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Abstract: In this work, a novel biomass, the extraction residue of Sapindus pericarp (SP), was torrefied
by using an electronic oven under a wide range of temperature (i.e., 200–320 ◦C) and residence
times (i.e., 0–60 min). From the results of the thermogravimetric analysis (TGA) of SP, a significant
weight loss was observed in the temperature range of 200–400 ◦C, which can be divided into the
decompositions of hemicellulose (major)/lignin (minor) (200–320 ◦C) and cellulose (major)/lignin
(minor) (320–400 ◦C). Based on the fuel properties of the feedstock SP and SP-torrefied products, the
optimal torrefaction conditions can be found at around 280 ◦C for holding 30 min, showing that the
calorific value, enhancement factor and energy yield of the torrefied biomass were enhanced to be
28.60 MJ/kg, 1.36 and 82.04 wt%, respectively. Consistently, the values of the calorific value, carbon
content and molar carbon/hydrogen (C/H) ratio indicated an increasing trend at higher torrefaction
temperatures and/or longer residence times. The findings showed that some SP-torrefied solids
can be grouped into the characteristics of a lignite-like biomass by a van Krevelen diagram for all
the SP-torrefied products. However, the SP-torrefied fuels would be particularly susceptible to the
problems of slagging and fouling because of the relatively high contents of potassium (K) and calcium
(Ca) based on the analytical results of the energy dispersive X-ray spectroscopy (EDS).

Keywords: Sapindus pericarp; torrefaction; fuel property; solid fuel; lignite-like biomass

1. Introduction

In order to reduce the emissions of greenhouse gases (e.g., carbon dioxide) from the
existing fossil fuel plants, biomass has been used either as a solid fuel directly or as a
supplement to fossil fuels. However, a major drawback for the biomass is derived from
its lower energy density due to the moisture and noncarbon elements (i.e., hydrogen and
oxygen) involved [1]. In addition, biomass is liable to absorb moisture (i.e., hygroscopic
nature) even when it has been dried, thus causing a difficult extended storage and in-
creasing the potential for fungus development. Among the lignocellulosic constituents
(i.e., cellulose, hemicellulose and lignin) in biomass, the hemicellulose constituent has the
highest moisture absorption capacity [2]. In this regard, a pretreatment process, also known
as torrefaction, was extensively studied to produce a torrefied biomass for further use in
the energy, metallurgical and chemical fields instead of direct use in its original form [3–9].
To maximize the energy density and mass yield of biomass by reducing the contents of
noncarbon elements, the typical temperature range for the torrefaction process is between
200 ◦C and 300 ◦C [1], where hemicellulose can be thermally decomposed but cellulose
and lignin will be partly repolymerized or degraded to some extent.
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In Taiwan, soapberry (Sapindus mukorossi) is famous for its industrial use as a natural
surfactant (i.e., saponins), which is present in pericarp. Apart from its traditional use in per-
sonal cleaning products like detergents and shampoos, the pharmacological and biological
actions of this medicinal plant have been recently exploited in the fields of medicine [10–12]
and herbicides [13,14]. This biosurfactant was also employed for emulsion-based products
in food like beverages [15,16]. Due to the increase in the industrial and pharmaceutical
applications of saponins, various extraction methods have been developed for maximizing
the yield without changing its nature. Inevitably, the soapberry pericarp residue after
the extraction will be generated in soapberry-based manufacturing plants. In Taiwan,
these biomass residues are often treated by incineration and/or landfills. From a circular
economy perspective, the reuse of the residual soapberry pericarp as a precursor for pro-
ducing carbon-rich materials (e.g., biochar) or fuels may be a promising route for carbon
sequestration in the mitigation of greenhouse gas emissions.

In view of the thermochemical conversion of residual soapberry pericarp, there is very
limited literature on biochar production [17,18]. Zhang et al. [17] studied the oxidative
torrefaction at 250 and 300 ◦C for holding 10–30 min under oxygen concentrations of
0–21%, showing that the oxygen concentration in the carrier gas had a substantial impact
on the mass yield; element (i.e., carbon, hydrogen and nitrogen) contents and calorific
value of the biochar produced. In the research by Velusamy et al. [18], they produced
biochar from soapberry pericarp at 450 ◦C for about 2 h under the heating rate of 3 ◦C/min,
which was used as an adsorbent in determining the adsorption performance of antibiotic
ciprofloxacin (one of emerging contaminants) in an aqueous solution. However, the
specific surface area and total pore volume of the resulting biochar were only 2.22 m2/g
and 0.016 cm3/g, respectively.

In the present study, the main aim was to upgrade the fuel properties of a Sapindus
pericarp (SP) extraction residue by torrefaction pretreatment under a matrix design of the
temperature (i.e., 200, 240, 280 and 320 ◦C) and residence time (i.e., 0, 30 and 60 min). Using
the data on the calorific value and elemental composition, the fuel properties of SP and its
torrefied products were obtained by using instruments such as an adiabatic calorimeter,
elemental analyzer (EA) and energy dispersive X-ray spectroscopy (EDS). In addition, the
energy yield and enhancement factor for these torrefied products were further calculated to
correlate them with the process parameters for finding the optimal torrefaction conditions.

2. Materials and Methods
2.1. Materials

The starting feedstock SP was collected from a soapberry-based manufacturing factory
in Tainan City, Taiwan. The SP sample was shredded by a knife machine and then sieved
to particle sizes in the range of 0.841–1.700 mm (i.e., passed by the opening of mesh No. 12
and retained by the opening of mesh No. 20). In order to remove the moisture and
other attached lights, the prepared SP biomass was first dried by an air-circulating oven
(about 105 ◦C) overnight (about 12 h) before the thermochemical property analyses and the
torrefaction experiments.

2.2. Thermochemical Properties of Soapberry Pericarp Extraction Residue

In this work, the thermochemical properties of the feedstock SP, including the proxi-
mate analysis, ultimate (elemental) analysis, calorific value, thermogravimetric analysis
(TGA) and energy-dispersive X-ray spectroscopy (EDS), were first determined as the base-
line data on the performance evaluation of the torrefaction. The operations and procedures
for these thermochemical analyses have been reported in previous reports [19–21]. Herein,
the TGA tests of the feedstock SP (about 200 mg) were performed under a nitrogen flow of
50 cm3/min, where the system temperature was increased from room temperature (about
30 ◦C) to 900 ◦C under the heating rates of 5 and 10 ◦C/min.
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2.3. Torrefaction Experiments

It is well-known that the temperature and residence time were the most important
process parameters in the torrefaction experiments [1]. In the present study, the preparation
of the torrefied products from SP was performed at 200–320 ◦C (an interval of 40 ◦C) for
holding 0–60 min (by an interval of 30 min) using an electric furnace with a heating rate of
about 7 ◦C/min [20,21]. Herein, the internal dimensions of the electric oven (L × W × H)
were 64 × 44 × 20 cm and could be operable up to 400 ◦C. For each experiment, the SP
sample (about 1 g) was placed on a ceramic crucible, which was equipped with a fitting
cover to provide an oxygen-limited environment during the torrefaction. Herein, the tor-
refaction conditions at 200 ◦C and 0 min meant that the torrefied product (i.e., T-SP-200–0)
was removed from the furnace promptly when the torrefaction temperature (200 ◦C) was
approached. The mass yield of the SP-torrefied product (MYSP) was calculated by the
ratio of its mass (WT-SP) to the mass of SP fed (WSP). Furthermore, the enhancement factor
(EFT-SP) and energy yield (EYT-SP) were calculated as follows:

EFT-SP = CVT-SP/CVSP (1)

EYT-SP = MYT-SP x EFT-SP (2)

where CVT-SP and CVSP denoted the calorific values of the torrefied product (T-SP) and
the feedstock SP, respectively. It should be noted that the torrefaction experiments for the
specified temperature and residence time were carried out in duplicate to calculate their
means and standard deviations for the uncertainty analysis.

2.4. Analysis of Fuel Properties

The fuel properties of the feedstock SP and torrefied product (T-SP), including the
calorific value (higher heating value) and elemental contents, were determined by the
adiabatic calorimeter (CALORIMETER ASSY 6200; Parr Co., Moline, IL, USA) and an
elemental analyzer (vario EL III; Elementar Co., Langenselbold, Germany), respectively. In
order to characterize the textural structures and elemental compositions on the surfaces of
the SP-based samples, scanning electron microscopy (S-3000N; Hitachi Co., Tokyo, Japan)
with energy dispersive X-ray spectroscopy (EDS) (7021-H; HORIBA Co., Kyoto, Japan)
were used by applying an accelerating potential of 15.0 kV. Prior to the EDS analysis,
an ion sputter (E1010; Hitachi Co., Tokyo, Japan) was used to coat a gold film onto the
nonconductive surfaces of the target samples.

3. Results
3.1. Thermochemical Characteristics of Soapberry Pericarp (SP) Extraction Residue

Table 1 shows the data on the thermochemical properties of the dried soapberry peri-
carp (SP) extraction residue, including the proximate analysis, ultimate (elemental) analysis
and calorific value. The figures listed in Table 1 are very close to those reported by Zhang
et al. [17]. For example, the calorific value determined by this work was 20.97 ± 1.89 MJ/kg
in comparison with that (20.93 MJ/kg) by Zhang et al. [17]. However, the ash content
(i.e., 1.62 wt%) was lower than those in the literature [17,22]. By contrast, the dried SP had
a relatively lower ash content than those of crop husk residues, in the range of 1.41–20.26%
(dry basis) [23]. The high calorific value (about 21 MJ/kg) should be attributed to its low
ash content and high values of volatile matter and fixed carbon. Although the dried SP
may be used as a solid biomass fuel, the emissions of the nitrogen oxides (NOx) and sulfur
oxides (SOx) will be potentially serious because of its contents of nitrogen (0.36 wt%) and
sulfur (0.11 wt%).
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Table 1. Thermochemical properties of the Sapindus pericarp (SP) extraction residue.

Properties a,b Value

Proximate analysis
Ash (wt%) 1.62 ± 0.02

Volatile matter (wt%) 80.82 ± 1.90
Fixed carbon c (wt%) 17.56

Ultimate analysis
Carbon (wt%) 42.59 ± 8.60

Hydrogen (wt%) 5.86 ± 1.17
Oxygen (wt%) 37.30 ± 0.15

Nitrogen (wt%) 0.36 ± 0.09
Sulfur (wt%) 0.11 ± 0.02

Calorific value (MJ/kg) 20.97 ± 1.89
a On a dry basis. b The mean ± standard deviation for two determinations. c By difference.

In order to investigate the thermal decomposition behavior of the SP sample, its ther-
mogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves were ob-
tained at two heating rates (i.e., 5 and 10 ◦C/min) by the flow rate of nitrogen (50 cm3/min).
As shown in Figure 1, these curves revealed similar thermal variations in the temperature
range of 30–900 ◦C. Taking the TGA/DTG curves at 5 ◦C/min as an example, the first
weight decline occurred in the temperature range of 50–180 ◦C, which should be attributed
to the losses of moisture and the light volatile components. Thereafter, a significant weight
loss was observed at the temperature range of 200–400 ◦C, which can be divided into
the decomposition of hemicellulose (major)/lignin (minor) (200–320 ◦C) and cellulose
(major)/lignin (minor) (320–400 ◦C). Finally, the thermal loss of lignin was continuously
progressed at above 400 ◦C. It was reported that the loss of lignin typically occurred in a
wide temperature range from 180 to 900 ◦C [24]. In addition, volatilization losses of the
inorganic minerals (e.g., metal carbonates/oxides/chlorides) may have appeared above
600 ◦C because some of these minerals have lower melting points, like potassium oxide
(740 ◦C) and calcium chloride (772 ◦C). From the data in the TGA/DTG curves (Figure 1),
the torrefaction experiments of the dried SP were performed in the temperature range of
200–320 ◦C to produce the torrefied products in this work.
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Figure 1. Thermogravimetric analysis/derivative thermogravimetry (TGA/DTG) curves of the 
Sapindus pericarp (SP) extraction residue at two heating rates (5 and 10 °C/min). 
Figure 1. Thermogravimetric analysis/derivative thermogravimetry (TGA/DTG) curves of the
Sapindus pericarp (SP) extraction residue at two heating rates (5 and 10 ◦C/min).
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3.2. Fuel Properties of SP-Torrefied Products (T-SP)

As mentioned in Section 2.3, the torrefaction experiments were designed by a matrix
of the temperature (i.e., 200, 240, 280 and 320 ◦C) and residence time (i.e., 0, 30 and
60 min) and were also performed in duplicate. According to the statistical data on the
mass yield (Table 2), it showed that the uncertainty analysis of the torrefaction experiment
was not significant. As listed in Table 2, the mass yields of the SP-torrefied products
indicated a decreasing trend with the torrefaction temperature and/or residence time
increased. The results should be associated with more intense decomposition reactions
of lignocellulosic constituents, which occurred at higher temperatures and/or longer
residence times. More significantly, the maximal variations on the mass yields of the
SP-torrefied products were seen to be in the range of 300–320 ◦C, which was in accordance
with the TGA/DTG curves shown in Figure 1. For instance, the mass yields of the SP-
torrefied products produced at various temperatures for holding 0 min were 91.1% (200 ◦C),
84.8% (240 ◦C), 74.3% (280 ◦C) and 48.9% (320 ◦C). Regarding the thermal decompositions
of the lignocellulosic constituents, cellulose (a crystalline polysaccharide) and lignin (a
highly branched, amorphous, three-dimensional polysaccharide) exhibited higher thermal
stability than hemicellulose (an amorphous polysaccharide) [1], thus causing the latter
to be the maximal decomposition, with the pyrolysis temperature ranging from 220 to
330 ◦C [25,26]. Although the larger mass yields of the SP-torrefied products were produced
at lower temperatures and/or shorter residence times, their fuel properties were not useful
for various applications of solid fuels.

Table 2. Mass yields and calorific values of SP-torrefied products (T-SP) as a function of the temperature (200–360 ◦C) and
residence time (0–60 min).

SP-Torrefied Product a Mass Yield b

(wt%)
Calorific Value b

(MJ/kg)
Enhancement Factor c

(-)
Energy Yield d

(%)

T-SP-200-0 e 91.09 ± 0.08 23.07 ± 0.56 1.10 100.18
T-SP-200-30 83.79 ± 1.00 23.78 ± 0.76 1.13 95.00
T-SP-200-60 83.00 ± 1.65 23.90 ± 0.74 1.14 94.59
T-SP-240-0 84.79 ± 2.29 23.54 ± 0.08 1.12 95.17

T-SP-240-30 75.57 ± 2.83 25.46 ± 0.73 1.21 91.72
T-SP-240-60 73.34 ± 2.35 25.37 ± 0.54 1.21 88.70
T-SP-280-0 74.31 ± 2.95 24.66 ± 0.14 1.18 87.37

T-SP-280-30 60.16 ± 3.15 28.60 ± 0.60 1.36 82.04
T-SP-280-60 55.60 ± 3.27 28.39 ± 0.33 1.35 75.27
T-SP-320-0 48.85 ± 0.49 28.32 ± 0.23 1.35 65.98

T-SP-320-30 45.06 ± 2.27 28.41 ± 0.79 1.35 61.03
T-SP-320-60 43.52 ± 2.90 27.97 ± 0.34 1.33 58.05

a Dry basis. b Means with standard deviations for two replications. c The enhancement factor was obtained by a ratio of the calorific value
for SP-torrefied products to the calorific value for SP (i.e., 20.97 MJ/kg). d The energy yield was obtained by multiplication of the mass
yield and the ratio of the calorific values for SP-torrefied products to the calorific value for SP (i.e., 20.97 MJ/kg). e A SP-torrefied product
(T-SP-200-0) was noted as being produced at the torrefaction temperature of 200 ◦C and residence time of 0 min.

In order to find the maximal fuel properties of the SP-torrefied products, the calorific
values were used as the most important fuel properties in this work. As listed in Table 2,
the calorific values of the SP-torrefied products indicated correlations with various process
conditions. According to the data in Table 2, Figure 2 was further plotted to indicate the
variations of the calorific values under a wide range of torrefaction conditions. The calorific
values of the SP-torrefied products also indicated an increasing trend with increasing
temperatures from 200 to 320 ◦C and extending the residence time from 0 to 60 min.
Furthermore, the figures in Table 2 also showed that the enhancement factors of the SP-
torrefied products increased from 1.10 to 1.36. Making a comparison with the calorific value
(i.e., 20.97 MJ/kg) of the feedstock SP, the maximal enhancement factor (i.e., 1.36) was found
in the product T-SP-280-30. This result could be attributed to the densification of carbon and
the volatilization loss of noncarbon elements (e.g., oxygen) at higher temperatures and/or
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longer residence times. As observed in the TGA/DTG curves at 5 ◦C/min (Figure 1),
the optimal torrefaction conditions could be attributed to the maximal decomposition of
the hemicellulosic constituent at about 320 ◦C, thus making a significant mass loss due
to more releases of organic volatiles (e.g., arabinoxylan, xyloglucan and β-glucan) [26].
Although the torrefaction conditions at around 320 ◦C for holding 0 min may be preferable
for producing the SP-torrefied product, its mass yield was just about 48.9%. As listed in
Table 2, the energy yield of the optimal SP-torrefied product (i.e., T-SP-320-60) was below
70%. Using the data in Table 2, the torrefaction conditions at 280 ◦C (residence time of
30 min) could properly produce the SP-torrefied product (i.e., T-SP-280-30), which had a
calorific value and energy yield of 28.60 MJ/kg and 82.04 wt%, respectively. As compared
to the previous reports [20,21], the energy yields indicated in this work were close to those
of the torrefied biomass derived from a water caltrop husk (WCH) and rice husk (RH) at
the similar torrefaction conditions. For instance, the energy yields of the WCH-torrefied
products at the torrefaction temperatures of 200–320 ◦C and the residence times of 0–60 min
ranged from 99.3 wt% to 65.6 wt%. It also showed the maximal enhancement factor of
1.45 at 320 ◦C for a residence time of 60 min. In brief, the torrefaction conditions at 320 ◦C
for holding 0 min may be optimal for producing a lignite-like RH-torrefied product because
of its high enhancement factor (1.39) and energy yield (90.4 wt%).
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ture (200–360 ◦C) and residence time (0–60 min).

Table 3 further lists the organic elemental values of the SP-torrefied products and their
molar ratios of H/C and O/C. The carbon contents ranged from 54.39 wt% to 70.33 wt% as a
function of the torrefaction temperature (200–320 ◦C) and residence time (0–60 min). Obvi-
ously, the carbon was continuously increased with the increasing torrefaction temperatures
from 240 to 320 ◦C at residence times of 0 and 30 min, but they subsequently decreased at
320 ◦C for longer residence times (from 30 min to 60 min). Although the maximal calorific
value was 28.60 MJ/kg for SP-T-280-30, the maximal content of carbon (i.e., 70.33 wt%)
was observed at around 320 ◦C for holding 30 min. By contrast, the contents of hydrogen,
oxygen and sulfur for the SP-torrefied products indicated a decreasing trend due to the
volatilization losses of the noncarbon elements in the lignocellulosic compositions at more
intense torrefaction conditions. This result was consistent with the variations on the mass
yields and calorific values of the SP-torrefied products, as listed in Table 2. In review of the
nitrogen content of the feedstock SP (0.36%), the SP-torrefied products contained higher
nitrogen contents, ranging from 0.78% to 1.86%. In this regard, the emissions of nitrogen
oxides (NOx) could cause potential air pollution when using the SP-torrefied product as a
solid biofuel in a cofiring or combustion system. From the data on the organic elements in
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Table 3, the calorific values of the SP-torrefied products can be further estimated by using
the commonly used equations like Dulong’s formula [27]. It can be found that the calorific
values were closely equal to those determined by the calorimeter instrument (Table 2).

Table 3. Organic elements of Sapindus pericarp (SP) and its torrefied products produced at different torrefaction temperatures
(200–320 ◦C) and residence times (0–60 min).

Sapindus Pericarp (SP) and Its
Torrefied Products (SP-T)

Organic Elements (wt%)
H/C a O/C a

C H N O S

SP 42.59 ± 8.60 5.86 ± 1.17 0.36 ± 0.09 37.30 ± 0.15 0.11 ± 0.02 1.65 0.66
T-SP-200-0 e 54.39 ± 0.54 6.72 ± 0.12 1.68 ± 0.13 41.62 ± 0.78 0.38 ± 0.13 1.48 0.57
T-SP-200-30 57.84 ± 1.99 6.76 ± 0.05 1.53 ± 0.23 38.55 ± 0.12 0.24 ± 0.03 1.40 0.50
T-SP-200-60 58.62 ± 3.01 6.53 ± 0.25 1.63 ± 0.01 35.36 ± 0.85 0.23 ± 0.05 1.34 0.45
T-SP-240-0 54.92 ± 1.97 6.70 ± 0.22 1.29 ± 0.41 38.30 ± 3.90 0.15 ± 0.01 1.46 0.52

T-SP-240-30 58.66 ± 0.18 6.24 ± 0.05 1.36 ± 0.08 34.20 ± 1.27 0.15 ± 0.01 1.28 0.44
T-SP-240-60 61.76 ± 1.20 6.19 ± 0.10 1.50 ± 0.06 33.57 ± 0.70 0.14 ± 0.00 1.20 0.41
T-SP-280-0 57.50 ± 1.85 6.11 ± 0.16 0.78 ± 0.01 37.47 ± 3.06 0.12 ± 0.00 1.28 0.49

T-SP-280-30 67.05 ± 0.71 5.69 ± 0.14 1.76 ± 0.16 25.41 ± 0.43 0.14 ± 0.01 1.02 0.28
T-SP-280-60 68.59 ± 1.28 5.24 ± 00.34 1.86 ± 0.01 25.78 ± 1.22 0.14 ± 0.00 0.92 0.28
T-SP-320-0 69.72 ± 0.94 5.08 ± 0.22 1.26 ± 0.10 24.32 ± 0.66 0.12 ± 0.01 0.87 0.26

T-SP-320-30 70.33 ± 0.39 4.17 ± 0.02 1.19 ± 0.11 24.37 ± 0.03 0.11 ± 0.01 0.71 0.26
T-SP-320-60 68.77 ± 3.44 3.94 ± 0.57 1.59 ± 0.25 25.05 ± 0.19 0.14 ± 0.01 0.69 0.27

a Molecular ratio, e A SP-torrefied product (T-SP-200-0) was noted as being produced at the torrefaction temperature of 200 ◦C and residence
time of 0 min.

In order to evaluate the ranks of the SP-torrefied products in comparison with fossil
fuels (i.e., coal) [1], a van Krevelen diagram (Figure 3) was plotted by using the data on
the molecular ratios of O/C and H/C, as seen in Table 3. Obviously, the values of molar
H/C and O/C will be reduced at higher torrefaction temperatures and/or longer residence
times. As shown in Table 2, the contents of H and O were decreased with the increase
in the torrefaction temperature and/or residence time. This result was attributable to
the volatiles formed, which contained components containing O and H such as water,
acids and alcohols. For example, the values of the molar H/C and O/C decreased from
1.65 and 0.66 for the T-SP-200-0 to 0.69 and 0.27 for the T-SP-320-60. Based on the values of
molar H/C and O/C (i.e., 1.02 and 0.28, respectively), the optimal SP-torrefied product
(i.e., T-SP-280-30) should belong to the class of lignite [1]. The results were in accordance
with those reported previously [20,21,28] and recently reviewed [4–9]. In addition, the
feedstock SP has the highest values of atomic O/C and H/C (Table 3), making it difficult to
transform the biomass into liquid fuels. In general, a high oxygen contained in the biomass
will consume a part of the hydrogen in the biomass during the thermochemical process
(e.g., torrefaction) due to the production of less beneficial water.
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Based on the EDS analysis (Figure 4), the elemental compositions were observed on the
surfaces of the feedstock SP and optimal SP-torrefied product (i.e., T-SP-280-30). It showed
that the major elements included carbon (C), oxygen (O), potassium (K) and calcium (Ca).
Obviously, the metal elements in the SP-torrefied product should be derived from the
precursor SP. These inorganic elements could be presented in the forms of carbonates,
oxides or chlorides, possibly leading to serious slagging, fouling or corrosion in boilers or
gasifiers when cofiring a SP-torrefied product with pulverized coal [29].
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4. Conclusions

In this work, Sapindus pericarp (SP), a novel extraction residue from the local soapberry-
based products manufacturing factory (Tainan City, Taiwan), was pretreated by the tor-
refaction method for improving its fuel properties. In order to find the optimal process
conditions, a dried SP was performed under various temperatures (200–320 ◦C) and resi-
dence times (i.e., 0–60 min). The data from the thermogravimetric analysis (TGA) showed
that the weight loss of hemicellulose in the SP biomass was observed in the temperature
range of 200–320 ◦C, thus adopting the data in the torrefaction experiments. Based on the
results of the mass yields and calorific values of the SP-torrefied products, it was found
that the optimal conditions at around 280 ◦C for holding 30 min would be preferred for the
production of the SP-torrefied product with the highest calorific value (i.e., 28.60 MJ/kg),
which increased by 36% in comparison with that of its feedstock SP (i.e., 20.97 MJ/kg).
The contents of carbon and hydrogen in the optimal SP-torrefied product presented up
to 67.05 wt% and 5.69 wt%, respectively. On the other hand, the energy yields of the SP-
torrefied products and their values of molar H/C and O/C showed a decreasing trend with
increasing the torrefaction temperature and/or extending the residence time. By plotting
all the SP-torrefied products in a van Krevelen diagram, some torrefied products could be
grouped into fuel properties of lignite-like fuels. However, the SP-torrefied fuels would
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be particularly susceptible to the problems of slagging and fouling due to relatively high
contents of potassium (K) and calcium (Ca) when used t as a solid fuel directly in boilers.
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