a 75-pum sieve for 20 minutes. The two different fractions of
biomass were then weighed using a balance; and the process was
repeated if the mass loss was greater than 0.5 grams. The mass (m;)
was the fraction of biomass that was sieved through the 75-pm sieve
that can be calculated using Equation (1):

m, = 50—m, (D

where m; is the biomass mass that was collected from the 75-um
sieve. The HGI value can be determined using the calibration chart
that was produced using four standard types of coal with HGI values
of 41, 61, 80, and 98.

2-4. Calorific value and proximate analysis

Proximate analysis of the raw and torrefied biomasses was based
onthe ASTM D7582 testing method using a TGA 701 Thermogravi-
meter (LECO Co., Saint Joseph, M1, USA), while the calorific value
was determined using a Parr Calorimeter (Parr Co., Moline, IL, USA).

2-5. Mass and energy yields

The mass and energy yields were calculated using the mass and
calorific value of the biomass after torrefaction, and then those prop-
erties were compared to the raw biomass properties. These calcula-
tions are shown in Eq. (2) and Eq. (3), respectively:

OakRaw 51.25 6.55 0.70 40.76 0.05
BamRaw 52.80 6.28 0.40 39.42 0.05 . Mass of torrefied biomass (m
Mass Yield (m,) = : ™) 100% )
OPTRaw 42.82 5.90 0.71 46.13 0.00 Mass of raw biomass (mr)
RHRaw 43.73 541 0.63 37.64 0.09
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Fig. 1. Schematic diagram of the torrefaction process.
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m, x Calorific value of torrefied biomass (c;)

E Yield (e,) =
nergy Yield (e,) m, x Calorific value of raw biomass (c;)

x100% 3
2-6. Thermogravimetric (TG) analysis
The degradation of the raw and torrefied biomasses was analyzed
using TA SDT Q-600. A total of 10 mg of the sample was examined
in a flow of 100 mL/min pure nitrogen at a heat rate of 10 °C/min,
with the temperature ranging from 25 °C up to 600 °C.

2-7. Sample labels

In this study, the abbreviations for oak, bamboo, oil palm trunk,
and rice husk are Oak, Bam, OPT, and RH, respectively. The raw oak
is labelled as OakRaw, while the torrefied oak is labelled as Oak-
TXMY. The value of “X” indicates the temperature of torrefaction in
Celsius (°C), while the value of “Y” indicates the period of torrefac-
tion in minutes.

3. Results and Discussion

3-1. General characteristics of the torrefied biomass

Table 2 presents the proximate analysis and calorific value of the
raw and torrefied biomasses. The ash content of each torrefied biomass
increased as the torrefaction temperature and torrefaction period
increased. During the torrefaction process, ash remains in the torre-
fied biomass product while volatile matter escapes into the environ-
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ment. As the torrefaction temperature and torrefaction residence
time increased, the fixed carbon value increased while the value of
the volatile matter decreased gradually. Almeida ez a/. [13] and Yang
et al. [14] explained that the volatile matter content in a torrefied bio-
mass product decreased due to the thermochemical reaction of hemi-
cellulose in the temperature range of 200~300 °C. For the torrefied
Oak, Bam, and RH, the fixed carbon value observed at the higher
torrefaction temperature (350 °C) was higher than the fixed carbon
value of the torrefied biomass at a longer torrefaction residence time
(60 minutes). This demonstrates that the removal of the volatile mat-
ter was effective at the higher torrefaction temperature for those three
types of biomass, while, for the OPT, the torrefaction residence time
had a stronger effect on the torrefied product than the torrefaction
temperature for the removal of the volatile matter.

The calorific values for the raw and torrefied biomasses are also
shown in Table 2. The calorific value of the torrefied biomass is an
important property because it will be used to consider the type of
energy application required. Abnisa et al. [15] reported that the pre-
treatment of biomass can improve the high heating value of the bio-
mass, and the calorific value can be compared to the specific ranking
of coals. The calorific value of torrefied biomasses, including Oak,
Bam, OPT, and RH, increased with the higher torrefaction tempera-
ture and longer torrefaction residence time. The higher torrefaction
temperature (350 °C) of Oak, Bam, and RH produced a greater calo-
rific value than the longer torrefaction residence time (60 minutes).
These trends are similar due to the fixed carbon content of the torre-

Table 2. Proximate analysis and calorific value of the raw and torrefied biomasses

Proximate Analysis (wt%, dry basis)

Sample Ash Volatile Fixed Carbon Calorific Value (cal/g)
OakRaw 0.69 82.40 16.90 4055.31
0akT300M30 0.83 78.35 20.82 4741.50
0akT300M45 0.78 72.64 26.59 4939.00
0akT300M60 1.02 68.85 30.13 5106.50
0akT330M30 0.62 73.12 26.26 4923.00
0akT350M30 0.88 68.05 31.07 5195.50
BamRaw 1.05 78.24 20.71 3848.16
BamT300M30 1.28 70.98 27.74 5070.00
BamT300M45 1.44 64.88 33.67 5376.00
BamT300M60 1.53 60.25 38.22 5615.00
BamT330M30 1.41 64.45 34.13 5397.00
BamT350M30 1.72 57.19 41.09 5714.00
OPTRaw 3.53 78.51 17.67 1736.78
OPTT300M30 3.26 76.50 20.24 3908.50
OPTT300M45 3.58 74.47 21.95 4350.00
OPTT300M60 4.02 64.57 31.41 5049.00
OPTT330M30 3.99 75.33 20.68 4149.50
OPTT350M30 4.49 72.93 22.58 4320.00
RHRaw 12.52 67.35 20.14 3803.23
RHT300M30 14.65 62.04 23.31 4283.69
RHT300M45 17.27 52.19 30.55 4699.98
RHT300M60 18.46 48.18 33.36 4778.44
RHT330M30 17.38 51.78 30.85 4717.04
RHT350M30 19.59 45.94 34.48 4874.40
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fied biomass. The higher value of the fixed carbon at the higher tor-
refaction temperature had a significant impact on the calorific value
of the sample. Those results are identical to the findings reported by
Sulaiman and Anas [16]. Meanwhile, the opposite trend occurred for
the torrefied OPT; the longer torrefaction residence time (60 min-
utes) led to a higher calorific value than the value obtained at the
higher torrefaction temperature (350 °C). Increases in the calorific
value of the torrefied biomasses varied depending on differences in
the ash, moisture, volatile, and fixed carbon content of each of the
raw biomasses. With the extremely high moisture content, the calo-
rific value of the torrefied OPT (OPTT300M30) increased signifi-
cantly (130.58%) in comparison to its raw material, while for the
same torrefaction condition, the calorific value of the torrefied Oak,
Bam, and RH only increased 11.61%, 3175%, and 12.63%, respec-
tively.

3-2. Mass and energy yields

The substantial aim of torrefaction is to increase the energy den-
sity of biomass by reducing the biomass weight due to the removal of
water and volatile matter and the breaking of intermolecular bonds
between the polymers [17]. Fig. 2 (a, b) shows the mass yields for the
torrefied Oak, Bam, OPT, and RH. As seen, as the torrefaction tem-
perature and torrefaction residence time increased, the mass yield
decreased. The torrefaction product of Oak, Bam, OPT, and RH, at a
torrefaction temperature of 300 °C and a torrefaction residence time
of 30 minutes, resulted in a mass yield of 79.18%, 69.51%, 40.17%,
and 78.87%, for Oak, Bam, OPT, and RH, respectively. Thus, the
same torrefaction process condition produced different mass yields
for the torrefied products. Fig. 3 shows the thermogravimetric curves
for the raw Oak, Bam, OPT, and RH. The raw OPT had the highest
water content, and the largest decrease in the sample weight occurred
when the temperature ranged from 25 °C to 107 °C on the TGA. The
Bam and Oak with the RH sample was found to have the smallest
mass reduction because it had the lowest water content. This condi-
tion resulted in the torrefied OPT having the smallest mass yield
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Fig. 3. Thermogravimetric (TG) curves of the raw oak, bamboo, oil
palm trunk (OPT), and rice husk (RH).

compared to the other torrefied biomasses under the same torrefac-
tion condition. This phenomenon also explains the reduction in the
volatile matter in the torrefied biomass at the torrefaction tempera-
ture of 300 °C and the torrefaction residence time of 30 minutes
(Table 2). Due to its higher moisture content, the torrefied OPT had
the lowest decrease in the amount of volatile matter in comparison to
the other torrefied biomasses. In that biomass, the energy of the tor-
refaction process was used for moisture vaporization instead of vola-
tile evaporation.

The mass yield of the torrefaction product primarily depends on its
hemicellulose content, which decomposes at 200~300 °C, resulting
in different condensable and non-condensable products [10,18]. As
seen in Fig. 3, the mass yield of TGA of Oak, Bam, and RH was sim-
ilar at 300 °C (71.85%, 70.05%, and 72.95, respectively). Thus, as
the other two main components of biomass, cellulose and lignin,
degrade in the higher temperature range (this experiment employed a
higher torrefaction temperature than other studies), those two com-

ponents significantly affected the mass yield of the torrefaction prod-
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Fig. 2. (a) Mass yield of the torrefied biomasses for the 30-minute torrefaction residence time, (b) Mass yield of the torrefied biomasses at the

torrefaction temperature of 300 °C.
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uct. The degradation of cellulose, which produces anhydrous cellulose
and levoglucosan, occurs between 240~350 °C, while decomposition
of lignin occurs when the temperature ranges between 280~500 °C,
producing phenols [10]. The mass yield of raw Oak, Bam, OPT, and
RH from TGA at 350 °C were 45.82%, 38.71%, 9.791%, and 46.75%,
respectively. This mass reduction calculated by TGA corresponded
to the mass yield of the torrefied biomass, and this was similar to the
trend in which torrefied OPT had the lowest mass yield followed by
torrefied Bam; the mass yield of torrefied Oak and torrefied RH was
similar.

The effects of the torrefaction temperature on the mass yield of the
torrefied biomasses are shown in Fig. 2(a), while Fig. 2(b) shows
the influence of the torrefaction residence time on the mass yield
product. For all biomass types, the higher torrefaction temperature
resulted in greater mass reduction compared to the longer torrefac-
tion residence time. The mass yield of torrefied Oak, Bam, OPT,
and RH at 350 °C and 30 minutes of torrefaction was 62.8%,
42.27%, 19.57%, and 60.98%, respectively; the mass yield at the
longest torrefaction residence time (60 minutes at 300 °C) was only
65.03%, 48.43%, 23.30%, and 63.37%, respectively. As Bridge-
man et al. [18] noted, the torrefaction temperature had a larger
effect on the torrefied mass yield, followed by the reaction time and
the particle size of the biomass.

The effect of the torrefaction temperature and torrefaction resi-
dence time on the energy yield of torrefied biomass is shown in Fig.
4. As determined by Eq. (3), the energy yield is the function of the
mass yield and the calorific value of the torrefied biomass. Due to the
decreasing mass yield at the higher torrefaction temperatures and for
the longer torrefaction residence time, the energy yield of the torre-
fied biomasses followed that trend. For the longer torrefaction resi-
dence time (60 minutes at 300 °C), the energy yield of the torrefied
Bam, OPT, and RH was higher than the same biomass at a higher tor-
refaction temperature and a lower torrefaction residence time (350
°C, 30 minutes). However, the torrefied Oak showed the opposite

trend.
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3-3. Grindability properties of the torrefied biomasses

It is very important to understand the grindability properties of the
torrefied biomasses especially when considering them for commer-
cial applications. The HGI test is most commonly used to estimate
the energy usage, capacity, and performance of the mill and the parti-
cle distribution after the milling process [19].

Fig. 5(a) presents the effect of torrefaction temperature on the HGI
value of the torrefied biomasses for the same torrefaction residence
time (30 minutes), while Fig. 5(b) shows the HGI value for different
torrefaction residence time at the same torrefaction temperature (300
°C). Increases in the torrefaction temperature and torrefaction resi-
dence time led to improvements in the HGI value for all of the bio-
masses. For the torrefaction of Oak, increasing the torrefaction
temperature to 350 °C upgraded the HGI value to 109% in compari-
son to OakT300M30. As shown in Fig. 5(b), increasing the torrefac-
tion residence time to 60 minutes for the torrefied Oak only led to a
77% improvement in the HGI value in comparison to OakT300M30.

The HGI analysis of the torrefied Bam shows that the grindability
trend for this biomass was similar to the grindability of the torrefied
Oak. Although a comparison of the effect of the torrefaction tem-
perature and torrefaction residence time of the bamboo torrefaction
was slightly visible from the graph, the torrefaction temperature had
a greater effect on the improvement of the biomass’ grindability than
the torrefaction residence time. The HGI values for BamT350T30
and BamT300M60 increased to 94.87% and 79.49%, respectively, in
comparison to BamT300M30. The trend of the torrefied RH grind-
ability properties was similar to the trends for the two previous torre-
fied biomasses. In comparison to RHT300M30, the HGI values of
RHT300M60 and RHT350M30 were 154% and 177%, respec-
tively. Chen et al. [19] explained the improvement in the grindability
of the torrefied biomass by noting that, during the torrefaction pro-
cess, the tight fiber structure is weakened, which results in the torrefied
biomass becoming more fragile and brittle. Furthermore, Bridge-
man et al. [20] showed that temperature was the most important
parameter in terms of grindability of a torrefied biomass, although
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Fig. 4. (a) Energy yield of the torrefied biomasses for the 30-minute torrefaction residence time, (b) Energy yield of the torrefied biomasses at

the torrefaction temperature of 300 °C.
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Fig. 5. (a) HGI value of the torrefied biomasses for the 30-minute torrefaction residence time, (b) HGI value of the torrefied biomasses at the

torrefaction temperature of 300 °C.

residence time still had a significant effect on it.

The HGI analysis of torrefied OPT showed a different trend. Increas-
ing the torrefaction temperature to 350 °C increased the HGI value to
75% in comparison to the torrefied OPT at 300 °C with the torrefac-
tion residence time of 30 min. However, increasing the torrefaction
residence time of OPT to 60 minutes strongly escalated the HGI
value to 340% in comparison to OPTT300M30. Standberg ez al. [21]
explained that the increase in the torrefied biomass brittleness caused
by the degradation of the hemicellulose content of the biomass is due

to its biological role of strengthening the cell wall. Table 3 shows the
percentage of mass loss of the raw and torrefied biomasses, based on
the range of temperatures during TGA. From that table, the mass loss
percentage of OPTT300M60 (11.75%) was smaller than the mass loss
of OPTT350M30 (22.14%) at the temperature range of 200~300 °C.
Thus, the hemicellulose content of OPTT300M60 was almost half
that of OPTT350M30, thereby making it more brittle. Table 3 explicitly
explains the phenomenon in which the HGI value of the torrefied
biomasses increased as the torrefaction temperature and torrefaction

Table 3. Mass loss percentages of the raw and torrefied biomasses based on the temperature range during thermogravimetric analysis (TGA)

Sample Temperature Range (*C) Residual Mass
151-200 201-250 251-300 301-350 351-400 401-450

OakRaw 0.56 3.10 17.51 2936 15.05 3.32 31.10
0akT300M30 0.25 1.40 9.14 3433 18.00 3.64 33.24
0akT300M45 0.27 0.71 3.44 31.68 17.17 4.83 41.89
0akT300M60 0.24 0.57 2.68 29.72 14.23 5.45 47.11
0akT330M30 0.28 0.81 4.03 31.25 17.18 4.71 41.74
0akT350M30 0.28 0.62 291 28.39 13.35 5.42 49.02

BamRaw 0.37 4.05 18.42 34.55 5.28 3.34 33.99
BamT300M30 0.35 2.65 12.79 37.08 6.14 3.45 37.53
BamT300M45 0.31 1.20 7.33 28.76 6.91 4.61 50.88
BamT300M60 0.32 0.84 437 21.03 7.99 5.47 59.98
BamT330M30 0.31 1.09 6.37 29.68 7.05 4.54 50.96
BamT350M30 0.35 0.89 433 18.10 7.26 5.44 63.63

OPTRaw 0.50 6.61 25.19 25.28 3.91 2.79 35.70
OPTT300M30 0.51 5.98 24.11 25.07 4.07 2.74 37.50
OPTT300M45 0.60 4.09 19.28 2591 5.44 4.11 40.55
OPTT300M60 0.54 2.15 10.06 18.51 6.92 4.99 56.84
OPTT330M30 0.66 4.54 19.90 25.21 4.89 3.26 41.54
OPTT350M30 0.47 4.39 19.14 25.12 5.07 3.39 42.42

RHRaw 0.80 4.04 17.93 27.38 5.16 3.68 41.01
RHT300M30 0.28 1.25 8.39 30.73 5.92 3.79 49.64
RHT300M45 0.24 0.71 434 21.57 6.89 4.76 61.49
RHT300M60 0.26 0.64 323 14.66 7.11 5.36 68.75
RHT330M30 0.24 0.78 4.64 20.56 7.02 4.98 61.78
RHT350M30 0.30 0.60 245 10.32 6.88 5.84 73.62
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residence time increased. The reduction of the hemicellulose con-
tent, as represented by the mass loss percentage in the temperature
range of 200~300 °C, produced more brittle materials as the torrefac-
tion temperature and torrefaction period increased.

Regarding the industrial need to determine a proper HGI value for
a commercial grinding machine, for all the torrefaction conditions,
torrefied Oak was the only biomass that could not fulfill the target
value; its HGI value was below 50. For the other three torrefied bio-
masses (Bam, OPT, and RH), in order to achieve the HGI target value,
the optimum torrefaction process conditions were 300 °C-45 min-
utes and 330 °C-30 minutes. These two conditions produced an HGI
value greater than 50; however, increasing the torrefaction tempera-
ture and the torrefaction residence time beyond those two conditions
resulted in the HGI value exceeding the required value, which means
that more energy is required. As shown in Figure 4, the energy yield
of the torrefaction process with a temperature of 300 °C and a torre-
faction residence time of 45 minutes was greater than the energy
yield at the torrefaction process with a temperature of 330 °C and tor-
refaction residence time of 30 minutes for the three torrefied bio-
masses (Bam, OPT, and RH); thus, the torrefaction process was
more favorable for the first condition, 300 °C-45 minutes.

4. Conclusions

Increasing the torrefaction temperature and torrefaction residence
time led to an increase in the grindability property of the torrefied
biomasses. The torrefaction temperature had a more significant impact
on this value than the torrefaction residence time for all the torrefied
biomasses except torrefied OPT. Torrefied oak was the only torre-
fied biomass that could not achieve the minimum HGI value for
commercial purposes. The optimum condition to produce a suitable
HGI value for a torrefied biomass (Bam, OPT, and RH) was the tor-
refaction temperature of 300 °C and the torrefaction residence time
of 45 minutes. This condition resulted in a higher energy yield com-
pared to the torrefaction process with a temperature of 330 °C and a
torrefaction residence time of 30 minutes, although that torrefaction
condition produced similar grindability results for all of the torrefied
products.
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