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Abstract
Utilization of rice straw as an alternative fuel source to fossil fuel has been considered. However, properties such as water 
content, low heating value, less grindability, high bulk density, and high ash content are problems in such a biomass fuel 
supply chain. This study attempted to produce wood pellets mixed with torrefied rice straw (WPTRS) to solve the problems 
related to using rice straw as fuel. For that, preferred torrefaction conditions, such as torrefaction temperature and holding 
time, were determined by indicators of the grindability, energy loss, and heating value. As a result, the preferred grindabil-
ity was found at torrefaction temperatures of over 220 °C. In terms of energy, we derived two viewpoints: i.e., if minimum 
energy loss is prioritized, the preferred torrefaction temperature is 220 °C, and for an increase in the heating value of rice 
straw, 280 °C was preferred. Next, WPTRS was produced using rice straw torrefied at 220 °C and 280 °C, and by changing 
the mixing ratio of rice straw to wood. Burning tests were conducted to clarify the WPTRS characteristics and the results 
revealed that the torrefaction at a temperature of 280 °C increased WPTRS’s heating value. In addition, the basicity can be 
used as a good indicator for clinker production when wood and rice straw are used as fuel.
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Introduction

Renewable and sustainable energy is of global interest 
because fossil fuels have been exhausted and greenhouse 
gases are being emitted. The European Commission com-
piled a new policy framework for climate and energy for the 
period from 2020 to 2030, in which a target in the share of 
renewable energy consumption is at least 27%, and in the 
electricity sector in particular, the share must be at least 45% 
[1]. In Japan, solar and wind power generation and electric-
ity saving have been promoted by the feed-in tariff scheme. 
However, the share of biomass energy in electricity and heat 
is still low [2].

There is an abundance of agricultural residues, such as 
rice straw, rice husk and wheat straw in Japan, including 

in Hokkaido. However, most of the agricultural residue is 
returned into the soil as organic matter to enrich the soil [3], 
which means that the utilization ratio of agricultural residue, 
except for the straw return, is only 30% [4]. Though biomass 
fuel, such as rice straw, is an attractive energy source that 
can replace fossil fuel in terms of carbon neutrality, utiliza-
tion of agricultural residues has many shortcomings, such as 
high moisture content, low bulk density, low heating value, 
high ash content, hygroscopic nature, low energy density, 
and poor grindability [5] [6]. For example, the low bulk den-
sity means that large spaces are required to store agricultural 
residues, and poor grindability and high moisture content 
need pretreatment processes, such as shredding and drying, 
before producing biomass fuel. High ash content also causes 
clinkers during a burning process.

During 2011, Nanporo was the first town in Hokkaido 
that started a business to use rice straw pellets. To mitigate 
the clinker problem, Nanporo introduced a co-combus-
tion process of rice straw pellets and wood pellets in the 
ratio of 1:1 [7]. The above shortcomings of rice straw for 
utilization as biomass fuels can be overcome by apply-
ing torrefaction, although torrefaction requires energy. 
Our approach is to produce pellets using both wood and 
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torrefied rice straw. Torrefaction of rice straw as pretreat-
ment before pelletization, and production of wood pellets 
mixed with the torrefied rice straw (WPTRS) would con-
tribute to the wider use of lignocellulosic biomass as fuel 
for local heat supply, which would benefit the regional 
economy.

The torrefaction process is a thermal treatment process 
in an inert atmosphere and in the low temperature range 
of 200–300 °C [8]. The torrefied product retains a maxi-
mum of 90% of its original energy content, while losing 
a maximum of 30% of its original mass, which is due to a 
partial loss of the volatile matter and moisture contained 
in the biomass [6]. It depolymerizes the long polysaccha-
ride chains, producing a hydrophobic solid product with an 
increased energy density (on a mass basis). This process 
also partially decomposes the hemicellulose in the biomass 
fiber [9]. As a result, much less energy is required to grind 
the torrefied biomass [10, 8]. Moreover, pelletizing is a pro-
cess applying a mechanical force to compact biomass resi-
dues into uniformly sized solid particles. The objectives of 
pelletization are to increase the volumetric energy density 
[5]. Therefore, combining torrefaction and pelletization can 
solve the above shortcomings related to transport, handling, 
and storage [11].

According to Chen et al. [11], the number of studies on 
torrefaction of biomass has increased since 2008. They 
comprehensively reviewed torrefaction processes and prop-
erties of torrefied biomass, such as moisture content, vola-
tile matter, fixed carbon and elemental contents, solid yield, 
energy density and energy yield, and grindability for vari-
ous kinds of biomass (bagasse, bamboo, rice husk, sawdust, 
spruce, willow, and wheat straw). Prins et al. [12] studied the 
weight-loss kinetics for torrefaction of willow by isothermal 
thermogravimetry and analyzed the torrefied wood and the 
volatile product. The effect of process conditions, such as 
temperature and residence time on the yield and composition 
of solid product and volatile product, was studied. Ohliger 
et al. [13] conducted a parametric study of beechwood torre-
faction with a continuously, indirectly heated reactor having 
a throughput of the order of 1 kg (product)/h, wherein each 
parameter was varied independently. Besides ultimate and 
proximate analyses of the products, grindability tests were 
performed and the heat of reaction was also determined. 
Keipi et al. [14] examined and compared the effect of tor-
refaction on the heating value, elementary composition, and 
chlorine content of eight woody biomasses. Chen et al. [15] 
investigated the release and transformation characteristics 
of K and Cl during straw torrefaction and mild pyrolysis 
under different conditions due to the variation of contents 
and chemical form. Moreover, Chen et al. [16] investigated 
the influence of torrefaction on the physicochemical char-
acteristics of char during raw and water washed rice straw 
pyrolysis and compared pore structure, aromaticity, and 

gasification activity of pyrolysis chars between raw and tor-
refied samples.

In terms of pelletization, Stelte et al. [17] analyzed the 
torrefaction and pelletizing properties of wheat straw. In 
their study, infrared spectroscopy and chemical analyses 
showed that the high torrefaction temperatures changed the 
chemical properties of the wheat straw significantly and 
pelletizing analyses showed that these changes in chemi-
cal properties correlate with the changes in the pelletizing 
properties. Torrefaction increased the friction in the press 
channel, while pellet strength and density decreased with 
an increase in torrefaction temperature. Regarding usage of 
pellets using torrefied agricultural residues, no studies were 
found related to the use of them, especially in small and/or 
middle scale of biomass boilers in public facilities or green-
houses and biomass stoves in houses.

From our review of studies on torrefaction and pelleti-
zation of agriculture residue, it appears that no studies on 
pelletization of both wood and torrefied rice straw have been 
done. Fundamental data on torrefaction conditions (tempera-
ture and holding time) for rice straw to produce WPTRS 
should be obtained and combustion properties (ash and 
clinker generation) for WPTRS should be clarified. There-
fore, this study focused on WPTRS to improve the problems 
related to the supply chain for biomass fuels using rice straw. 
In particular, the effectiveness of torrefaction of rice straw 
on the quality of WPTRS was analyzed from an energy bal-
ance perspective. WPTRS were produced and experimen-
tally burned to determine the combustion characteristics of 
WPTRS regarding its clinker problems.

Materials and method

Rice straw

The rice straw used in this study was collected in November 
2014 from the town of Nanporo in Hokkaido, Japan. The 
collected rice straw was stored at room temperature, in the 
order of 20–25 °C, in the laboratory of Hokkaido University. 
Our experiments were conducted in the winter of 2016. The 
moisture content was 6.5%, and the ash content was 18.0%.

Torrefaction method

The rice straw was torrefied in a stainless-steel reactor 
placed in an electric drying oven. The plan and side views 
of the reactor are shown in Fig. 1. The raw rice straw 
was put in the reactor, which was sealed and placed into 
the electric drying oven. The reactor was heated to the 
designated temperature (190–280 °C) under a non-oxygen 
environment made up by flowing nitrogen gas. The tem-
perature inside the reactor was increased by 1 °C/min up 
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to 40 °C, and by 2 °C/min up to 200 °C (Fig. 2). As the 
temperature increased further, the temperature rises gradu-
ally became slower. After the temperature reached the des-
ignated temperature (i.e., the torrefaction temperature), 
the temperature was maintained for a designated holding 
time (0–120 min). The reactor was then cooled down natu-
rally to room temperature. The torrefied rice straw was 
weighed and shredded with a continuous mill (IKA MF10 
basic, Germany). The shredded rice straw was discharged 
through a 3-mm mesh. The torrefaction conditions, such as 

the torrefaction temperature and holding time, are shown 
in Table 1.

Production of WPTRS

The rice straw was torrefied with the same reactor, and 
shredded using a 1-mm mesh mill. A pelletizer (EF-BS-
055; Earth Engineering Co., Ltd., Japan; capacity: 20 kg/h, 
diameter of die: 6 mm, forming temperature: 60 °C) was 
used at the Hokkaido Research Organization, Forest 
Products Research Institute. Wood was provided from 
the wood-processing industry that produces wood pellets. 
Moisture content, ash content, and lower heating value of 
the wood were 6.6%, 1.18%, and 16.3 MJ/kg, respectively.

The dried or torrefied rice straw, and the wood were 
mixed at the designated ratio in weight. Water was added so 
that the moisture content was approximately 15% and it was 
thoroughly stirred by hand. The mixture was put into a flat 
die molding machine to form pellets of rice straw and wood 
with a diameter of 6 mm and a length of approximately 3 cm.

Ash formation test

A pellet stove (FFP701-DF-1, Sunpot Corporation, Japan) 
was used. The shape and dimensions of the grate in the pel-
let stove are shown in Fig. 3. The ignition method uses elec-
tricity, and the maximum capacity for heating is 7797 kcal/h 
when wood pellets are used. The pellets were supplied into 
the grate from above and burned by the inflowing air from 
the bottom of the grate. The small particle ash fell from the 

Fig. 1   Plan and side views of the reactor

0

50

100

150

200

250

300

0 50 100 150 200 250

Heating time[min]

Fig. 2   Change in the reactor’s internal temperature (the torrefaction 
temperature was 280 °C)

Table 1   Torrefaction conditions Holding time (min)

0 10 30 60 90 120

Torrefaction temperature (°C) 190 ✓ ✓
220 ✓ ✓ ✓
250 ✓ ✓ ✓
280 ✓ ✓ ✓ ✓

Fig. 3   Shape and dimensions of the grate in the pellet stove
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bottom of the grate to the ash tray. The pellet stove has a 
detector for ash accumulation, and when a certain volume 
of ash accumulates on the grate, the detector stops the pellet 
supply automatically in 30 min. For periodical maintenance 
of the grate, there is an ash treatment device with crusher 
for the ash at the bottom of the grate. It can be worked only 
manually for cleaning, but it was not used during this ash 
formation test. The spacing of the partitions on the grate is 
5 mm. The capacity volume of the grate is 626 cm3 (Fig. 3).

Wood pellets and wood pellets mixed with dried or tor-
refied rice straw were burned for ash formation tests. After 
completion of the tests, the ash was sampled, categorized 
into two kinds of ashes, i.e., ash on the grate and the other 
ash, and weighed. The ash on the grate refers to the ash 
accumulated on the grate, while the other ash refers to the 
ash passing through the grate and the fly ash falling on the 
ash tray. However, there is one more type of fly ash, which is 
discharged out of the stove through the chimney pipe. Since 
this type of fly ash cannot be weighed, the fly ash discharged 
to the outside was estimated by subtracting the amount of 
ash on the grate and the other ash from the total amount of 
ash supplied into the pellet stove based on the ash content 
of pellets.

Analysis method

Higher heating value (HHV)

In accordance with the Japanese Industrial Standards M 
8814 [18], the higher heating values (HHV) of the samples 
were measured using a bomb calorimeter (C7000, IKA, 
Germany). One mass of approximately 0.5 g of shredded 
samples was analyzed and it was repeated four times.

Hydrogen content and lower heating value (LHV)

Hydrogen content was measured using an elemental ana-
lyzer (Elementar Vario EL; Elementar Analyzer System, 
Germany). Each run was repeated four times. The lower 
heating values (LHV) were calculated from their HHV and 
hydrogen content using Eq. (1):

where LHV and HHV are the lower and higher heating val-
ues (MJ/kg), respectively, r is the evaporative latent heat 
(2500 kJ/kg), U is the moisture content (kg/kg) and H is the 
hydrogen content (kg/kg).

Remaining heating value rate

Torrefaction increases the heating value per weight of rice 
straw. However, some energy is lost because volatile matter 

(1)LHV = HHV − r × (U + 9H),

is thermally decomposed. To evaluate the energy loss during 
torrefaction, the remaining heating value rate (RHVR) was 
calculated from Eq. (2). This indicator is also called the energy 
yield [11]:

Thermogravimetric analysis (TG) and differential thermal 
analysis (DTA)

Dried and shredded rice straw was heated to 300 °C with a 
simultaneous thermogravimetric analyzer (STA7300; Hitachi, 
Japan), and the thermal weight and differential heat were 
measured twice. The heating program was then set as fol-
lows, based on the temperature rise in this experiment and as 
described in Sect. 2.2:

1.	 From room temperature to 40 °C at 1 °C/min
2.	 From 40 to 200 °C at 2 °C/min
3.	 From 200 to 260 °C at 1 °C/min
4.	 From 260 to 280 °C at 0.5 °C/min
5.	 From 280 to 300 °C at 0.2 °C/min

Particle size distribution

Particle size distribution was measured to evaluate the grind-
ability of torrefied rice straw, using seven types of test sieves, 
whose mesh sizes were 0.075, 0.125, 0.25, 0.5, 1.0, 2.0 and 
5.6 mm.

Strength of ash on the grate

For the ash on the grate, the maximum value of the strength 
until the ash was completely collapsed was measured using a 
digital force gauge (ZTA-200 N, Imada, Japan).

Component and basicity of ash on the grate

T component of the ash on the grate was measured using a flu-
orescent X-ray element analyzer (MESA-500; Horiba, Japan). 
In addition, the basicity was calculated with Eq. (3), using the 
content of the components of the ash on the grate. Basicity is 
one of the indicators showing the ash state in the field of coal 
combustion. The tendency of hard ashes generation, which is 
called clinker, is high when the basicity is 0.4 or more [19]:

(2)

RHVR

=
LHV for torrefied rice straw × weight of torrefied rice straw

LHV for dried rice straw × weight of dried rice straw
.

(3)Basicity[−] =
Fe2O3 + CaO +MgO + Na2O + K2O

SiO2 + Al2O3 + TiO2

.
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Results and discussion

Heating value and remaining heat value rate

The relationships among the torrefaction temperature, 
LHV, and RHVR are shown in Fig. 4. The LHV of torre-
fied rice straw increased with the torrefaction temperature 
because the reduction in weight of the rice straw accom-
panied by torrefaction was larger than the decrease in the 
volatile content of the rice straw. Figure 5 shows the results 
of the TG–DTA for the dried rice straw under the same 
condition of temperature increase rate in this experiment, 
although the final temperature was set to 300 °C. Hemicel-
lulose and cellulose in the rice straw appeared to be mainly 
decomposed. The decomposition temperatures for hemi-
cellulose and cellulose are 200–260 °C and 240–350 °C 

[20], respectively. The TG and DTA decreased, so the 
drying process was seen up to 100 °C because of a water 
content increase during storage (Fig. 5). Until 200 °C, 
the DTA further decreased because of removal of bound 
water. Reduction in the weight of the rice straw started and 
radiation of the heat (see DTA) started when the tempera-
ture exceeded 200 °C, which means that decomposition 
of hemicellulose started. When the temperature exceeded 
250 °C, the weight was further reduced significantly and 
the radiation of heat continued. Cellulose was decomposed 
during this temperature range around 250 °C. At the tem-
perature of 300 °C, the decomposition seemed to end. The 
increase in the LHV of torrefied rice straw (Fig. 4) had the 
same tendency as the result of the TG–DTA. The LHV of 
rice straw at the torrefaction temperature of 280 °C was 
over 19 MJ/kg, which was higher than for wood pellets 
with an LHV of 16.9 MJ/kg [21]. Therefore, torrefaction 
contributes to an increase in the LHV of rice straw.

Although torrefaction increased the heating value per unit 
weight of rice straw, a part of the energy in the dried rice 
straw was lost. In addition, the ash content increased rela-
tively due to the reduction of volatile matter. To evaluate 
torrefaction from the viewpoint of energy loss, the RHVR is 
also shown in Fig. 4. The definition of RHVR, as shown in 
Eq. (2), means that the RHVR is 1.0 when the torrefaction 
temperature is 100 °C (just drying). The RHVR decreased 
with an increase in the torrefaction temperature because 
the volatile matter was reduced with an increase in the tor-
refaction temperature. For torrefaction temperatures less 
than 220 °C, the RHVR was still over 95%. However, the 
RHVR was significantly decreased at torrefaction tempera-
tures of more than 0 °C. When the torrefaction temperature 
was 280 °C, the RHVR was 80%. This means that 20% of 
energy in the dried rice straw was lost through torrefaction, 
although the LHV of torrefied rice straw was improved.

Grindability

The torrefied rice straw was broken easily with one’s fingers, 
especially when the torrefaction temperature was 220 °C, 
250 °C, and 280 °C. This was because a part of the hemi-
cellulose and cellulose was decomposed. However, the rice 
straw torrefied at 190 °C could not be broken easily with 
one’s fingers.

The comparison of particle size distribution for shredded 
torrefied rice straw is shown in Fig. 6, where the plots are 
denoted as X °C—Y min; X indicates the torrefied tempera-
ture, and Y indicates the holding time. The particle size of 
the rice straw torrefied at 190 °C, 220 °C, and 250 °C was 
smaller than that of the dried rice straw. In particular, and 
regardless of the holding time, there was no significant dif-
ference in particle size for rice straw torrefied at 220 °C and 
250 °C. Therefore, torrefaction at the temperature of over 
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Fig. 4   Relationships of LHV and RHVR vs torrefaction temperature

Fig. 5   Results of TG–DTA of rice straw
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220 °C seemed to be enough to improve the grindability of 
rice straw. Arias et al. [22] studied the changes in the grind-
ability characteristics of biomass samples (eucalyptus) when 
subjected to mild pyrolysis treatment (torrefaction) in the 
temperature range of 240–280 °C.

The difference in the particle size distribution of shredded 
rice straw for holding times between 0 and 60 min was small, 
although the difference at the torrefaction temperature of 
190 °C was a little bit larger than those at the other tempera-
tures of 220 °C and 250 °C. In general, there is a significant 
mass loss initially, which is associated with the decomposi-
tion of some reactive components of the hemicellulose. At 
higher holding times, the mass loss can be attributed to the 
decomposition of the less reactive components of the hemi-
cellulose. In this study, because a very slow heating rate was 
used (1–2 °C/min), it seemed that reaction had progressed to 
a certain extent when the temperature reached the designated 
torrefaction temperature. That is why, there was no signifi-
cant difference in the particle size distribution between 0 and 
60 min in the holding time.

Preferred torrefaction conditions 
from the viewpoint of energy and grindability

As the torrefaction temperature increased, the heating value 
per weight unit of rice straw increases. However, energy 
loss occurred in terms of the total energy in the rice straw, 

as mentioned above. Therefore, the preferred torrefaction 
conditions can be discussed as follows, considering both the 
energy loss and grindability.

Minimization of energy loss

The energy required for torrefaction and the energy loss dur-
ing the torrefaction process should be minimized. From our 
data on torrefaction of rice straw, the preferred torrefaction 
temperature is 220 °C, because the RHVR was over 95% and 
the grindability was also improved. Torrefaction temperatures 
of 250 and 280 °C are not needed because the energy loss is 
large. It is noted that the holding time should be further inves-
tigated because a very slow heating rate was used in this study. 
Further investigations are needed for faster heating rates.

Improvement of quality of rice straw as fuel

The other viewpoint is to produce biomass fuels with high 
quality that can be sold at a high price. Considering that 
the price of biomass energy can be determined by LHV, the 
preferred torrefaction temperature is 280 °C. Longer holding 
times may increase the heating value, but may decrease the 
RHVR. Therefore, further investigation into the effects of 
holding time is needed.

Fig. 6   Comparison of particle 
size distribution for shredded 
rice straw
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Table 2   Feedstock condition 
and production amount of 
pellets

Feedstock weight (Except for 
addition of water)

The mixing ratio of rice straw to 
the produced pellets

10% 30% 50%

Method of treatment (Temperature) Drying (107 °C) 7 kg – –
Torrefaction (220 °C) 7 kg 5 kg 2.8 kg
Torrefaction (280 °C) 7 kg – –
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Characteristics of WPTRS

Based on the two viewpoints for the preferred torrefaction 
conditions on the torrefaction temperature, wood pellets 
were produced by mixing dried or torrefied rice straw. The 
mixing ratios of rice straw to wood were 10, 30, and 50% 
(Table 2). Torrefaction conditions included temperature 
of 220 and 280 °C and no holding time. In addition, dried 
rice straw was used as a reference. We did not consider 
all combinations of the mixing ratio and the torrefaction 
temperature because the high ash content of torrefied rice 
straw (the high mixing ratio) might cause a bad effect 
on continuous burning in the pellet stove, as described 
in later. Finally, 5 kinds of WPTRS were produced. For 
example, in the mixing ratio of rice straw to the produced 
pellets of 10%, the amount of pellets produced is 7 kg, 
using 6.3 kg wood and 0.7 kg rice straw torrefied at a 
temperature of 220 °C.

The LHV of dried rice straw was less than 15 MJ/kg 
(Fig. 4). The LHV of wood was 16.3 MJ/kg as described 
in Sect. 2.3. This explains why mixing rice straw with 
wood decreases the LHV of pellets, as the mixing ratio of 
rice straw to wood increases. In case of WPTRS (Table 3), 
when the torrefaction temperature was 220 °C, the LHV 
of WPTRS decreased as the mixing ratio of torrefied rice 
straw to wood increased. However, the LHV increased 
when the torrefaction temperature was 280 °C because 
the torrefaction at this temperature increased the LHV of 
rice straw significantly. Although it depends on the LHV 
of wood generally, this study found that torrefaction can 
improve heating values by mixing the wood with rice straw.

Table 3 also shows the moisture and ash content of 
wood pellets, wood pellets mixed with dried rice straw, 
and WPTRS. The moisture content varied from 6 to 9%. 
Since water was added to reach a moisture content of 
approximately 15% before pelletization, it means that the 
moisture content was reduced by 6–9% during pelletiza-
tion. The ash content was increased as the mixture ratio 
of rice straw and the torrefaction temperature increased, 
because the ash content increased by volatilization.

Ash formation test

As described before, the ash contents of rice straw and wood 
were 18.0% and 1.18%, respectively. In the cases where the 
mixing ratios of rice straw to wood was 30% rice straw and 
50% rice straw, it was impossible to continue to burn the 
pellets for 1 h because the total amount of ash was more 
than the other conditions with mixing ratios of 10% rice 
straw and 0% rice straw (wood only), and the accumulation 
volume of ash on the grate was much more significant than 
for the other conditions.

Table 3   Properties of wood 
pellets mixed with dried or 
torrefied rice straw

Feedstock Wood Wood and rice straw

Torrefaction temperature (°C) 100 (Drying) 220 220 220 280

Mixing ratio of rice straw to wood (%) 10 10 30 50 10

LHV (MJ/kg) 16.3 16.2 16.2 15.9 15.6 16.5
Moisture content (%) 6.94 5.85 6.25 6.50 9.37 9.79
Ash content (%) 1.18 1.65 2.54 2.47 4.97 6.53

Fig. 7   Relationship between the strength and the basicity of ash on 
the grate

Fig. 8   Pictures of ash on the grate
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Figure 7 shows a relationship between the strength and 
the basicity of ash on the grate, where the plots were denoted 
as X °C-Y%; X indicates the torrefaction temperature of rice 
straw and Y indicates the mixture ratio of rice straw to wood 
in weight. It was revealed that the strength of ash on the 
grate with the basicity of less than 0.4 was as low as 10 N 
or less, and that the strength of ash on the grate with higher 
basicity generated strong clinker. Examples of pictures of 
the ash on the grate are shown in Fig. 8a, b. The ash with the 
strength value of less than 10 N (Fig. 8b) had a low density 
and was soft enough to be broken easily by one’s fingers. 
The ash with strength values of more than 10 N (Fig. 8a) 
had higher densities and formed hard clinker. Therefore, the 
basicity can be used for the judgement of clinker production 
in cases of co-combustion of wood and rice straw. 

Figure 9 shows the amount of ash generated during the 
combustion of pellets, indicating that the wood pellets mixed 
with raw rice straw discharged little ash to the outside. The 
raw rice straw was not dried before pelletization, but was 
only shredded into particle sizes of 15 mm. On the other 
hand, wood pellets mixed with 10% of dried and torrefied 
rice straw, which was shredded to particle sizes of less than 
1 mm, increased the rate of ash discharged to the outside, 
and the amount of ash on the grate decreased. That is why 
the amount of fly ash discharged to the outside was lower 
when raw rice straw was used.

This fact indicated that the smaller particle size of rice 
straw increased the amount of ash discharged to the out-
side, resulting in the need for dust treatment. In addition, 
the rates of ash discharged to the outside using rice straw 
torrefied at temperatures of 220 °C and 280 °C were larger 
than that using dried rice straw, except where the mixing 
ratio was 50% rice straw torrefied at a temperature of 220 °C. 
As described above, continuous burning for 1 h was not pos-
sible in the case of the 50% mixing ratio because of the high 
accumulation of ash on the grate (In Fig. 9, the weight of 
ash on the grate in the case of the 50% mixing ratio was 
smaller than those in the other cases at the same temperature 

of 220 °C, but in actual, the volume of ash was high and the 
period of continuous burning was short as described before). 
Further investigation is needed to clarify the relationships 
between the torrefaction temperature, particle size, mixing 
ratio to evaluate clinker production, accumulation of vol-
ume, and ash generation discharged to the outside.

Conclusions

The following conclusions were drawn from this experimen-
tal study.

1.	 The grindability of rice straw was improved by torre-
faction at temperatures of over 220 °C. This study sug-
gested two important viewpoints for torrefaction condi-
tions of rice straw. One viewpoint is minimization of 
energy loss, where a torrefaction temperature of 220 °C 
and no holding time was preferred. The other viewpoint 
is improvement of the quality of rice straw as a fuel, 
where a torrefaction temperature of 280 °C and no hold-
ing time was preferred.

2.	 Since the LHV of rice straw is lower than that of wood, 
the LHV of wood pellets mixed with rice straw is 
lower than that of wood alone. However, using the rice 
straw torrefied at a temperature of 280 °C, the LHV of 
WPTRS was larger than that of wood at a mixing ratio 
of 10% rice straw, which means that torrefaction can 
improve the LHV of the wood pellets by mixing the 
wood with rice straw.

3.	 The basicity can be a good indicator to determine 
whether clinker will be produced by wood pellets mixed 
with rice straw.
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