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Abstract: Wood biomass is an alternative to fossil fuels. However, biomass use has several limitations.
Torrefaction, in which reduction conditions prevail to overcome these limitations, has been suggested.
Here, torrefaction using different wood chips (Liriodendron tulipifera, Populus canadensis, Pinus rigida,
and Pinus koraiensis) was conducted under oxygen-rich and oxygen-lean conditions to determine
the effects of oxygen. Torrefaction was conducted at 230-310 °C for 1 h. A mass yield difference of
3.53-20.02% p (percentage point) was observed between oxygen-lean and oxygen-rich conditions.
The calorific value increased by a maximum of 50.95% and 48.48% under oxygen-rich and oxygen-
lean conditions, respectively. Decarbonization (DC), dehydrogenation (DH), and deoxygenation
(DO) occurred in the following order because of dehydration and devolatilization during biomass
torrefaction: DO > DH > DC. The calorific value of the torrefied biomass increased linearly with the
extent of all three processes. The combustibility index and volatile ignitability were calculated based
on proximate composition to suggest the optimal conditions for replacing anthracite and bituminous
coal. This study provides suggestions for stable operation in a standard boiler design.

Keywords: torrefaction; biomass fuel; woodchip; power generation

1. Introduction

Globally, the cost of energy sources has been increasing owing to a decrease in
supply [1,2]. In the Republic of Korea, 344,499 GWHh, accounting for approximately 62% of
the total power generated from different energy sources, was generated by a thermal power
plant in 2021 (Figure 1). The amount of electricity generated by coal was 196,333 GWh, ac-
counting for 35.6% of the total [3]. Anthracite and bituminous coal consumption for power
generation have decreased over the past decade, producing 971 x 103 and 69,094 x 103 tons,
respectively, in 2020 [4]. However, these coal-fired power plants have been restricted by en-
vironmental problems and government regulations, such as renewable portfolio standards
(RPS). Additionally, standard power plants, the primary type of coal-fired power plant,
have a calorific value of 6080 kcal/kg (25.46 MJ/kg) coal [5]. This has drawbacks, such as
high levels of greenhouse gas emissions, a heavy load on the downstream equipment, and
inefficient power production [6].

Biomass has been proposed as an alternative to solid fossil fuels in this context. Com-
pared to coal, biomass is globally distributed and has the advantage of continuous produc-
tion through agriculture and forestry [7]. Generally, when plants absorb carbon dioxide
from the atmosphere through photosynthesis, approximately 50% of it is released back into
the atmosphere through respiration (Figure 2a), while the remaining portion is sequestered
in plant biomass through growth creating biofuels biomass known as carbon-neutral
fuels [8,9]. However, the carbon dioxide previously stored in biomass is transformed into
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biochar through a process called pyrolysis. It is understood that biochar can persist in
the soil for over 100 years, even when incorporated into the soil. This has led to reports
suggesting that biochar can achieve carbon negativity, thus contributing to carbon seques-
tration (Figure 2b) [10]. In addition, in the recent revision of the rAct on the Promotion of
the Development, Use, and Diffusion of New and Renewable Energy: and under Article
23-2: a mandatory system for mixing new and renewable energy fuels in 2022, only unused
forest biomass burning facilities received a renewable energy certificate (REC) weight of
2.0, which was considered an advantage for unused forest biomasses [11,12]. However,
disadvantages associated with agricultural and forestry biomasses include a relatively low
calorific value compared with that of coal and difficulty in storage and transportation owing
to their hygroscopic properties and low bulk density [13]. Furthermore, during disposal
and processing, concerns arise regarding the odor, emission, and leaching of hazardous
components [14].
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Figure 1. Power generation (in GWh) by energy source in the Republic of Korea in 2021 [3].
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Figure 2. Description of (a) carbon neutral and (b) carbon sequestration.
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Various studies have been conducted to address these drawbacks. Some studies have
been suggested as a solution to address one of the challenges associated with biomass,
namely its scattered nature. Hwang et al. developed an efficient agricultural byproduct-
collecting device [15]. Kim et al. developed a WiFi-based teleoperation system for forest
harvesters to reduce the number of fatalities due to overturning accidents and harvest-
ing costs [16]. To solve low calorific value and ununified characteristics, thermochemical
conversion, especially torrefaction, should be one of the ways to overcome the drawbacks.
According to Basu et al., torrefaction was described as a thermochemical process that
involves heating biomass within a controlled environment that is either inert or has limited
oxygen at temperatures ranging from 200-300 °C [17]. Lee et al. torrefied wood chips
of coniferous, mixed species and reported that the mass and energy yield was suitable
at 240 °C [18]. Silva et al. torrefied eucalyptus wood chips to determine structural and
compositional changes during torrefaction [19]. Brachi et al. conducted torrefaction using
tomato peel residues for making high-quality solid biofuel using a new bench-scale experi-
ment [20]. Rousset et al. conducted torrefaction under different oxygen concentrations (2%,
6%, 10%, and 12%) and reported that high oxygen concentrations affect the physical and
chemical properties of the substrate at 280 °C [21]. Alahakoon et al. conducted a study on
the design and development of a double-chamber down draft (DcDD) pyrolysis reactor
aimed at continuous biochar production utilizing rice husk [22].

To overcome the problems of low energy yield and high mass reduction of conventional
torrefaction, Kim et al. developed surface torrefaction and reported an energy yield of
86.8-95.9% [23]. Mlonka-Medrala et al. conducted pyrolysis of agricultural waste biomass.
Pyrolytic gas was subjected to chemical modeling using Ansys Chemkin-Pro software,
and the results were then compared with the experimental findings. Yu et al. reported
that the utilization of the decoupled temperature and pressure hydrothermal system,
along with the promoting effect of high-pressure water, enabled carbon sub-micron sphere
production with smaller diameters. This process was faster and could be carried out at
lower temperatures compared to those of previous studies [24]. These conversion processes
have their disadvantages. For example, the hydrothermal carbonization of food waste
to prepare hydrochar as a fuel often results in hydrochar with poor combustion and
mechanical properties [25]. Due to targets on bio-oil, pyrolysis has disadvantages for
biochar production [26]. Contrary to this popular view, Basu et al. reported that the effect
of oxygen concentration on the calorific value of torrefied biomass products is marginal [27].
Sun et al. reported that torrefaction temperature and oxygen concentration significantly
influenced bamboo pyrolysis [28].

Therefore, to resolve these conflicting results, this study aims to investigate the dif-
ferences in torrefaction between oxygen-rich and oxygen-lean conditions. Furthermore,
optimal conditions were suggested based on various evaluation criteria.

2. Materials and Methods

The wood chips used in this study were unused raw timber wood production by-
products from harvesting, tree species renewal, and felling for mountain development.
Two types of hardwood chips (Liriodendron tulipifera [LT] and Populus canadensis [PC]) and
softwood chips (Pinus rigida [LP] and Pinus koraiensis [KP]) were used. Wood chips were
provided by the Forest Management Technology Research Center of Pocheon-si, Gyeonggi-
do. Table 1 lists the elemental and proximate composition of each biomass type before
torrefaction (see Sections 2.3.1 and 2.3.2 for detailed analyses).

2.1. Thermogravimetric Analysis

A thermogravimetric analyzer (Q500; TA Instruments, New Castle, DE, USA) was used
to determine the thermal characteristics of each wood chip. The analysis was conducted at
a heating rate of 10 °C/min from 30-850 °C under isothermal conditions for 15 min in the
presence of N, and air, respectively.
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Table 1. Proximate and ultimate analyses of wood chips.
Ultlme[xtt;;)ﬁ?r]lalysm Proximate Analysis
° Calorific Value
MC VM FC Ash (MJ/kgl
*
¢ H N © [%ar] [%db] [%db] [%db]
KP 46.38 6.24 0.48 46.89 15.6 81.1 17.2 1.7 19.18
LP 44.18 6.26 0.53 49.03 25.2 83.2 15.2 1.6 19.43
PC 44.53 6.10 0.44 48.93 27.6 84.6 14.4 1.0 19.32
LT 44.36 6.11 0.51 49.01 13.1 87.2 12.1 0.7 19.69

KP, Pinus koraiensis; LP, Pinus rigida; PC, Populus canadensis; LT, Liriodendron tulipifera; ar, air-dried basis;
db, dry-bassis, MC, moisture content; VM, Volatile matter; FC, Fixed carbon; * oxygen was calculated as
100 — (C+ H + N).

2.2. Torrefaction Experiments

Torrefaction experiments were carried out by placing 30 £ 0.5 g of the selected wood
chips in a stainless steel crucible (diameter: 75 mm, height: 55 mm). The oxygen-rich
torrefaction process was conducted without a lid, whereas the can was covered with a lid
during the oxygen-lean torrefaction process. The experiments were performed in an electric
furnace (N7/H/B410; Nabertherm GmbH, Lilienthal, Germany). The experiment was
conducted for 1 h, and the process temperature ranged from 230-310 °C at 20 °C intervals.
In this study, torrefaction was categorized into different levels: light (230 °C), medium
(250 °C, 270 °C), and severe (290 °C, 310 °C). To differentiate between samples based on
process temperature and oxidative conditions, “O” was added after the abbreviation of the
samples processed under oxygen-rich conditions, and only the abbreviation was used for
samples processed under oxygen-lean conditions; for instance, torrefied KP under oxygen-
rich conditions at 250 °C was named as KPO250. After the experiments, the samples were
cooled for 30 min to prevent rapid reactions between the activated samples and oxygen,
and the resulting mass reduction was measured [29]. Based on mass reduction, the mass
yield was calculated using Equation (1):

MY [%)] = Miorr 100 1)

raw

where MY is the mass yield (%) and M, and M,4, are the mass of biomass after and before
torrefaction (g), respectively.

2.3. Fuel Characteristic Evaluation
2.3.1. Elemental Composition Changes

An elemental analyzer (FlashSmart, Thermo Fisher Scientific, Waltham, MA, USA)
was used to measure the elemental composition of carbon (C), hydrogen (H), nitrogen (N),
and sulfur (S). The oxygen content was calculated using Equation (2). Based on elemental
analysis, a Van Krevelen diagram was generated. The CHO index was calculated, which is
an indicator of the level of oxidation in a sample [30], where a higher CHO index indicates
more oxidized compounds and a lower CHO index indicates that the sample contains
molecules that have been reduced after being oxidized. The CHO index can range from —4
to +4 [31].
O [%] =100 - (C+H+N) )

index = 201 - [H]
CHO ind @ (©)]

where [O], [H], and [C] are the mole fractions of oxygen, hydrogen, and carbon in the
sample, respectively.
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2.3.2. Proximate Composition Changes

Based on the elemental composition, volatile matter (VM), fixed carbon (FC), and ash
content (Ash) were predicted using Equations (4)—(6) [32].

VM = 13.647 — 0.344C + 8.902H + 0.5470 — 2.02N + 3.945S )
FC = 8.714 + 1.029C — 6.273H + 0.040 + 0.624N — 1.413S ()
Ash =100 — (VM + FC) (6)

The results obtained using the formula and the measured values are compared and
summarized in Table 2.

Table 2. Result of measured and calculated value of proximate composition.

VM [db%] FC [db%] Ash [db%]

Measured [%] 81.10 17.20 1.70

KP Calculated [%] 77.92 19.47 2.61
Difference [%p] 3.18 —2.27 —0.91

Measured [%] 83.20 15.20 1.60

LP Calculated [%] 79.92 17.20 2.88
Difference [%p] 3.28 —2.00 —1.28

Measured [%] 84.60 14.40 1.00

PC Calculated [%] 78.51 18.50 2.99
Difference [%p] 6.09 —4.10 —1.99

Measured [%] 83.20 15.20 1.60

LT Calculated [%] 78.59 18.29 3.13
Difference [%p] 4.61 —3.09 —1.53

KP, Pinus koraiensis; LP, Pinus rigida; PC, Populus canadensis; LT, Liriodendron tulipifera; %p: percentage point.

2.3.3. Calorific Value and Energy Yield

The calorific value was measured three times using a calorimeter (CAL-3K; DDS
calorimeters, Randburg, Gauteng, South Africa) to determine the changes in calorific value
based on the process temperature. Energy yield (EY) was calculated using Equation (7) to
investigate the change in calorific value and to calculate the parameters related to mass loss.

HHVorrefi
Y [%) = ﬁ x MY @)

HHYV represents the higher calorific value (M]/kg).

2.3.4. Decarbonization, Dehydrogenation, and Deoxygenation
Carbon composition tended to increase with increasing torrefaction severity (i.e., process

temperature or time), whereas the hydrogen and oxygen compositions tended to decrease.
The amount of carbon in the raw biomass (O¢) is expressed as:

Oc [g] = W, x (100 — MC, — Ash,) x 1072 x Yc 0 8)

where W is the weight of the sample (g), MC is the moisture content (%), and Y is the mass
fraction of carbon (%) [33].

In this study, it was assumed that the biomass was completely dried, and the MC was
0. The subscript “O” indicates the raw materials. The amount of residual carbon in the
torrefied biomass (R¢) was calculated as follows:

Re [g] = Wo x MY x (100 — My — As) x 1072 x Y )
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where subscript represents the torrefied residue. Therefore, decarbonization (DC),
which shows the carbon loss percentage in the biomass from torrefaction, was defined

as follows: R
DC [%] = (1 - OC) x 100 (10)

c

Dehydrogenation (DH) and deoxygenation (DO) can be defined in the same manner.

2.3.5. Combustion Indices

Variations in combustion indices such as fuel ratio (FR), combustibility index (CI), and
volatile ignitability (VI) were used to evaluate the torrefaction efficiency and quality of the
fuel. These indices were calculated using Equations (11)—(13). FR is the content of fixed
carbon divided by that of volatile matter; FR, ranging from 0.5-2.0, is commonly used in
coal-fired power plants [34,35]. When the fuel ratio values exceed 2.0, ignition and flame
stability issues can arise [36].

VM

where FR is the fuel ratio, and db is the dry basis.

CI was calculated to determine the combustion characteristics of biomass (Park and
Jang, 2013). In thermal power plants, CI is known to be an important consideration in coal
mixing. Coal-mixed combustion occurs when the CI exceeds 8.37 MJ/kg and is considered
poor when it is <12.56 M] /kg or >23.02 MJ /kg [35,37].

FR =

(11)

_ HHV

1
Cl = o x (115 — Ash) x 7= (12)

105
where HHYV is the higher calorific value (M]/kg), and CI is the combustibility index (M] /kg);
VI indicates the available energy provided by the total volatiles, assuming that the
fixed carbon constituting the fuel sample is solely made up of pure carbon [35,38,39]. For
VI, it is recommended that, at the minimum, the VM should have a specific HHV of at least
14 MJ /kg [40].
_ HHVy, — 0.338FCy,

VI = x 100 13
VMg, + My (13)

where VI is the volatile ignitability (M]/kg), HHV is the higher calorific value (M]/kg), and
MC is the moisture content (%). In this study, MC was not considered, as the calculation of
proximate composition was performed on a dry basis.

3. Results and Discussion
3.1. Results of the Thermogravimetric Analysis

The thermogravimetric analysis (TGA) results are presented in Figure 3. In the pres-
ence of Ny, approximately 10% of the mass was lost at up to 100 °C because of water
evaporation. From approximately 200-370 °C, a considerable mass loss was observed. The
trend was similar in the presence of air: all biomasses showed great mass reduction at
approximately 230-470 °C, although two major mass-loss steps were observed. The first
step was from 230-330 °C, representing the decomposition of hemicellulose and cellulose.
The second step was from 330-470 °C, likely due to cellulose and lignin combustion. There
were no marked mass loss differences among the different biomass types in the first step,
but softwood (KP and LP) showed less mass loss in the second step than hardwood (PC
and LT). These results are comparable to those of previous studies [41,42].
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Figure 3. Results of thermogravimetric analysis in the presence of Ny (left) and air (right). KP, Pinus
koraiensis; LP, Pinus rigida; PC, Populus canadensis; LT, Liriodendron tulipifera.
3.2. Effect on Mass Yield
The mass yields are summarized in Figure 4. The mass yield was 78.00-29.18%
and 83.79-35.15% under oxygen-rich and oxygen-lean conditions, respectively. The yield
difference between the oxygen conditions was 3.53-20.04% p. The maximum difference
between oxygen conditions was observed at 270 °C except for LT, which showed the
maximum difference at 250 °C. At 310 °C, the difference between oxygen conditions was
3.53-6.22%. Overall, softwood had a higher mass yield than hardwood because of its
relatively lower thermal degradability. The mass yield with softwood under oxygen-rich
conditions was similar to that under oxygen-lean conditions, the temperature of which
was 20 °C higher. However, for hardwood, the mass yield at 230 °C under oxygen-rich
conditions was similar to that at 270 °C under oxygen-lean conditions.
(a) EVield difference -0-KPO -8 KP (b) E3Vield difference -0-LPO -@ LP
100 100
2 92
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Figure 4. Mass yield and yield difference between oxygen-rich (O) and oxygen-lean conditions for (a)
Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis, and (d) Liriodendron tulipifera.
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3.3. Effect on Fuel Characteristic
3.3.1. Effect on the Elemental Composition Ratio

As shown in Figure 5, all biomasses showed a gradual increase in the relative carbon
content and a decrease in the oxygen composition ratio. The carbon composition ratio
increased by 4.65-58.94% under oxygen-lean conditions and 8.32-62.88% under oxygen-rich
conditions. The oxygen composition ratio under each condition decreased to 49.21-54.20%
and 48.07-53.25% under oxygen-lean and oxygen-rich conditions, respectively. There was
no considerable difference between KPO290 and KPO310 owing to a 1% p difference in the
carbon component ratio.

(a) KP ac an oN #O (b) LP ac anoN w0

100
90
80
70 r
60
50
40
30
20

KP 230 250 270 290 310 0230 0250 0270 0290 0310 LP 230 250 270 290 310 0230 0250 0270 0290 0310
100
90

(¢) PC

uC BH ON mO uC BH oN mO

80
70
60 |
50
40 |
30
20

PC 230 250 270 290 310 0230 0250 0270 0290 0310 LT 230 250 270 290 310 0230 0250 0270 0290 0310

Figure 5. Elemental composition changes of (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis,
and (d) Liriodendron tulipifera after torrefaction at various temperatures (230-310 °C) and under
oxygen-lean and oxygen-rich conditions (O).

In the CHO index, all types of biomasses exhibited a similar growth pattern (Figure 6)
KPO230 showed a lower CHO index compared to that of other biomass due to high
hydrogen content. Other biomass showed 5.3-5.4% hydrogen content under 230 °C in
oxygen-rich conditions; however, KPO hydrogen content was 6%. At over 270 °C in oxygen-
rich conditions, LT and PC showed similar results. However, KP and LP showed differences
under 310 °C with oxygen-lean conditions. KP310 showed less carbon content (69.11%)
and greater hydrogen content (4.987%) compared to that of KPO290, showing carbon and
hydrogen contents at 69.98% and 4.78%, respectively. It caused a decrease in the KP310
CHO index. In contrast, LP310 showed greater carbon (68.03%) and less hydrogen content
(4.43%) compared to that of LPO290, showing 64.96% carbon and 4.64% hydrogen content.

The Van Krevelen diagram (Figure 7) showed the improved biomass fuel charac-
teristics. A sizable improvement in fuel characteristics was observed under oxygen-rich
conditions. Most of the torrefied biomass showed a linear fuel characteristic improvement,
whereas KPO showed a nonlinear improvement owing to its small carbon component ratio.
The hardwood LTO showed rapid improvements in fuel characteristics between 250 and
270 °C, whereas KPO, LPO, and PCO showed gradual improvements.
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Figure 6. Changes in CHO index according to process conditions of Pinus koraiensis (KP), Pinus rigida
(LP), Populus canadensis (PC), and Liriodendron tulipifera (LT).
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Figure 7. Van Krevelen diagram for (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis, and
(d) Liriodendron tulipifera after torrefaction at various temperatures (230-310 °C) and under oxygen-
lean and oxygen-rich conditions (O).
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3.3.2. Effect on the Proximate Composition Ratio

The calculated proximate compositions of the torrefied biomass are shown in Figure 8.
Previous studies have shown that the amount of volatile matter decreases and that of
fixed carbon increases in response to increasing torrefaction severity [43,44]. Increasing
temperature induces the same response [45]. A decrease in volatile matter content and an
increase in fixed carbon content in response to increasing temperature was observed. The
volatile matter content decreased from a minimum of 5.13% p to a maximum of 52.20% p.
The fixed carbon content increased from 4.58-49.53% p.

BFC OVM B Ash (b) LP BFC OVM BAsh

100
90 -
80
70
60 7l
50
40 r

0

230 0230 250 O250 270 O270 290 O290 310 O310 230 0230 250 0250 270 0270 290 0290 310 0310

Figure 8. Calculated proximate composition of (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus
canadensis, and (d) Liriodendron tulipifera after torrefaction at various temperatures (230-310 °C) and
under oxygen-lean and oxygen-rich conditions (O). FC, fixed carbon; VM, volatile matter; Ash,
ash content.

3.3.3. Effect on calorific Value and Energy Yield

Figure 9 provides a summary of calorific value and energy yield changes with respect
to the process conditions. The calorific value was found to be higher at elevated tempera-
tures and in oxygen-rich conditions. KP was 20.08-27.86 M] /kg and 21.05-28.96 M] /kg in
oxygen-lean and oxygen-rich conditions, respectively. Moreover, PC showed the highest
calorific value increase, of 19.94-28.11 MJ/kg and 22.26-29.01 M]/kg, in oxygen-lean and
oxygen-rich conditions, respectively.

Based on Duncan’s multiple range test presented in Table 3, KP and LT did not
exhibit significant differences between oxygen-rich and oxygen-lean conditions at 310 °C.
In general, the calorific value was higher in oxygen-rich conditions compared to that of
oxygen-lean conditions. However, there were no significant differences observed among
LT230, LTO230, and LT250.
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Figure 9. Calorific value and energy yield of (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis,
and (d) Liriodendron tulipifera after torrefaction at various temperatures (230-310 °C) and under
oxygen-lean and oxygen-rich conditions (O).

Table 3. Result of Duncan’s multiple test and calorific value.

Name CvV Name CvV Name CvV Name CvV
KPO310 £ 28.96 (S) LPO3104 27.98 (S) PCO310 4 29.01 (S) LTO310 4 27.86 (S)
KP3104 27.86 (S) LPO290 B 27.23 (S) PC310 B 28.11 (S) LT310 & 27.54 (S)
KPO290B 27.17 (S) LP310 B 26.74 (S) PCO290 © 27.05 (S) LTO290 B 24.05 (B)
KPO270¢ 26.46 (S) LP290 € 25.80 (S) PCO270 P 26.13 (S) LT290 B 24.00 (B)
KP290P 24.05 (B) LPO270 D 24.88 (B) PC290 E 25.11 (B) LTO270 € 23.01 (A)
KPO250F 23.26 (A) LP270 E 22.64 (A) PCO250F 22.83 (A) LT270 D 22.19 (A)
KP270E 23.01 (A) LPO250 F 21.99 (A) PC270 £ G 22.72 (A) LTO250 E 21.60 (A)
KP250F 21.60 (A) LPO230 C 21.42 (A) PCO230 ¢ 22.26 (A) LT250 F 20.39 (-)
KP0O230¢ 21.05 (A) LP250 G 21.31 (A) PC250 H 21.66 (A) LTO230 F 20.08 (-)
KP230H 20.08 (-) LP230 H 19.97 (-) PC230! 19.94 (-) L1230 F 19.94 (-)

Superscript letters indicate significant differences. Letters in parentheses indicate the grade. KP, Pinus koraiensis;
LP, Pinus rigida; PC, Populus canadensis; LT, Liriodendron tulipifera; all under oxygen-lean conditions; O, oxygen-rich
conditions. Numbers in the name indicate temperatures used during torrefaction.

The calorific values of anthracite coal, bituminous coal, and the standardized boiler
design were used for comparison, with the respective grades designated as A-, B-, and S.
Among the softwoods, Groups A, B, and C met the S-grade, Group D met the B-grade, and
Groups E and F met the A-grade. For PC, Groups A, B, C, and D met the S-grade, Groups F,
G, and H met the A-grade, and only Group E met the B-grade. Only groups A and B of LT
met the S- and B-grades, respectively, despite being hardwood. Groups C, D, and E met
grade A. For CV, torrefaction at 230 °C was ineffective in replacing solid fossil fuels.
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The energy yields were >75% for KP270, KPO250, PC270, PCO230, LT250, LP270,
and LPO230. Regardless of the temperature, the energy yield of the LTO was <70%. A
rapid decrease in energy yield was observed at 290 °C between oxygen-lean and oxygen-
rich conditions. All biomasses showed approximately 50% energy yield at 290 °C under
oxygen-rich conditions and 310 °C under oxygen-lean conditions. Owing to its low calorific
value increase relative to the mass decrease, LT showed the lowest energy yield among
the biomasses.

3.3.4. Effect on DC, DH, and DO

The profiles of DC, DH, and DO are shown in Figure 10. An increase in torrefaction
temperature from 230-310 °C under oxygen-rich conditions had a mild influence on carbon
loss and a remarkable effect on H and O losses. Overall, the DC of softwood ranged
from 6.35-49.74%, whereas DH and DO ranged from 16.41-78.83% and 19.51-82.57%,
respectively. The DC, DH, and DO ranges of hardwood were 12.56-54.74%, 15.79-84.20%,
and 22.61-86.38%, respectively. This finding showed that at least 50.26% carbon could be
held in softwood and 45.03% carbon in hardwood. However, only 22-23% and 17-18% of
H and O could be held in softwood, respectively, and 16-18% and 14-16% in hardwood,
respectively, under the most severe conditions (i.e., at 310 °C under oxygen-rich conditions).
It was found that increasing torrefaction severity had a greater influence on DO than DC
and DH, as reported previously [33]. Figure 11 shows the plots of HHV versus DC, DH,
and DO. In softwood, there was a strong linear relationship between HHV and DC, DH,
and DO, especially DO (R? > 0.96). Among the hardwoods, PC showed a stronger linear
correlation than LT. For PC, R? > 0.92 for all three processes. However, the R? of LT was
0.865 (DC), 0.7342 (DH), and 0.7714 (DO). These results indicate that the calorific value
of torrefied biomass can be predicted from the DC, DH, or DO for all samples except the

LT biomass.
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Figure 10. Profiles of decarbonization (DC), dehydrogenation (DH), and deoxygenation (DO) of (a)
Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis, and (d) Liriodendron tulipifera after torrefaction
at various temperatures (230-310 °C) and under oxygen-lean and oxygen-rich conditions (O).
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Figure 11. Profiles and linear regression of HHV versus decarbonization (CD), dehydrogenation
(DH), and deoxygenation (DO) of (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis, and
(d) Liriodendron tulipifera.

3.3.5. Effect on Combustion Indices

Figure 12 summarizes the changes in FR and CI. For untreated samples, the FR was
between 0.14-0.21 owing to the high volatile matter content and low fixed carbon of
biomass. The fuel ratio increased as the temperature in the torrefaction process increased.
Additionally, in the presence of oxygen at the same temperature, a higher FR was observed.
Except for LP, the FR of the samples showed changes based on the oxygenated and non-
oxygenated conditions, the temperature of which was 20 °C higher. However, LP did
not show a significant difference between the oxygenated and non-oxygenated conditions
compared with the other samples. Moreover, a significant linear increase in FR was
observed for all samples from >290 °C. Under the most severe condition tested, that is, the
310 °C oxidative process, the FR of PC was the maximum (2.15), whereas the FR of LP was
the minimum (1.49). The FR of torrefied softwood showed a maximum increase of 730-816%
compared with that of the untreated wood, whereas the hardwood showed a maximum
increase of 1214-1260%. FR exceeding 2.0 can cause ignition and flammability issues;
therefore, LPO310 was considered unsuitable. The four types of wood chips showed pre-
torrefaction Cls ranging from 97.45 MJ] /kg for KP to 154.22 M] /kg for PC. Post torrefaction,
the CI of each biomass decreased from 75.32-13.98 M] /kg. As the process temperature
increased, the calorific value increased; however, the FR also increased, thereby decreasing
CI. It was observed that the decrease in CI was more severe under oxidative conditions at
the same temperature.
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Figure 12. Changes in combustibility index and fuel ratio of (a) Pinus koraiensis, (b) Pinus
rigida, (c) Populus canadensis, and (d) Liriodendron tulipifera after torrefaction at various temperatures
(230-310 °C) and under oxygen-lean and oxygen-rich conditions (O).

Figure 13 summarizes the changes in VL. KP VI was 16.45-25.31 MJ/kg and gradually
increased; however, it began decreasing at 290 °C to 18.99 M]/kg. This was caused by
a significant increase in fixed carbon and a decrease in volatile matter, compared to an
increase in calorific value. PC showed a rapid decrease in PCO250 compared to that of
PC250 and PC270 due to a lower increase in calorific value compared with a significant
increase in fixed carbon and a decrease in the volatile matter. Despite the observed decrease
caused by these changes, as the process temperature increased and under oxygen-rich
conditions, which can be considered more severe, the VI generally showed an increasing
trend. However, for LT, a repeated increasing and decreasing trend was observed. Under
oxidative conditions at <300 °C, a significant decrease in LT was observed compared with
that at the same temperature under the oxygen-lean conditions. The VI of LT230, LT270 and
LT290 were 16.49 MJ /kg, 16.94 M] / kg and 18.86 M] / kg, respectively, while that of LTO230,
LTO270, and LTO290 were 13.97 M]/kg, 13.60 MJ/kg, and 13.54 MJ]/kg, respectively.
However, a significant increase was observed in the 310 °C process regardless of the oxygen
conditions. Combustion is considered poor if the CI of the material is <12.56 M]/kg or
>23.02 M] /kg [35]. Therefore, PCO290, PC310, PCO310, KPO310, LTO290, LTO310, LP310,
and LPO270 could be used for coal co-firing with a high energy yield. The others are
suitable for biomass-only combustion owing to a CI of over 23.02 MJ/kg. It was found
that I; did not show a consistent trend among the biomasses, as CV, VM, and FC were
significantly involved. The VI of LPO250, LT230, LT270, and LTO290 was <14 MJ/kg.
Therefore, these conditions can be difficult to implement in boilers effectively.
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Figure 13. Changes in volatile ignitability of (a) Pinus koraiensis, (b) Pinus rigida, (c) Populus canadensis,
and (d) Liriodendron tulipifera after torrefaction at various temperatures (230-310 °C) and under
oxygen-lean and oxygen-rich conditions (O).

3.4. Optimal Conditions

In terms of calorific value, regardless of the oxygen condition, KP matched the CV
of anthracite and bituminous coals when the process temperature was >250 °C. The
hardwoods matched the CV of both coals at >270 °C under oxygen-lean conditions and
at >250 °C under oxygen-rich conditions. LT matched the CV of anthracite coal at 250 °C
under oxygen-lean conditions and at 270 °C under oxygen-rich conditions. In terms of CI,
KPO310, LPO290, LPO310, LTO270, LTO310, PC310, PCO270, PCO290, and PCO310 did
not have significant disadvantages of co-firing with coal because of their CV. Other types
of biomasses might be appropriate for biomass combustion only. From the perspective of
VI, LP290, LT250, LTO230, and LTO270 could not be used effectively in boilers because
of their low VI. Therefore, it was suggested that KP250, KPO230, LP250, LPO230, LT270,
LTO250, PC250, and PCO230 can be used to replace anthracite coal. KP290, LPO270,
LT290, LTO290, and PC290 are suitable substitutes for bituminous coal. The optimal fuel
suggestions for stable operation in the standard boiler design are KP310, KPO270, LP310,
and LT310. Furthermore, low-quality coal could be improved and co-fired with KPO310,
LPO290, LPO310, LTO310, PC310, PCO270., PCO290 and PCO310. The optimal conditions

are summarized in Table 4.
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Table 4. Optimum conditions under various criteria for each biomass.

T(i‘g)l’ cV VI EY  Result CV CI VI  EY Result
RAW - - (@) - - - - @) - -
230 - - O - - - - @) - -
250 A = O o A - - X - -
Oxygen-lean 270 A - @) X - A - (@) @) A
290 B - O O B B - O @) B
310 KP S - (@) (@) S LT S - (@) O S
230 A - (@) (@) A - - X - -
250 A - @) O - A - O (@) A
Oxygen-rich 270 S = (@) (@) S A Cco X - -
290 S - @) X - B - o O -
310 S CO (©) X Cco S CO (@] - Cco
RAW - - O - - - @) - -
230 - - (@) - - - @) - -
250 A - (¢ O A A - O (@) A
Oxygen-lean 270 A - @) X A - @) X -
290 S - X X B - (@] O -
310 LP S - (@) (@) S PC S CoO o - Cco
230 A - (@) (@) A A - (@) O
250 A - @) X A - o X -
Oxygen-rich 270 B = (@) (@) B B CcO (@) = co
290 S CO @) X Cco B CoO O - co
310 S CO (©) X Cco S CO o - Cco

S, standardized boiler design; A, anthracite coal; B, bituminous coal; CO, co-firing with coal; KP, Pinus koraiensis;
LP, Pinus rigida; PC, Populus canadensis; LT, Liriodendron tulipifera; CV, calorific value, CI, combustibility index; VI,
volatile ignitability; EY, energy yield.

4. Conclusions

The aim of this study was to investigate the feasibility of using biomass from forest

byproducts as a fuel source in oxygen gasification processes, compared to traditional
pyrolysis. The study aimed to determine the potential for biomass gasification under
different process conditions. The results confirmed that biomass calorific value could
exceed that of the coal currently used in coal-fired power plants, indicating the potential for
biomass as a viable alternative fuel source. The conclusions of this study can be summarized
as follows:

Q).

).

3).

).

In this study, the process temperature and oxygen conditions remarkably affected
the torrefaction of unused forestry byproduct wood chips. Hardwood and softwood
showed 5.18-18.85% p and 3.53-20.04% p of mass yield difference between oxygen-
rich and oxygen-lean conditions, respectively.

Under oxygen-rich conditions, the carbon composition ratios of hardwood and soft-
wood increased by 62.88% and 56.45%, respectively. The maximum increase in the
relative carbon proportion of each wood type under oxygen-lean conditions were
49.21% and 53.97%, respectively.

A maximum CV increase of 50.95% under oxygen-rich conditions (from 19.18 MJ/kg
to 28.96 MJ/kg) and 48.48% under oxygen-lean conditions (from 19.18 MJ/kg to
27.98 MJ/kg) was observed.

For hardwoods, KP and LD, the energy yields ranged from 59.25-87.72% and 55.31-85.89%,
and from 50.52-84.50% and 52.79-81.19% under oxygen-lean and oxygen-rich conditions,
respectively. In contrast, for softwoods, PC and LT, the energy yields were lower compared
to those of hardwoods, showing 51.22-83.69% and 49.15-82.28%, and 43.58-73.86% and
42.40-67.10% under oxygen-lean and oxygen-rich conditions, respectively.
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(5). Decarbonization, dehydrogenation, and deoxygenation were observed in the range of
6.35-53.84%, 15.79-84.20%, and 19.51-86.38%, respectively.; these indices increased
linearly with the calorific value.

(6). The higher the temperature, the more favorable the CI for coal co-firing, similar to
that under oxygen-rich conditions. Iy was excellent in most cases (excluding LP290,
LT250, LTO230, and LTO270).

The optimum conditions for replacing anthracite coal were KP250, KPO230, LP250,
LPO230, LT270, LTO250, PC250, and PCO230, and those for replacing bituminous coal
were KP290, LPO270, LT290, LTO290, and PC290. KP310, KPO270, LP310, and LT310
were suggested for the stable operation of the standard boiler. Although the above results
were obtained based on calorific values, it should be noted that biomass ash differs from
coal in terms of its composition and properties. Therefore, further long-term combustion
experiments with actual torrefied biomass are necessary to investigate its feasibility as a
replacement fuel in practical applications.
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