
－ 196 －

J. Korean Wood Sci. Technol. 43(2): 196~205, 2015 pISSN: 1017-0715 eISSN: 2233-7180

http://dx.doi.org/DOI : 10.5658/WOOD.2015.43.2.196

Effects of The Torrefaction Process on The Fuel Characteristics 

Larix kaempferi C
1

Jaejung Lee
2
⋅Byoung Jun Ahn

2,†
⋅Eun-Ji Kim

2

ABSTRACT

The aim of this study was to evaluate the fuel characteristics of thermally treated wood chips of the Larix 

kaempferi C. As torrefaction temperature was increased (200℃ to 300℃), the carbon content, calorific value, 

and mass loss of torrefied wood chips increased significantly. The torrefied wood chips were shown to have 

hydrophobic properties even when only treated by mild torrefaction. The energy required to grind torrefied 

wood chips was reduced by the torrefaction process. Different sizes of wood chips were used in this study; 

however, this produced almost no difference in the fuel characteristics of processed Larix kaempferi C, except 

in the distribution of ground wood particles. Similar results were observed when the wood chips were torrefied 

for different lengths of time (15 min to 60 min) at a constant temperature. Torrefaction was shown to have 

positive effects on the fuel characteristics of Larix kaempferi C, including improved energy density, storage, 

and grindability.
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1. INTRODUCTION

Currently, growing concerns over fossil fuel 

emissions and global warming have made 

searching for fossil fuel alternatives. In addition, 

the eventual exhaustion of the crude oil supply 

is another factor that increases the necessity of 

finding fossil fuel alternatives. Lignocellulosic 

material is a potential alternative energy source, 

because it is abundant, renewable, and carbon 

neutral (Chheda et al. 2007; Stöcker 2008; Na 

et al. 2013). However, the low energy density 

and storage issues (i.e., contamination by mi-

crobes) associated with wood materials are 

considered limitations to the use of wood bio-

mass as an energy source.

Torrefaction, a mild thermal treatment of 

woods performed at temperatures below 300℃ 

and under oxygen-free conditions, is regarded 

as one possible way to overcome the afore-
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mentioned disadvantages (van der Stelt et al. 

2011; Batidzirai et al. 2013; Lee and Lee 

2014). The torrefaction process could improve 

wood products’ energy density and hydro-

phobicity, improving ease of transport, storage, 

and the potential usefulness of these products. 

During the torrefaction process, dehydration, 

dehydroxylation, and decarboxylation occur 

(Mei et al. 2014). Torrefaction causes a trans-

formation of the chemical structure of woods, 

leading to the decrease of the O/C and H/C 

ratios in the treated biomass. The result of this 

is an increase in the wood’s energy density 

(Arias et al. 2008; Chew and Doshi 2011; Van 

der Stelt et al. 2011; Mei et al. 2014).

Cellulose and hemicelluloses are the main 

constituents of woods and contain numerous 

hydroxyl groups that are strongly hydrophilic 

(Marcovich et al. 1998; Ichazo et al. 2001). 

Because the hydroxyl groups are a major factor 

in the hydrophilicity of woods, removal of the 

hydroxyl groups in wood via the torrefaction 

process increases the material’s hydrophobic 

properties (Bourgois et al. 1989; Kim et al. 

2012; Kobayashi et al. 2008). Additionally, the 

resistance of thermal-treated wood to microbial 

damage has been reported in previous papers 

(Kamdem et al. 2002; Hokkou et al. 2006; 

Esteves and Pereira 2009; Tripathi et al. 2014).

Energy densification could be also achieved 

by pelletizing wood chips (Li and Liu 2000; 

Stelt et al. 2011). This decreases the cost of 

both transportation and utilization, since wood 

pellets have higher energy than wood chips at a 

same bulk density (Robbins 1982; Stelt et al. 

2011). However, the grinding which must take 

place before the pelletizing process procedure 

requires additional energy for producing fuel 

pellets. The economic burden of the pelletizing 

process can be reduced by torrefaction, be-

cause less energy is required to grind torrefied 

wood chips than general wood chips. (Arias et 

al. 2008; Mei et al. 2015). 

The goal of this study was to evaluate the 

fuel characteristics of torrefied wood chips, 

using Larix kaempferi C. To achieve this 

objective, the fuel properties of torrefied wood 

chips were evaluated for calorific value, energy 

yield, grindability, and hydrophobicity.

2. MATERIALS and METHODS

2.1. Raw Material

Larix kaempferi C (LAR) was used as the 

raw material for the torrefaction process. Logs 

of LAR were purchased from Punglim Co. 

(Daejeon, Korea). The harvested logs were 

chipped to two different sizes (10-20 mm and 

20-25 mm) using a chipping machine. The 

chips were screened to regulate chip size, then 

dried and used in the torrefaction process.

2.2. Torrefaction Process

The torrefaction process was carried out at 

different temperatures (200℃, 220℃, 240℃, 

260℃, 280℃, and 300℃) using a pilot scale 

rotary batch reactor (designed by Drying 

Engineering Inc., Korea). Precisely 3 kg of 
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wood chips of LAR was used for each trial of 

the torrefaction process. The reactor temperature 

was heated from room temperature to the target 

temperature over 20 min, after which the target 

temperature was maintained for 30 min. At 26

0℃, the residence time was varied (15 min, 30 

min, 45 min, and 60 min).

2.3. Sample Analysis and Torrefaction 

Yield

2.3.1. Moisture, chemical composition, and 

calorific value

The moisture contents of all the samples used 

were determined by the oven-drying method. 

The analysis of the chemical composition of 

the untreated wood samples was performed 

according to the standard procedure of the 

American Society for Testing and Materials 

(ASTM). The calorific values of the samples 

were determined based on the 1 g of dry 

weight of each sample and using a Parr 6400 

automated bomb colorimeter (Parr, USA). The 

elemental contents were estimated using Flash 

EA1112 (Thermo, USA), according to the man-

ufacturer’s instruction. 

2.3.2. Torrefaction yield

The mass and energy yields of the torrefied 

samples were based on the dry weight (d) and 

defined using following equations (1) and (2), 

respectively. 

············ (1)

(2)

2.4. Determination of contact angle

Wood pads manufactured via pressing pow-

dered, untreated, and torrefied wood chips at 41 

MPa were used to measure the contact angle, 

using a Phoenix 300 contact angle measuring 

instrument (SEO, Korea). Approximately 5 uℓ 

of distilled water was dropped onto the surface 

of the wood pads using a micro-syringe. An 

image of the dropped water was taken every 

second for 10 s. The contact angle was ob-

tained at the first second of contact, and this 

process was repeated 3 times.

2.5. Determination of grindability and 

energy consumption

The energy needed to grind 10 g of untreated 

and torrefied wood chips for one minute was 

measured using a commercial grinder with a 

power consumption measurement apparatus. 

The size distribution of the pulverized wood 

particles from the grinding experiments was 

measured by screening the particles for 20 min 

using a vibrating sieve device with three differ-

ent sieves of 60, 40, and 18 mesh. 

3. RESULTS and DISCUSSION

3.1. Torrefaction Characteristics

Changes in elemental composition during the 
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Chip size Temp. 

(℃)

Time Elemental composition (%) Calorific value

(mm) (min) C H N O
a

(kcal/kg)

Control
b

49.73 (0.08)
c

6.69 (0.01) 0.10 (0.01) 43.49 (0.06) 4399.11 (41.89)

10-20 200 30 50.24 (0.08) 6.51 (0.05) 0.09 (0.03) 43.15 (0.10) 4401.59 (14.37)

220 50.84 (0.08) 6.39 (0.04) 0.14 (0.03) 42.63 (0.08) 4307.85 (29.54)

240 52.10 (0.04) 6.15 (0.12) 0.05 (0.00) 41.70 (0.16) 4650.6 (28.95)

260 55.48 (0.07) 6.06 (0.06) 0.10 (0.03) 38.37 (0.09) 4873.92 (3.34)

280 59.36 (0.31) 5.79 (0.08) 0.08 (0.00) 34.77 (0.35) 5146.8 (13.99)

　 300 　 64.50 (0.38) 5.32 (0.07) 0.13 (0.00) 30.05 (0.33) 5650.93 (19.84)

20-25 200 30 49.45 (0.07) 6.42 (0.02) 0.10 (0.03) 44.04 (0.11) 4392.33 (12.46)

220 50.16 (0.08) 6.34 (0.04) 0.08 (0.00) 43.42 (0.11) 4364.05 (32.38)

240 51.21 (0.12) 6.22 (0.04) 0.10 (0.02) 42.47 (0.14) 4529.51 (2.08)

260 54.12 (0.02) 6.04 (0.01) 0.09 (0.01) 39.76 (0.04) 4943.3 (30.88)

280 60.14 (0.14) 5.66 (0.05) 0.15 (0.01) 34.05 (0.13) 5264.72 (20.29)

　 300 　 68.07 (0.23) 5.11 (0.03) 0.13 (0.04) 26.69 (0.29) 6083.59 (10.08)

10-20 260 15 52.26 (0.03) 6.27 (0.13) 0.08 (0.00) 41.40 (0.11) 4501.77 (14.65)

30 55.48 (0.07) 6.06 (0.06) 0.10 (0.03) 38.37 (0.06) 4873.92 (3.34)

45 55.77 (0.03) 5.98 (0.03) 0.09 (0.02) 38.15 (0.09) 4938.49 (12.69)

　 　 60 58.39 (0.19) 5.91 (0.03) 0.13 (0.04) 35.57 (0.26) 5177.32 (28.47)

20-25 260 15 54.12 (0.02) 6.29 (0.05) 0.13 (0.03) 39.47 (0.11) 4628.78 (11.16)

30 56.21 (0.02) 6.04 (0.01) 0.09 (0.01) 37.66 (0.03) 4943.3 (30.88)

45 58.07 (0.05) 5.99 (0.02) 0.12 (0.03) 35.82 (0.04) 4931.99 (10.85)

　 　 60 61.28 (0.04) 5.84 (0.01) 0.16 (0.01) 32.73 (0.05) 5330.37 (22.16)

a
The oxygen content was calculated by difference

b
Untreated wood chips

c
The numbers in parentheses refer to standard deviations

Table 1. Elemental composition and calorific values of untreated and torrefied wood chips

Fig. 1. Relationship between calorific values and 

carbon contents of torrefied LAR.

torrefaction process are shown in Table 1. As 

torrefaction temperature or time increased, the 

carbon content of the torrefied LAR increased. 

The increase in carbon content directly con-

tributed to the increased calorific value of the 

torrefied wood chips. As shown in previous 

studies (Kim et al. 2012; Chin et al. 2013), 

there is a strong correlation between calorific 

value and carbon content (Fig. 1). The carbon 

content increased with torrefaction temperatures 
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(A) (B)

Fig. 2. Mass and energy yields of torrefied LAR as a function of temperature (A) and time (B).

and times because of the decrease in the O/C 

and H/C ratios caused by the torrefaction 

process. It was thought that the higher energy 

contained in the carbon-carbon bond than in 

C-O or C-H bonds is one of the major factors 

affecting the molecules’ combustion character-

istics (Kim et al. 2012). Additionally, hydrogen 

and oxygen content were gradually decreased 

with time and temperature of treatment of LAR. 

The behavior of these elemental compositions 

might be due to the release of volatile com-

pounds such as water and carbon dioxide, both 

of which are rich in hydrogen and oxygen (Na 

et al. 2013). The nitrogen content of torrefied 

LAR was nearly constant at a very low level. 

The calorific value of the wood chips increased 

significantly due to the torrefaction process, as 

a function of both torrefaction temperature and 

time. Under the same treatment conditions, 

large wood chips showed more severe torre-

faction effects than small wood chips. This re-

sult might be driven by heat conservation ef-

fects occurring in inner part of the large wood 

chips, caused by the insulative properties of 

woods.

Fig. 2 shows the mass and energy yields of 

torrefied LAR, under different treatment 

conditions. The yields of torrefied LAR were 

significantly affected by both torrefaction tem-

perature and reaction time. At a temperature 

range from 200 to 240℃, the differences in 

mass and energy yields are negligible. 

However, a treatment temperature range from 

280 to 300℃ led to significantly reduced mass 

and energy yields, as the large increase in the 

calorific value of the fuel was not enough to 

make up for the large amount of fuel weight 

lost (> 30%) during the treatment process. 

Therefore, these results indicate that thermal 

treatment at 260℃ provides the most positive 

effects of the torrefaction process, without 

causing a significant loss in fuel mass.

3.2. Hydrophobicity of Torrefied Wood 

Chips

The hydrophobicity of LAR was evaluated by 

measuring the contact angles formed by water 
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(A) (B)

Fig. 3. Contact angles of a water droplet on the torrefied LAR, treated by different torrefaction temperature (A) 

and different residence time (B).

droplets on surface of torrefied LAR. The con-

tact angles ranged from 95.2 to 116.1° (Fig. 3). 

The contact angle of untreated LAR was 

not observed, because the hydrophilicity of 

untreated LAR prevents water droplets from 

forming the hemispherical shape needed for this 

measurement. There is no clear correlation 

between contact angle and torrefaction tem-

perature or time. Although thermal treatment 

was mild (i.e., low torrefaction temperature or 

short holding time), the hydrophobicity of LAR 

was significantly enhanced compare to that of 

untreated LAR. Similar observations were made 

in previous studies (Kamdem et al. 2002; 

Pétrissans et al. 2003; Weiland and Guyonnet 

2003; Hakkou et al. 2006). Changes in the sur-

face properties of the wood from hydrophilic to 

hydrophobic characteristics due to torrefaction 

can reduce the wetting of woods, and thereby 

preventing microbial contamination. The results 

of the measurement of the contact angles of 

various torrefied LAR samples showed that the 

torrefaction of LAR can increase its hydro-

phobicity, which might be advantageous to the 

long-term storage of torrefied biomass.

3.3. Grinding ability and energy 

consumption

The pelletizing process is generally used to 

increase the energy density of wood chips. 

Wood pellets have a uniform shape, which is 

an advantage in a boiler supply and allows 

wood pellets to contain a higher calorific value 

as the same volume of wood chips (Stelt et al. 

2011). However, higher energy input is required 

to produce pellets from wood chips, especially 

during grinding and pelletizing. Energy con-

sumption during the grinding of torrefied LAR 

is shown in Fig. 4. The required grinding en-

ergy was reduced by increasing torrefaction 

temperature and time. The smallest amount of 

energy consumed by grinding wood chips came 

from the wood samples treated at 260℃ for 60 

min. This is equivalent to a 14.4% and 12.6% 

reduction in grinding energy from that of un-
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(A) (B)

Fig. 5. Diagram of the particle size distribution of torrefied LAR treated by different torrefaction temperature 

(A) and different residence time (B).

(A) (B)

Fig. 4. Energy consumption during the grinding of torrefied LAR chips treated by different torrefaction temper-

ature (A) and different residence time (B).

treated wood, in the case of 10-20 mm and 

20-25 mm size chips, respectively. When chips 

were treated at 300℃ for 30 min, the chips 

with a size of 10-20 mm and 20-25 mm re-

quired 14.0% and 11.3% less energy to grind 

than untreated chips, respectively. The improved 

grindability of torrefied LAR might be due to 

the increase in brittleness of the chips, as well 

as the breakdown of fibrous compounds during 

the torrefaction process (Arias et al. 2008; 

Phanphanich and Mani 2011).

The post-grinding distribution of torrefied 
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LAR particle size within the four size ranges is 

shown in Fig. 5. According to these results, a 

larger quantity of small particles (< 40 mesh) 

was produced when LAR was torrefied at 

higher temperatures. Almost 5- and 16-fold 

higher quantity of fine particles (< 60 mesh) 

were produced by grinding of LAR torrefied at 

300℃ (size in 10-20 mm and 20-25 mm, re-

spectively). Because the ground particles from 

untreated larger wood chips contained a smaller 

quantity of fine particles, wood chips with a 

size of the 20-25 mm range showed the greatest 

increase in grinding efficacy due to the torre-

faction process. A similar distribution of par-

ticles was observed when the LAR chips were 

torrefied for different time durations at same 

temperature. Overall, the grindability of torre-

fied LAR was enhanced by torrefaction, and 

chips were ground into smaller particles when 

torrefied at higher temperature or for a longer 

residence time.

4. CONCLUSION

In this study, the torrefaction process to 

upgrade fuel characteristics was evaluated. The 

torrefaction of LAR caused a loss of wood chip 

mass, but LAR was shown to have a higher 

energy density because of the increase in calo-

rific value caused by torrefaction. Storage of 

LAR chips might be improved by the torre-

faction process, because torrefied wood chips 

have hydrophobic properties. Furthermore, the 

energy consumed by the grinding of torrefied 

LAR was lower than that required by the grind-

ing of untreated LAR. Thus, the torrefaction 

process would be advantageous when the 

torrefied wood chips are used in pelletizing 

processes. The chip size of LAR did not have a 

significant effect on fuel characteristics, except 

on the size distribution of ground wood 

particles. In light of growing demands for 

alternative energy, the torrefaction of wood 

biomass could be a useful method for improv-

ing the fuel characteristics of wood.

The torrefied woody biomass has relatively 

low internal bonding strength and this causes 

the lower durability of torrefied pellets than 

wood pellets. Furthermore, it is generally 

thought that fuel characteristics of final fuel for-

mats such as pellets and briquettes are differed 

to wood particles and wood chips because their 

fuel characteristics could be changed during the 

figuration process. Further studies are needed to 

enhance the durability of torrefied pellets (i.e., 

mixing with additives) and evaluate the fuel 

characteristics of torrefied woody biomass in the 

form of final products.
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