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Recently, biofuels are intensively studied regarding the need of alternative renewable energy sources. Woody bio-
mass has been one of the raw materials which are used in various ways including biofuels. As for biofuels, woody 
biomass has yet to possess some disadvantages such as bulk dimension, low density, non-uniformity, and high 
moisture content. Pelletizing has been one of the ways to improve the quality of woody biomass to be a proper 
biofuel. However, wood pellets also still offer downside such as hygroscopicity. Torrefaction is one of the methods 
to upgrade pellets quality such as high calorific value, fixed carbon, and hydrophobicity. In this study, merbau wood 
waste pellets were dry torrefied at a temperature of 200°C and 250°C for 15 and 30 minutes. The data obtained 
showed that torrefaction applied on merbau wood waste pellets could produce high quality pellets.
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Introduction
Recently, there are many various types of technology 
developments regarding the renewable energy. For in-
stance, there are studies focusing on materials to sup-
port the continuity of renewable energy manufacture 
such as metamaterials for generating new enhanced 
materials (Kumar et al., 2022) and nanofluids utilized in 
distinct thermal applications on solar power generation 
(Goga et al., 2023). Furthermore, the source materials 
of renewable energy are also deeply studied. One of 

them is biofuel due to its promising potentials. Biofuel 
is plant biomass, and the refined products to be burned 
for energy exist in solid, liquid, and gaseous forms (Guo 
et al., 2014). Solid biofuels have existed in the form of 
wood chips, pellets, briqwuettes, etc. Liquid biofuels 
are developed in the form of biodiesel which can be 
derived from palm methyl ester (Procha et al., 2019), 
cotton seed oil (Chandel et al., 2016), coconut oil, castor 
oil, rice bran oil, etc. (Gupta et al., 2020), or in the form 
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of bioethanol. Furthermore gaseous biofuels have ex-
isted in the form of biogas, biomethane, etc. The advan-
tage of biofuel utilization is that emission from using 
biofuels is replaced by the carbon absorbed during the 
growth of the plant, hence, it is considered as a car-
bon neutral energy source (Mathews, 2008). Therefore, 
many researches were done in line with the develop-
ment of biofuels.

Woody biomass has been used for plenty of ways. People 
have always utilized it for their needs such as farming 
tools, material for building, weapons, and fuels, where-
as wood has been playing an important role on material 
construction and energy generation until the end of the 
19th century (Owoyemi et al., 2016). As for energy gen-
eration, direct combustion has long been, and still is, the 
most common way of utilizing biomass (including wood) 
(Omer, 2012). Despite being widely used, woody biomass 
offers some disadvantages. Low density, non-uniformi-
ty on shapes and sizes, and high moisture content have 
been some of the most serious problems on utilizing sol-
id biomass (such as woody biomass) for energy genera-
tion (Forero Núñez et al., 2012).

Densification could offer a solution for utilizing woody 
biomass. In comparison with untreated woody biomass, 
densified biomass, such as pellets, possesses lower 
moisture content, high bulk and energy density result-
ing in better longevity for storage, efficient energy, and 
advantages on transportation (Holm et al., 2006). De-
spite the flaws, pellets still possess disadvantages, for 
example, its high hygroscopicity which results in deg-
radation when wetted (Craven et al., 2015). In order to 
overcome those disadvantages, some treatment could 
be applied to upgrade wood pellet quality.

Torrefaction is a treatment for solid biofuels to achieve 
an upgrade to the quality. Torrefaction exists in 2 
types, dry torrefaction and wet torrefaction. Dry torre-
faction is a torrefaction done in a dry and non-oxidative 
(inert) atmosphere or at a temperature of 200–300°C, 
while wet torrefaction is done by soaking in a water 
and acid solution at a temperature of 180–260°C (Chen 
et al., 2021). By torrefaction, decreased volatile matter, 
increased calorific value and hydrophobicity of biofu-
els can be achieved (Kumar et al., 2016). Moreover, 
torrefaction increases calorific value, thus improving 
thermal efficiencies (Bergman and Kiel, 2005). A pre-
vious study (Wang et al., 2020) reported an increase of 
calorific value, fixed carbon content, and hydrophobici-

ty, but a decrease on the durability and tensile strength 
of several woody biomass pellets. Hence, torrefaction 
could be an alternative to increase the quality of wood 
pellets.

In this study, merbau wood wastes were used as a 
material for torrefied pellets. Merbau (Intsia bijuga) is 
a tree species originated from the Papua region, Indo-
nesia. It has been reported that as much as 788,000 
m3 of merbau wood was exported by Indonesia in 
2019–2021 (Betahita, 2020). Based on those numbers, 
it can be concluded that merbau wood has its own po-
tential, specifically its wastes generated by the wood 
industries. This study was done in the direction of en-
gaging advanced technology on producing high quality 
product, particularly high quality pellets from merbau 
wood wastes.

Methods
Resource materials
CV. Indo Jati Utama, a merbau wood industry located 
in Semarang city, Jawa Tengah Province, provided the 
sawdust waste of merbau (Intsia bijuga) wood.

Sample drying
Merbau wood sawdust waste was dried to a moisture 
content of ± 12%.

Pellets production
Prior to pelletizing, merbau wood sawdust was sieved 
to a size of 0.177–0.250 mm. The process of making 
pellets involved using a single pelletizer machine, spe-
cifically the Carver 2101 hydraulic press, with a pres-
sure setting of 150 kg/m2.

Torrefaction
Torrefaction was done using a Thermolyne furnace, 
with the temperature variation of 200°C and 250°C, and 
duration variation of 15 and 30 minutes.

Physical characterization of torrefied merbau 
wood pellets (TMWP)
The physical properties of the pellets were assessed by 
measuring their compressive strength using a Univer-
sal Testing Machine. The maximum force of compres-
sion applied before the pellets failed, with the same 
weight (N), was recorded as the compressive strength 
(COM), following the guidelines of ASTM D4179-01.
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Proximate characterization of TMWP
The proximate analysis of the sample involved measuring 
its moisture content (MC), volatile matter content (VMC), ash 
content (ASH), and fixed carbon content (FIX) in accordance 
with the ASTM D3172-89. Equations are presented below:

(1)

Where: MC – moisture content (%); w – air-dried mass 
(g); x – mass after dried at 105°C (g).

(2)

Where: VMC – volatile matter content (%); y – mass af-
ter heated in a furnace at 950°C (g).

(3)

Results and Discussion
TMWP yield and appearance
Table 1 shows that the yield of merbau wood pellet torre-
faction was obtained at 82.70–87.90%. The highest yield 
was produced by merbau wood pellet torrefaction at a 
temperature of 250°C for 15 minutes, and the lowest yield 
by torrefaction with a temperature of 250°C for 30 minutes.

Fig. 1. Merbau pellets without torrefaction (a); torrefied merbau pellets (b)

b

 

             

 

             

a

Where: ASH – ash content (%); y – mass after heated in 
a furnace at 750°C (g).

(4)

Where: FIX – fix carbon content

Calorific value characterization of TMWP
The calorific value (CAL) was determined by using an IKA 
C-200 bomb calorimeter based on ASTM-D5865-10a. 

Experimental design
In order to determine the impact of torrefaction on the 
quality of the pellets, an analysis of variance (ANOVA) 
was performed using the SPSS program (version 20 
IBM, New York USA), with significance differences set 
at 95%. Factors that were found to have a significant ef-
fect on pellet quality were subjected to a Tukey Honestly 
Significant Difference (HSD) analysis, which enabled the 
identification of genuine differences between the vari-
ous torrefaction variations.

It could be seen in Fig. 1 that slight deformation oc-
curred after torrefaction was implied to merbau wood 
pellets. Slight color and shape change of merbau wood 
pellets occurred. The color slightly changed to a darker 
brown, shape slightly bent, and little voids appeared.
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Torrefied merbau pellets mechanical properties
Larsson and Samuelsson (2017) indicated that com-
pressive strength has a strong correlation with pellets 
durability. Thus, it was possible to portray compressive 
strength as pellets durability. Table 1 shows that there 
is a decrease in the compressive strength of merbau 
wood pellets after torrefaction treatment. However, the 
decrease was not significant as proven by the ANOVA 
results which can be seen in Table 2, where all factors 
did not have a significant effect on the compressive 
strength of the pellets at any P value. A decrease in 
the mechanical properties of torrefied pellets can also 
be found in other studies such as Wang et al.’s (2020) 
where there was a decrease in tensile strength in torre-
faction of spruce stem wood, bark, and forest residues 
pellets as the temperature and duration of torrefaction 
increased. This occurs due to the fact that as the torre-
faction temperature increases, cellulose and lignin be-

gin to decompose and form micropores; therefore, the 
pellet density decreases and the mechanical strength 
decreases (Zhang et al., 2020). However, since the de-
crease in compressive strength of TMWP was statisti-
cally insignificant, the performed torrefaction resulted 
in merbau pellets with the compressive strength that 
was not much different from merbau pellets without 
torrefaction.

Torrefied merbau pellets proximate properties
Table 1 shows that merbau wood pellet torrefaction 
produced proximate properties of MC, VMC, ASH, and 
FIX ranging within 0.23%–1.68%, 74.72%–79.91%, 
1.80%–1.84%, and 16.93%–22.17%, respectively. The 
lowest value of moisture content was obtained in the 
torrefaction of merbau wood pellets with a tempera-
ture of 200°C with a duration of 30 minutes (0.23%), 
and the lowest volatile matter content was obtained in 

Table 1. The characteristics of different types of TMWP 

Parameters

Types of pellets

DIN EN 
15270

Non-torrefied 
merbau wood 

pellets*

Torrefied 
200°C/15 minutes

Torrefied 
200°C/30 minutes

Torrefied 
250°C/15 minutes

Torrefied 
250°C/30 minutes

Torrefaction Yield (%) - 87.56 ± 0.54 87.18 ± 0.87 87.90 ± 0.93 82.70 ± 1.08

COM (N) 598.06 ± 53.38* 254.52 ± 25.03 242.62 ± 24.16 237.89 ± 22.91 234.70 ± 12.86

MC (%) 10.70 ± 0.29* 1.51 ± 0.11 0.23 ± 0.00 0.77 ± 0.06 1.68 ± 0.13 < 10

VMC (%) 80.29 ± 0.25* 79.91 ± 0.52 78.68 ± 1.65 76.57 ± 1.10 74.72 ± 1.93

ASH (%) 1.82 ± 0.04* 1.80 ± 0.14 1.81 ± 0.14 1.84 ± 0.14 1.82 ± 0.14 < 0.5

FIX (%) 7.19 ± 0.48* 16.93 ± 0.43 19.29 ± 1.66 20.85 ± 1.67 22.17 ± 1.90

CAL (cal/g) 4761.8 ± 44.58* 4867.2 ± 33.46 4893.4 ± 7.96 4893.6 ± 108.94 5093.6 ± 135.30 > 4302

Note: The average of 5 pellets repetition ± the standard deviation;* data source Prasetyadi and Sutapa (2023)

Table 2. ANOVA analysis result of torrefied merbau wood pellets

Source of variation df COM MC VMC ASH FIX CAL

Torrefaction temperature (T) 1 ns * * ns * *

Torrefaction duration (D) 1 ns * * ns * **

TxD 1 ns * ns ns ns **

Error 20

Total 23
     
Note: df – degree of freedom; *P < 0.01; **P < 0.05; ns – nonsignificant
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the torrefaction with a temperature of 250°C with a du-
ration of 30 minutes (74.72%), the lowest ash content 
(1.80%) was obtained in the torrefaction of pellets with 
a temperature of 200°C with a duration of 15 minutes 
(16.93%–22.17%), and the highest bound carbon con-
tent was obtained in the torrefaction of pellets with a 
temperature of 250°C with a duration of 30 minutes 
(22.17%). The quality improvement obtained from the 
torrefaction treatment on the proximate properties of 
merbau wood pellets was apparent as the moisture 
content decreased by 98%, volatile matter content de-
creased by 7%, ash content decreased by 1%, and fixed 
carbon content increased by 208%.

The ANOVA test results in Table 2 show a significant ef-
fect by the interaction factor of torrefaction temperature 
and duration on the moisture content of merbau wood 
pellets. The difference between interactions can be 
seen in Fig. 2 where a significant decrease in moisture 
content can be seen in any torrefaction temperature or 
duration. A significant decrease can be found in the tor-
refaction at a temperature of 200°C from 15 minutes 
to 30 minutes. However, in comparison with the TMWP 
at a temperature of 200°C for 30 minutes, torrefaction 
at a temperature of 250°C for both 15 and 30 minutes 
showed a significant increase (Fig. 2).

The volatile matter content of merbau wood pellets 
decreased significantly from each factor of torrefaction 
temperature and duration (Table 2). The temperature 
factor showed that the significant decrease was ap-
parent at the temperature of 250°C, while the duration 
factor showed a significant decrease at a torrefaction 
duration of 30 minutes (Fig. 3). Thus, as for the volatile 
matter content of TMWP, it started decreasing signifi-
cantly when torrefied at a temperature of 250°C or tor-
refied for 30 minutes.

The ash content of merbau wood pellets did not change 
significantly after torrefaction as seen from the ANOVA 
test results (Table 2). Fixed carbon content increased 
significantly from each factor of the torrefaction tem-
perature and duration (Table 2). The temperature factor 
showed that torrefaction at 200°C increased significant-
ly, and a significant increase of fixed carbon content 
was also apparent after increasing the temperature 
at 250°C. Meanwhile, the duration factor fixed carbon 
content of TMWP significantly increased at 15 minutes 
torrefaction duration, and also increased after the tor-
refaction duration was extended to 30 minutes (Fig. 4).

Fig. 3. Effects of torrefaction temperature on pellets volatile 
matter content

Fig. 2. Effects of torrefaction on pellets moisture content
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*data source Prasetyadi and Sutapa (2023); different letters represent 
a significant difference, P < 0.01

*data source Prasetyadi and Sutapa (2023); different letters represent 
a significant difference, P < 0.01
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Similar results were also shown by Peng et al. (2013) 
where there was a decrease in the moisture content 
and volatile matter content, as well as an increase in 
fixed carbon content in pine sawdust pellets after tor-
refaction at 280°C with a duration of 52 minutes and at 
300°C with a duration of 15 minutes. The low moisture 
content of wood pellets after torrefaction gives the ad-
vantage of being resistant to storage for a longer pe-
riod when compared to regular pellets or wood chips 
(Nunes et al., 2014). Moreover, with the decrease in the 
volatile substance content of the pellets, the fixed car-
bon content increases, so the calorific value will also 
increase because fixed carbon has a role as the main 
fuel for biofuel (Sukarta et al., 2018).

Torrefied merbau pellets calorific value
Table 1 displays the calorific value range (4867.2–
5093.6 cal/g) of merbau wood pellets after torrefac-
tion. The highest calorific value was obtained in the 
torrefaction of pellets with a temperature of 250°C 
with a duration of 30 minutes. The increase obtained 
from the torrefaction treatment was 7% of the calo-
rific value of merbau wood pellets without torrefac-
tion treatment. Table 2 shows that the interaction of 
the two factors, namely torrefaction temperature and 
torefaction duration, had a significant effect on the 
calorific value of merbau wood pellets. The honestly 
significant difference between factor interactions can 
be seen in Fig. 5 where the increase in calorific value 
of merbau wood pellets experienced a significant in-
crease in torrefaction with a temperature of 250°C and 
a duration of 30 minutes. Torrefaction with a tempera-
ture of 200°C both for 15 and 30 minutes and for 250°C 
for 15 minutes did not show any significant increase 
on TMWP calorific value, shown by the same letter 
represented after the HSD test (Fig. 5).

The increase in calorific value is one of the main ob-
jectives of torrefaction. The result shows a similari-
ty with other studies. For example, the torrefaction of 
agro-pellets at a temperature of 210–250°C for 50 min-
utes increases the higher heating value from 4110 cal/g 
to 6880 cal/g and changes the lower heating value from 
3780 cal/g to 6520 cal/g (Park et al., 2020). Other re-
ports such as Garcia et al.’s (2018) also showed an in-
crease of 11.1% in its calorific value for torrefied pine 
pellets. An increase in heating value occurs because, 
in the torrefaction process, biomass loses more oxygen 
and hydrogen than carbon (Uslu et al., 2008).

Fig. 4. Effects of torrefaction duration on pellets fixed 
carbon content

*data source Prasetyadi and Sutapa (2023); different letters represent 
a significant difference, P < 0.01
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Fig. 5. Effects of torrefaction on pellets calorific value
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Conclusions
From this study, it could be concluded that after the tor-
refaction treatment on merbau wood pellets, appear-
ance and quality improvement were apparent. Torrefac-
tion yield was obtained within 82.70%–87.90%. Slight 
color change to a darker brown, slightly bent shape, 
and little voids were also apparent. TMWP compressive 
strength decreased, although insignificantly. Further-
more, moisture content and volatile matter content sig-
nificantly decreased as the temperature and duration of 
torrefaction increased. Ash content was not affected by 
the torrefaction treatment. Finally, fixed carbon content 
significantly increased as the temperature and dura-

tion of torrefaction increased, resulting in a significantly 
higher calorific value. Hence, this indicates that apply-
ing torrefaction on merbau wood waste pellets is a ful-
filled alternative method to produce high quality pellets.
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