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INTRODUCTION

Agro-industrial waste is one of the renewable 
resources suitable for biofuel production by us-
ing biochemical and thermochemical conversion 
processes, e.g., fermentation, saccharification, 
anaerobic digestion, carbonization, pyrolysis, and 
gasification. Compared to biochemical technol-
ogy, the thermochemical conversion process is a 
remarkable and the most important pathway for 
biofuel production. The thermochemical process 
has numerous advantages, including a small foot-
print, efficient nutrient recovery, a short reaction 
time, as well as the ability to handle a wide range 
of wastes and blends [Chen et al., 2021]. Among 
thermochemical technology, torrefaction is an 
intriguing pretreatment process for converting 
biomass into energy-dense solid fuel, called torre-
fied biomass, which is a potential candidate as an 

alternative fuel to coal. In theory, the term “torre-
faction” refers to the thermal treatment of biomass 
in an inert atmosphere at 200–300 °C and atmo-
spheric pressure. With the elimination of moisture 
and certain volatile components containing most 
of the oxygen in the biomass structure, the calo-
rific value of the remaining material is enhanced. 
Torrefied biomass demonstrates a number of ben-
efits, including low moisture content, high energy 
density, good hydrophobicity, enhanced grind-
ability, lower storage and transportation costs, and 
others [Niu et al., 2019]. Furthermore, compared 
to coal, the burning of torrefied biomass report-
edly releases less harmful metals, nitrogen oxides 
(NOx), sulfur oxides (Sox), and greenhouse gases 
like carbon dioxide (CO2) [Ren et al., 2017; Rokni 
et al., 2018; Yanik et al., 2018].

Specifically, Thailand is one of the top five 
countries exporting sugar and palm oil, and 
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consequently, the volumes of agro-industrial 
waste, i.e., sugarcane bagasse (SBG) and palm 
kernel shell (PKS) produced are enormous. In 
practice, most SBG and PKS have been used 
directly without any pretreatment as solid fu-
els for heat and process steam production. Tor-
refaction, however, could be taken into account 
for SBG and PKS upgrading because of the het-
erogeneous characteristics, low calorific value, 
and high moisture content of such-as-received 
agro-industrial wastes. To date, many research-
ers studied torrefaction of agricultural and agro-
industrial waste continually in a variety of areas. 
Although various notable studies have been re-
ported on lignocellulosic biomass waste torrefac-
tions, the variances in the qualities and character-
istics of torrefied biomass products are primarily 
influenced by the plant species, the characteris-
tics of raw biomass residues, which vary with 
geographic location, and the operational param-
eters employed for torrefaction. For instance, the 
higher heating value of raw SBG in Pakistan is 
reported as 16.53 MJ/kg [Kanwal et al., 2019] 
while 18.31 MJ/kg for SBG in Taiwan [Du et 
al., 2014], implied that the optimal condition for 
SBG torrefaction pretreatment of each SBG sam-
ple would be different.

Considering the importance of biomass waste 
utilization, this research aimed to examine the up-
grading of the two abundant Thai agro-industrial 
wastes, i.e., SBG and PKS, via the torrefaction 
process. The most appropriate operating condi-
tions, including the torrefaction temperature and 
residence time, which achieved the highest en-
ergy efficiency, would be suggested. The experi-
mental findings mentioned in this paper would be 
helpful information for the torrefaction process of 
SBG and PKS could be employed as a solid fuel 
for industrial and thermal applications.

MATERIALS AND METHOD

Sample preparation and characterization

The SBG and PKS samples used in this in-
vestigation were obtained from the local indus-
tries nearby Rayong province, Thailand. The 
biomass samples were first thoroughly cleaned 
with water, then divided into small pieces and 
dried in the sun for 3 to 5 days. Finally, the sam-
ples were ground in a grinding device that can 
be sieved to an average size of 0.5 and 1 mm for 

further characterization and torrefaction experi-
ments, respectively.

The raw materials and torrefied samples 
were subjected to proximate analysis, which 
included measuring the moisture (MC), volatile 
matter (VM), fixed carbon (FC), and ash (A) 
contents using a thermogravimetric approach 
(TA instrument Q50 analyzer) that was adopted 
from the literature [Mayoral et al., 2001]. In 
brief, the thermogravimetric proximate experi-
ment constitutes three different steps: (i) The 
drying step in an inert atmosphere in which the 
moisture content is considered as the losing 
weight when the material is heated at 50 °C/min 
till 110 °C and the temperature is maintained for 
10 minutes. (ii) The devolatilization step in an 
inert atmosphere in which the sample is subse-
quently heated to 800 °C at a rate of 50 °C/min 
and maintained isothermally at this tempera-
ture for 8 minutes. The volatile matter content 
is responsible for the weight loss at this inter-
val. (iii) The combustion step started with the 
automatic switch of inert gas into the air and 
the temperature is kept constant for 5 minutes 
to allow complete combustion. The fixed car-
bon content of the sample is responsible for the 
mass loss from combustion. Lastly, the residual 
weight remaining corresponds to the ash con-
tent. For proximate analysis of the biomass and 
torrefied samples used in this investigation, a 
typical TG profile is depicted in Figure 1. To 
determine the calorific value, the oxygen bomb 
calorimeter (Parr 1341) data was used to calcu-
late the higher heating value (HHV). To ensure 
accuracy and reliability, proximate analysis 
and calorific value assessments of raw materi-
als and torrefied biomass were carried out at 
least twice. In addition, A Perkin-Elmer FTIR 
spectrometer was used to examine the chemical 
structural features found in the raw and torrefied 
biomass samples.

Torrefaction procedure

The schematic diagram for the torrefaction 
experiment, which was conducted in a quart tube 
fixed bed reactor with a 26 mm ID and 600 mm 
length, is shown in Figure 2. Briefly, a quartz tube 
with quartz wool plugs on each of its ends was 
used to hold the 5 g, 1 mm biomass sample in the 
center. A 100 ml/min flow rate of nitrogen was 
utilized as the carrier gas. The volatile product 
was condensed by a series of the condenser to 
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collect the amount of liquid product. SBGXY and 
PKSXY, which stand for SBG and PKS samples, 
respectively, and designate different operating 
conditions, were created. X stands for the torre-
faction temperature (225, 250, 275, and 300 °C), 
while Y stands for the residence duration (30, 60, 
and 90 min). For experimental results with a 95% 
confidence level, each operating condition was 
replicated three times.

The following formulas were used to deter-
mine the yields of the torrefied products, includ-
ing the yields of liquid, non-condensable gas, and 
solids (also known as mass yields, or MY):
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Figure 1. Thermogravimetric proximate analysis for biomass sample

Figure 2. Schematic diagram of torrefaction experiment
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RESULTS AND DISCUSSION

Physical properties of biomass

Table 1 displays the basic characteristic data 
of the biomass samples. After sun-dried condi-
tions or air-dried basis, the biomass samples 
reveal the moisture contents are in the range of 
7.46–7.62 wt.%. Both SBG and PKS are domi-
nated by volatile matter (87.95 and 75.25 wt.%). 
It should be noted that SBG shows lower con-
tents in fixed carbon compared to PKS, further 
altered to calorific value. On the other hand, 
PKS exhibits higher ash content than SBG, be-
cause PKS contained many oxides such as SiO2, 
CaO, MgO, K2O, Al2O3, and Fe2O3 [Ikubanni et 
al., 2020]. Nevertheless, it can be noticed that the 
ash content of PKS in this study (3.61 wt.%) is 
considerably lower than that reported elsewhere 
(4.38–8.86 wt.%) [Ikubanni et al., 2020; Inayat 
et al., 2020], suggesting that this PKS is better 
suited to use as a solid fuel for thermal utiliza-
tion, because of its high values for fixed carbon 
and low values for ash contents. According to 
the information from an oxygen bomb calorim-
eter, SBG and PKS have higher heating values of 
15.83 and 18.15 MJ/kg, respectively, which are 
about within the typical range of HHV for lig-
nocellulosic biomass (i.e., 16.24–20.30 MJ/kg)  
[Dai et al., 2019].

Product distribution from 
biomass torrefaction

The experimental data obtained from SBG 
and PKS torrefaction processes can be shown in 
Table 2 and the product distribution results, in-
cluding non-condensable gas yield, liquid yield, 
and solid yield, are shown in Figures 3 and 4. It is 
evident that the non-condensable gas product and 
the liquid product tend to increase along with the 
torrefaction severity, i.e., at higher temperatures 
and longer holding periods, while the solid prod-
uct, which is the main torrefaction process out-
put, tends to decline. For SBG torrefaction, the 
non-condensable gas yield, liquid yield, and solid 

yield are in the range of 2.76–8.51, 19.66–51.52, 
and 42.49–77.58 wt.%, respectively. By perform-
ing torrefaction on PKS, it yields the gas product, 
liquid product, and solid product in the ranges of 
1.55–12.34, 14.29–34.91, and 52.75–84.16 wt.%, 
respectively. Nevertheless, it should be noticed 
that the yield of gaseous product of SBG torrefac-
tion at the temperature of 250 °C is higher than 
that of 275 and 300 °C, while this phenomenon 
is not observed in the case of PKS torrefaction, 
i.e., the amount of gaseous and liquid products 
increases along with torrefaction severity. This 
might be explained by the difference in the ligno-
cellulosic composition (hemicellulose, cellulose, 
and lignin) of SBG and PKS. Theoretically, hemi-
cellulose is easily thermally degraded owing to its 
amorphous structure and low degree of branched-
chain polymerization; compared to hemicellu-
lose, cellulose has a higher degree of polymeriza-
tion and is a long-chain crystalline polymer that 
has higher heat stability; and lignin is a complex, 
highly cross-linked, three-dimensional aromatic 
polymer, resulting in the highest thermal stabil-
ity [Basu, 2013]. According to Yang et al. (2007), 
lignin decomposes throughout a wide tempera-
ture range, from ambient to 900 °C, while hemi-
cellulose and cellulose mostly do so between 220 
and 315 °C as well as 315 and 400 °C, respective-
ly [Yang et al., 2007]. Therefore, SBG contained 
hemicellulose (26.30–29.92 wt.%) and cellulose 
(28.25–45.45 wt.%) as the main constituent [Chen 
et al., 2012; Granados et al., 2017; Kanwal et al., 
2019], and high volatile matter content (87.95 
wt.%) releases the volatile compounds abundant-
ly, resulting in a high amount of liquid product 
suppressed the non-condensable gas portion at 
the torrefaction temperature of 275 and 300 °C. 
It was reported that as a result of secondary reac-
tions and the breakdown of condensable volatiles 
into organic compounds with low molecular mol-
ecules, the product yields from the torrefaction of 
wheat-barley straw undergo non-linear variations 
[Jagodzińska et al., 2019]. In comparison to SBG, 
PKS has less hemicellulose and cellulose and has 
a higher lignin concentration (46.21–50.70 wt%) 
[Sabil et al., 2013; Sukiran et al., 2017; Xu et al., 

Table 1. Characteristics of sugarcane bagasse and palm kernel shell

Sample
Proximate analysis (wt.%) Calorific value

(MJ/kg)MC VM FC A

Sugarcane bagasse 7.46 87.95 3.10 1.49 15.83

Palm kernel shell 7.62 75.25 13.52 3.61 18.15
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2021], some volatile compounds released during 
the torrefaction can be cracked into small gaseous 
molecules. In addition, because PKS has a high 
lignin concentration, it should be underlined that 
the solid product of PKS torrefaction is higher than 
that of SBG torrefaction. Although this work has 
not identified the non-condensable gas and liquid 
product compositions obtained from biomass tor-
refaction, it could be generally accepted that car-
bon monoxide, carbon dioxide, and trace amounts 
of methane make up the majority of the gaseous 
component of such a product [Manouchehrinejad 
and Mani, 2018; Niu et al., 2019], whereas water, 
acids, phenols, ketones, furans, esters, and alde-
hydes comprise the majority of the liquid compo-
nent [Chen, 2015; Jagodzińska et al., 2019].

Ordinarily, the two most crucial parameters 
are mass yield and caloric content of the produced 
solid product, which can provide the energy yield 
for evaluating the techno-economic benefits of 
biomass pretreatment via the torrefaction process. 
Figures 5–8 present the effect of the operating 

Table 2. Products obtained from sugarcane bagasse and palm kernel shell torrefaction
Sample code Gas yield (wt.%) Liquid yield (wt.%) Solid yield (wt.%) Higher heating value (MJ/kg)

Sugarcane bagasse torrefaction

SBG22530 2.76 19.66 77.58 18.29

SBG22560 3.30 23.14 73.56 18.57

SBG22590 3.82 24.50 71.68 19.05

SBG25030 5.93 27.17 66.90 18.99

SBG25060 6.14 27.33 66.53 19.37

SBG25090 8.51 28.63 62.86 19.95

SBG27530 3.37 41.46 55.17 20.64

SBG27560 3.78 44.37 51.85 21.54

SBG27590 4.79 44.87 50.34 23.25

SBG30030 4.13 49.86 46.01 21.46

SBG30060 5.55 51.18 43.27 22.10

SBG30090 5.59 51.52 42.89 24.30

Palm kernel shell torrefaction

PKS22530 1.55 14.29 84.16 19.88

PKS22560 2.04 15.65 82.31 20.63

PKS22590 2.43 16.82 80.75 20.84

PKS25030 4.29 21.07 74.64 20.83

PKS25060 5.96 21.47 72.57 21.09

PKS25090 5.96 21.76 72.28 21.33

PKS27530 8.48 28.39 63.13 21.66

PKS27560 8.60 29.88 61.52 22.43

PKS27590 8.79 30.71 60.50 23.22

PKS30030 11.95 33.77 54.28 23.36

PKS30060 12.16 34.00 53.84 23.40

PKS30090 12.34 34.91 52.75 23.65

Figure 3. Product distribution of 
sugarcane bagasse torrefaction

conditions, i.e., torrefaction temperature (225, 250, 
275, and 300 °C) and residence time (30, 60, and 
90 minutes), on mass yield and the higher heating 
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value of torrefied agro-industrial wastes. Overall, 
the mass yield of the torrefied biomass product 
decreases while its calorific value increases as the 
torrefaction temperature is raised and the holding 
period is prolonged. With increasing temperature 
and residence time, mass yields decreased steadily, 
ranging from 77.58 wt.% to 42.89 wt.% for SBG 
torrefaction and from 84.16 wt.% to 52.75 wt.% for 
PKS torrefaction. Nonetheless, it can be clearly ob-
served that (Figures 5 and 6) the torrefaction tem-
perature significantly impacts the mass yield over a 
given holding period. The mass yield decreases be-
tween 28.00 and 31.57 wt.% at a specified holding 
time when the temperature is raised from 225 °C to 
300 °C, although the influence of holding time at 
a specific torrefaction temperature only affects the 

mass yield dropping by 1.53–5.90 wt.%. Further-
more, torrefaction temperature is also the dominant 
factor at the calorific value point, in which higher 
heating values improve with increasing torrefac-
tion severity, ranging from 0.29 MJ/kg to 2.84 MJ/
kg (Figures 7 and 8). In a study examining the im-
pact of residence time and temperature on the tor-
refaction of spruce wood, Strandberg et al. (2015) 
discovered that temperature had a 1.3 to 1.9 times 
greater impact than residence time and was there-
fore the most important factor [Strandberg et al., 
2015]. Regarding the heating value requirement 
stated in the solid biofuel specification, i.e., ISO/TS 
17225-8 with the value of 21 MJ/kg, it should be 
noted that optimal torrefaction temperatures of 275 
°C seem suitable for SBG, whereas only 250 °C  
show adequate for PKS pretreatments.

Figure 4. Product distribution of 
palm kernel shell torrefaction

Figure 5. Effect of torrefaction temperature and residence 
time on sugarcane bagasse torrefaction mass yield

Figure 6. Effect of torrefaction temperature and residence 
time on palm kernel shell torrefaction mass yield

Figure 7. Effect of torrefaction temperature and residence 
time on sugarcane bagasse torrefaction calorific value
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Additional torrefied solid 
product characteristics

The torrefied solid products, the main product 
considered in the torrefaction process, are further 
focused on fuel characterization. Figures 9 and 10 
display the findings of the proximate analysis of 
the raw and torrefied biomass, respectively. It can 
be inferred that after torrefaction pretreatment, the 
moisture contents of torrefied SBG and torrefied 
PKS, which are in the range of 2.43–4.24 wt.%, 
do not manifestly any change. Overall, the vola-
tile matter, fixed carbon, and ash levels are sig-
nificantly impacted by an increase in torrefaction 
severity. Similar occurrences have been reported 
for forestry biomass residue (Dyjakon and No-
szczyk, 2020), empty fruit bunches (Faizal et al., 
2016; Sukiran et al., 2020), food processing waste 
(Dyjakon et al., 2019), and rice husk (Aslam et 
al., 2019). The volatile matter of torrefied prod-
ucts decreases as the torrefaction temperature and 
holding time increase, whereas the fixed carbon 
and ash contents tend to be higher. Furthermore, 
the influence of torrefaction temperature on the 
volatile matter, fixed carbon, and ash contents is 
larger than that of residence time. In the case of 
SBG torrefaction, however, the influence of hold-
ing time on volatile matter and fixed carbon val-
ues is evident when the pretreating temperature 
is 300 °C, implying that the longer time offers 
the devolatilization and carbonization of holo-
cellulose processes under these conditions. For 
PKS, the reduction in volatile matter content and 
elevation in fixed carbon and ash levels appear 
to correspond linearly with torrefaction severity, 

with an R2 of 0.95–0.96. Another measure used 
to estimate the combustibility of solid fuels, par-
ticularly coal combustion, is the fuel ratio (FR), 
which is the ratio of FC to VM [Manatura, 2020]. 
The FR values of torrefied SBG (0.04–0.14) and 
torrefied PKS (0.28–0.67) in this investigation 
appear to increase exponentially with torrefaction 
temperature and residence time.

The FTIR technique has been used to study 
different kinds of raw and torrefied biomass, as 
well as lignocellulosic municipal solid waste, be-
cause the presence of hemicellulose, cellulose, 
and lignin may be recognized by the identifica-
tion of their functional groups [Ma et al., 2019; Li 

Figure 8. Effect of torrefaction temperature and residence 
time on palm kernel shell torrefaction calorific value

Figure 9. Proximate analysis of untreated 
and torrefied sugarcane bagasse

Figure 10. Proximate analysis of untreated 
and torrefied palm kernel shell
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et al., 2020; Putra et al., 2021]. The FTIR spectra 
of untreated and torrefied biomass produced by 
torrefaction pretreatment at different operating 
temperatures and constant residence time, i.e., 90 
minutes, are shown in Figures 11 and 12. Alto-
gether, the FTIR analysis results demonstrate that 
the intensities of the distinctive peaks of materi-
als  are decreased after torrefaction pretreatment 
as a result of the thermal degradation behavior of 
each lignocellulosic component. The very strong 
broad peaks at wavenumbers between 3,020 and 
3,740 cm-1 are caused by the O-H bond related 
to the stretching vibration of the carbonyl and 
hydroxyl groups. The intensity of these peaks 
decreases as the torrefaction temperature rises, 
showing that carbonyl and hydroxyl groups are 
removed via decarboxylation and dehydration 
processes. The transmittance peaks recorded at 
roughly 2,916 cm-1 are ascribed to the C-H bond 
vibrational stretching in aliphatic and aromatic 
compounds. The reduction of C-H transmittance 
intensities suggests the aliphatic regions of hemi-
cellulose and cellulose degradations. The trans-
mittance peaks seen at roughly 1,660–1,780 cm-1 
are referred to as C=O stretching vibration found 
in carbonyl and carboxyl groups in hemicellu-
lose and cellulose structures. Decreasing in C=O 
transmittance intensities of torrefied biomass 
suggests that some hemicellulose and cellulose 
structures  are destroyed as a result of decar-
bonylation and decarboxylation processes. The 
transmittance peaks observed between 1,200 and 
1,300 cm-1 are connected with lignin’s stretching 
vibration of the C=C or benzene ring skeleton, 
with a decrease in this signal representing lignin 

degradation. Peaks at wavenumbers 960 and 
1,130 cm-1 correspond to the stretching vibrations 
of C-O and C-H in cellulose, with a reduction in 
these groups indicating cellulose breakdown of 
the amorphous component.

The optimal condition for torrefaction

Various indicators, e.g., mass yield and cal-
orific value, enhancement factor, energy yield, 
and energy gain, have been studied to establish 
the optimal condition for solid fuel pretreatment 
via the torrefaction process. Asadullah and co-
workers (2014) reported that the temperature that 
produced bio-coal from PKS torrefaction with 
around 70% yield is an optimal torrefaction tem-
perature. At an optimal torrefaction temperature 
of 300 °C with a residence period of 20 minutes, 
a yield of bio-coal of about 73% with a calorific 
value of 24.5 MJ/kg was attained [Asadullah et 
al., 2014]. Essentially, the enhancement factor re-
fers to the proportion of torrefied biomass to raw 
biomass when comparing gross calorific values. 
Many authors reported that the attained optimal 
condition for biomass torrefaction yields an en-
hancement factor of around 1.3–1.4. Ibitoye et 
al. (2021) stated that a corncob that was torrefied 
at 260 °C for 60 minutes with an enhancement 
factor of 1.34 demonstrated the best thermal and 
combustion properties [Ibitoye et al., 2021]. In 
turn, Tsai et al. (2021) claimed that for the pre-
treatment of rice husk [Tsai et al., 2021] and Sap-
indus pericarp [Tsai et al., 2021], the appropriate 
torrefaction conditions may be found at roughly 
280 °C (30 min) and 360 °C (0 min), with the 

Figure 11. FTIR spectra of untreated 
and torrefied sugarcane bagasse

Figure 12. FTIR spectra of untreated 
and torrefied palm kernel shell



72

Journal of Ecological Engineering 2023, 24(3), 64–75

enhancement factor being 1.36 and 1.41, respec-
tively. One of the criteria used to identify the op-
timal torrefaction condition is the energy yield, 
which is defined as the amount of original energy 
content that retains in the torrefied solid product. 
According to the majority of the literature, ener-
gy yield decreases as torrefaction becomes more 
severe. As a result, 75 to 90% is thought to be 
the accepted range for energy yield as described 
in the literature [Sabil et al., 2013; Ahmad et al., 
2019; Aepia et al., 2021]. For the determination 
of the optimal torrefaction conditions for euca-
lyptus-tree residues, Cardona et al. (2019) pro-
posed the use of a variable energy gain instead 
of energy yield, which provides a better com-
promise between mass and energy content. They 
suggested that a temperature of 275 or 300 °C and 
a residence time of 60 minutes, which gave high 
values of energy gain between 61–63, was the 
optimal condition depending on the applications 
of the product [Cardona et al., 2019]. Besides 

that, an energy-mass co-benefit index (EMCI) 
describing the gap between the energy yield and 
the solid yield has been utilized to achieve the 
optimal conditions [Lu et al., 2012; Zhang et al., 
2019; Devaraja et al., 2022]. A greater EMCI in-
dicates a lesser volume of torrefied biomass and 
a higher energy density, both of which are favor-
able for the transportation and storage of fuel. 
For instance, based on the calculated EMCI it is 
reported that the torrefaction temperature at 275 
°C and 60 min and 300 °C and 60 min are the 
favorable torrefaction conditions for Rubber-
wood and Gliricidia, respectively [Devaraja et 
al., 2022]. In order to identify the ideal circum-
stances for agro-byproduct torrefaction, Sunyong 
Park et al. (2020) employed energy yield, lower 
heating value, exergy, and criteria applicable to 
the biomass power plants in Korea. According to 
their findings, 230 °C, 40 and 50 minutes were the 
appropriate temperature and residence times for 
agro-pellet torrefaction. [Park et al., 2020].

Table 3. Enhancement factor, energy yield, energy gain, and energy-mass co-benefit index of torrefied solid products

Sample code Enhancement factor Energy yield (%) Energy gain (%) Energy-mass co-
benefit index

Sugarcane bagasse torrefaction

SBG22530 1.16 89.64 69.31 12.06

SBG22560 1.17 86.29 65.46 12.73

SBG22590 1.20 86.28 71.90 14.60

SBG25030 1.20 80.25 60.31 13.35

SBG25060 1.22 81.39 66.75 14.86

SBG25090 1.26 79.22 70.08 16.36

SBG27530 1.30 71.95 67.83 16.78

SBG27560 1.36 70.54 74.87 18.69

SBG27590 1.47 73.93 94.35 23.59

SBG30030 1.36 62.37 65.87 16.36

SBG30060 1.40 60.40 69.78 17.13

SBG30090 1.54 65.85 93.73 22.96

Palm kernel shell torrefaction

PKS22530 1.10 92.17 60.05 8.01

PKS22560 1.14 93.54 77.12 11.23

PKS22590 1.15 92.72 76.98 11.97

PKS25030 1.15 85.65 58.14 11.01

PKS25060 1.16 84.31 58.98 11.74

PKS25090 1.18 84.94 60.20 12.66

PKS27530 1.19 75.33 52.39 12.20

PKS27560 1.24 76.03 61.27 14.51

PKS27590 1.28 77.41 70.75 16.91

PKS30030 1.29 69.86 62.77 15.58

PKS30060 1.29 69.42 62.69 15.58

PKS30090 1.30 68.74 64.16 15.99
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Table 3 shows the torrefaction performance 
parameters, including enhancement factor, energy 
yield, energy gain, and energy-mass co-benefit in-
dex, obtained from this study. In accordance with 
the computed results, the enhancement factor and 
the energy-mass co-benefit index tend to improve 
while the energy yield tends to decline as torrefac-
tion severity increases. No trend is observed for 
energy gain with the torrefaction condition pre-
treatment. Although the torrefied SBG and torre-
fied PKS exhibit high energy yield values (86.28–
93.54%) when pretreated at 225 °C, the calorific 
values are still too low (18.29–20.84 MJ/kg), 
suggesting that these conditions are ineligible. De-
spite a high value of energy gain with 77.12% for 
PKS torrefied at 225 °C, the higher heating value 
of such torrefied PKS is quite low (20.63 MJ/kg). 
By integrating all criteria, it can be pointed out that 
the optimal condition for SBG as well as PKS tor-
refactions is the temperature of 275 °C for 90 min-
utes, acquiring the mass yield of 50.34 wt.% and 
60.50 wt.% with the calorific value of 23.25 MJ/kg 
and 23.22 MJ/kg, respectively. Practically, the tor-
refaction of SBG and PKS could be performed at 
the temperature of 300 °C for 30 minutes, shorter 
holding time than that of 275 °C, to obtain a higher 
energy efficiency. Notably, both torrefied agro-
industrial wastes obtained from such pretreatment 
conditions possess a high calorific value relative to 
coal (about 24 MJ/kg), suggesting that they could 
be utilized as a fuel for co-firing system.

CONCLUSIONS

Both SBG and PKS, abundant Thai agro-in-
dustrial wastes, upgraded via torrefaction tech-
nique constitute a promising solid fuel candidate 
which could be utilized for heat and power appli-
cations. According to the findings of the influence 
of operating condition inquiry, the torrefaction 
temperature is a more sensitive parameter than 
the residence duration in terms of mass yield, cal-
orific value, and solid product characteristics. The 
results of the proximate analysis demonstrate that 
as the severity of torrefaction increases, the vola-
tile matter of torrefied products decreases while 
the fixed carbon and ash contents increase. In ad-
dition, the torrefaction temperature and holding 
time tend to cause the FR values of torrefied SBG 
(0.04–0.14) and torrefied PKS (0.28–0.67) to in-
crease exponentially. The FTIR analysis reveals 
that the chemical structures of hemicellulose, 

cellulose as well as lignin are changed, indicating 
the thermal degradation behavior of an individual 
component during the torrefaction pretreatment.

Even though the light torrefaction pretreat-
ment conditions (225 and 250 °C) exhibited high 
values of mass yields and energy yields, these op-
erating conditions are not recommended due to 
providing the low calorific values of the torrefied 
solid product. On the basis of the calorific value, 
energy yield, energy gain, and energy-mass co-
benefit index, the optimal operating conditions 
for SBG and PKS torrefactions are reported at the 
torrefaction temperature of 275 °C and 90 min-
utes residence time, which could be enhanced by 
the calorific value from 15.83 MJ/kg to 23.25 MJ/
kg and from 18.15 MJ/kg to 23.22 MJ/kg for SBG 
and PKS, respectively.

Regarding experimental data, this research 
serves as a starting point for biomass waste up-
grading which could be used for energy produc-
tion. The combustion efficiency of a coal/torrefied 
biomass co-combustion system would be assessed 
for further research in an attempt to reduce the 
coal usage in any coal-based thermal power plant.
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