Renewable Energy 55 (2013) 1-5

journal homepage: www.elsevier.com/locate/renene

Contents lists available at SciVerse ScienceDirect

Renewable Energy

Renewable Energy

The properties of pellets from mixing bamboo and rice straw

Zhijia Liu?, Xing’e Liu®*, Benhua Fei®*, Zehui Jiang?, Zhiyong CaiP, Yan Yu?

2 International Centre for Bamboo and Rattan, Beijing 100102, China
b Forest Products Laboratory, USDA Forest Service, Madison, WI 53705-2398, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 14 April 2012
Accepted 14 December 2012
Available online 19 January 2013

Keywords:
Biomass
Bioenergy
Bamboo
Rice straw
Pellet

Rice straw pellets are the main type of biomass solid fuel and have great potential as a bioenergy
resource of the future in China. But it also showed important problems because of its high content of
ashes and its low gross calorific value, reducing the possibility to be used in domestic heating. It was
certified that mixing different types of biomass materials was helpful to improve the properties of
pellets. To improve properties of rice straw pellets and investigate the effect of mixing bamboo and rice
straw on the pellet properties, some properties of pellets, manufactured using different mixing ratio of
bamboo and rice straw particles, were determined in this research. It can be concluded from this research
that physical properties of all pellets meet the requirements of Pellet Fuels Institute Standard Specification
for Residential/Commercial Densified except for bulk density of pellets, manufactured using mixing ratio
(<3:2) of bamboo and rice straw. The inorganic ash and gross calorific value of rice straw pellets cannot
meet the requirement of Pellet Fuels Institute Standard Specification for Residential/Commercial Densified
(8.0%) and the minimum requirement for making commercial pellets of DIN 51731 (>17,500 J/g). Both
properties are improved through mixing bamboo particles and rice straw particles. It is significant that
inorganic ash content and gross calorific value of pellets, manufactured using mixing ratio (>3:2) of
bamboo and rice straw, were lower than 8.0% and higher than 17,500 ]/g, respectively. This also shows
that mixing different biomass materials is an effective way to optimize properties of biomass solid fuel.
All pellets after improvement are proposed as biomass solid fuel and have the potential to be developed
as commercial pellets on an industrial scale in China.

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

now, for example corn stover [4], spring-harvested reed canary-
grass [5], switchgrass [6], cotton stalk [7], peanut hulls [8]. Sud-

Currently, there is tremendous interest in using biomass solid
fuel such as pellets or briquettes, substituting for fossil fuels in
China. It is well known that biomass is very difficult to handle,
transport, store, and utilize in its original form because of its high
moisture content, irregular shape or size and low bulk density [1].
Densification increases the bulk density of biomass from an initial
bulk density and products have a uniform shape or size. Fasina
reported a four-fold reduction of storage space due to the pellet-
ization of peanut hulls [2]. Transport efficiency and storage space
also depend on the bulk density of pellets. Recently, the market
requirement for pellets or briquettes, used to home heating or
combined heat and power, is quickly increasing.

Agricultural and forest residues represent a major fuel source for
potential bioenergy projects in many developing countries [3].
Some information on agricultural residue pellet is also available
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hagar et al. determined mechanical properties of wheat straw,
barley straw, corn stover, and switchgrass at different
compressive forces, particle sizes, and moisture contents. Corn
stover produced the highest pellet density at low pressure during
compression. Barley straw had the highest asymptotic modulus
among all biomasses [9]. Nilsson et al. analyzed the costs and en-
ergy requirements for pellet production from agricultural raw
materials, such as salix, reed canary-grass, hemp, straw, screenings,
rape-seed meal, rape cake, and distiller’s waste [10]. China has
abundant agricultural residue resources, producing more than
630 million tons of agricultural residues, and amounting to about
20% of total energy consumption in rural areas [11]. Rice is the
primary food for more than 40% of the Chinese population. At
present, most of these residues are burnt in situ after harvest. The
field burning of rice straw in wide areas not only results in serious
environmental issues, but also wastes precious resources. Faced
with this situation and the increasingly large market demand for
biomass solid fuel, there has recently been a revival of interest in
using rice straw to produce biomass pellets.
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Bamboo is another type of biomass material that is widely cul-
tivated in the west and south of China. Currently, the bamboo
resource is very abundant and has great potential as a bioenergy
resource in the future. In preliminary work, the properties of
bamboo and rice straw pellets were evaluated and compared. All
physical properties of both pellets meet the requirements of Pellet
Fuels Institute Standard Specification for Residential/Commercial
Densified and the rice straw pellets have better physical properties
compared with bamboo pellets. The information is also very
important that the inorganic ash and gross calorific value of rice
straw pellets could not meet the requirement of Pellet Fuels Institute
Standard Specification for Residential/Commercial Densified and the
minimum requirement for making commercial pellets of DIN 51731
(>17,500 J/g) [12], respectively. Mixing different types of biomass
materials to improve the properties of pellets or briquettes has
been certified in several studies. Winowiski found that adding 15—
60% of wheat to the turkey breeder ration that had an initial pellet
durability of 32% increased the pellet durability to 45—74% [13]. The
durability of rice straw cubes increased from an initial durability of
30—80% through blending 15—20% of beet pulp or ground barley
[14]. This study was therefore carried out to determine properties
of pellets, manufactured using bamboo and rice straw particles
with different mixture ratios (by weight of 5:0,1:4, 2:3, 3:2,4:1 and
0:5). The objective of this research is to investigate the effect of
mixing bamboo and rice straw on the pellet properties. On the
other hand, the results from this research are very helpful to select
process parameters to produce pellets or briquettes from bamboo
and rice straw, and provide guidelines for further research.

2. Materials and methods
2.1. Materials

Moso bamboo and rice straw were used in this study. Moso
bamboo aging with 4 years was taken from a bamboo plantation
located in Louisiana, US. The initial moisture content of the bamboo
was about 6.13% and the density was about 0.65 gfcm’.
Bamboo materials were cut off to sample size 40 mm (longitudinal)
by 3—8 mm (radial) by 20—30 mm (tangential). Rice straw was
obtained from California, US. It was approximately 1 m tall at
harvest and cut above the water line leaving the lower third as
stubble in the field. This rice was also harvested with a conven-
tional straw walker combine rather than a rotary, which optimizes
straw quality by retaining much longer sections of stalks for bailing.
The initial moisture content of the straw was about 8.1%.

The bamboo and rice straw were broken down into particles
using a wood particle mill at the USDA Forest Service Forest
Products Laboratory. The bamboo and rice straw particles (particle
size of less than 2.0 mm) were uniformly mixed with different
weight ratio (5:0, 1:4, 2:3, 3:2, 4:1 and 0:5). About 10 g mixtures in
each weight ratio were randomly weighed using a precision digital
balance (0.0001 Resolution). They were dried at temperature
105 °C until their mass stabilized and then the final weight was
recorded. Moisture content of mixture was determined through
mass change of samples. Then 5 kg of mixtures in each weight ratio
were conditioned by adding predetermined amounts of distilled
water to the samples [15] and then placed into a conditioning room
with temperature 27 °C, humidity 65% for 48 h to enable uniform
moisture distribution. The final moisture contents of mixtures were
16.03%, 15.97%, 15.56%, 15.73%, 15.81% and 15.86%, respectively.

2.2. Pellet formation

The pellets were manufactured using laboratory pellet mill (L-
175), made by the Amandus Kahl Co. of Hamburg, Germany. The

pellet mill parameters were set to a rotary speed of 235 rpm, press
channel of 20.0 mm and pellet diameter of 6.0 mm. Mixture par-
ticles were continuously fed into the pellet mill and formed into
pellets. The pellets were collected and kept in the laboratory more
than a week, and then their properties were tested.

2.3. Property test

Some properties of pellets were selected and determined based
on Pellet Fuels Institute Standard Specification for Residential/Com-
mercial Densified.

2.3.1. Pellet dimensions

The pellets were cylindrical in the shape. In order to determine
dimensions and unit mass, ten pellets were randomly selected in
each experiment. The length (L) and diameter (D) of each pellet
were measured using a digital vernier caliper. The mass of each
pellet (m) was also weighed using a precision digital balance.

2.3.2. Unit density

Unit density (py) of each pellet was determined by weighing the
individual pellet and calculating its volume based on its length and
diameter as per the following equations.

Vy = m/4D*L (1)

py = my/Vy (2)

where, V, is the volume of individual pellet (cm?), D is the diameter
of individual pellet (mm), L is the length of individual pellet (mm),
pu is the density of individual pellet (g/cm?), and my, is the mass of
individual pellet (g).

2.3.3. Bulk density

Bulk density (pp) was calculated as the ratio of the material mass
to the container volume. The pellets were leveled to the top surface
of the container and were weighed using a digital balance. The
container volume was calculated by measuring its length and
diameter.

pp = My/Vp (3)

where, pp, is the bulk density (g/cm?), V; is the volume of container
(cm?), and my is the total mass of pellets (g).

2.3.4. Pellet fines content

Pellet fines content (P) was determined using a 3.17 mm (1/8 in)
wire screen sieve according to Pellet Fuels Institute Standard Speci-
fication for Residential/Commercial Densified. A sampling of pellets
were randomly selected and divided into ten groups. The initial
mass of each group sample was weighed using a precision digital
balance. The groups were placed on the wire screen sieve and tilted
from side to side ten times. The final mass was then weighed and
recorded. The pellet fines content was calculated using the fol-
lowing equation:

Pr = (m;—my) /m; x 100% (4)

where, Pris fine of samples (%), m; is initial mass of samples (g), and
myis final mass of samples (g).

2.3.5. Pellet durability

Pellet durability (P4) was determined by mass loss of samples.
Some pellets were randomly selected and weighed using a preci-
sion digital balance. The initial mass was recorded. They were then
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put into a vibrating sieve with screen size 3.17 mm (1/8 in). After
10 min, they were weighed again and the final mass was recorded.
Pellet durability was calculated using the following equation:

Py = 100 — (m; —my) /m; x 100% (5)

where, Py is pellet durability (%), m; is initial mass of samples (g),
and my is final mass of samples (g).

2.3.6. Inorganic ash

Inorganic ash (I;) of pellets was determined based on inorganic
material content expressed as a percent. The temperature for cre-
ating ash was from SN EN 14775:2010-04 (Solid biofuels — Deter-
mination of ash content).

1. Five empty crucibles were ignited in an XD-1200N muffle fur-
nace (made by Aremco Products, Inc.) at 550 °C for 2 h, cooled
in a desiccator, and weighed using a precision digital balance.

2. About 2 g pellets were placed in each crucible and weighed
together, prior to being placed in a drying oven at 105 °C. After
2 h, they were removed and cooled to room temperature in
a desiccator prior to being weighed.

3. The crucibles were returned to the drying oven at 105 °C for 2 h,
then cooled and weighed. When weight variance of the cruci-
ble was less than 0.2%, the final weight was recorded.

4, The crucibles were again placed in the muffle furnace at 550 °C
and ignited until all carbon was eliminated.

5. The crucibles were removed from the muffle furnace and
cooled in the desiccator prior to being weighed for the final
time using a precision digital balance.

6. Inorganic ash content was calculated based on the following
equation.

Io = (W;/W,) x 100% (6)

where, I, is inorganic ash content (%), Wy is weight of inorganic ash
(g), and W> is weight of oven-dry bamboo pellets (g).

2.3.7. Gross calorific value

The gross calorific value (G¢) is the amount of energy per unit
mass released upon complete combustion. The gross calorific value
of bamboo pellets was tested using the PARR 1266 Bomb Calo-
rimeter. Before testing gross calorific value of bamboo pellets, the
calorimeter was calibrated with tablets of benzoic acid whose
calorific value was 26,465 ]/g. In this test, about 1 g pellets were
introduced into the bomb, which was charged slowly with pure
oxygen (>99.95 vol.%, quality 3.5) to a pressure of 3.0 + 0.2 MPa
without displacing the original air. No aid to combustion was used
and five samples were tested.

3. Results and discussion
3.1. Pellet dimension

Fig. 1 illustrated pellet dimension and the data presented were
the mean of measurements made on fifteen pellets. The mean
length and diameter of bamboo pellets slightly ranged. The geo-
metric dimensions of pellets, both diameter and length, are
important factors with respect to combustion. Experience shows
that thinner pellets allowed a more uniform combustion rate than
thicker ones, especially in small furnaces. The length of the pellets
affected the fuel feeding properties. The shorter the pellets, the
easier the continuous flow could be arranged [16]. The diameter
change of pellets could be due to water migrating from pellets and
disrupting formed bonds in the pelletization process [15].
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Fig. 1. The length and diameter of pellets.

3.2. Pellet density

Pellet density is very important in evaluating product prop-
erties. Several national standards describe particle density of pel-
lets and briquettes as a quality indicator of densified fuels [17]. The
maximum throughput for a large-scale biomass bulk terminal is set
at 40 tons per annum, both solid and liquid biomass, which implies
that substantial storage facilities, spaces and handing systems are
required [18]. Transport, handling efficiency and storage space re-
quirements depend on the bulk density of pellets. Adequate storage
spaces are necessary in order to safely keep a large supply of
feedstock on hand. Higher bulk density leads to greater transport
efficiency and lower storage space requirements. Fig. 2 showed
bulk density and unit density of pellets. The data presented were
the mean of measurements made on fifteen pellets. It was found
that the bulk density of pellets increased with increase in rice straw
content of mixture. The values were 0.54 g/cm?, 0.56 g/cm?>, 0.57 g/
cm?, 0.60 g/cm?, 0.62 g/cm® and 0.64 g/cm® for different pellets,
manufactured using mixing ratios of bamboo and rice straw,
respectively. For unit density, however, the pellets from mixture
were lower than that from bamboo (1.25 g/cm®) and rice straw
(1.35 g/cm?).

3.3. Pellet strength

The strength of pellets is also an important factor connected
with handling and transportation. In this research, the strength of
pellets included two parameters, durability and fine content
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Fig. 2. Bulk density and unit density of pellets.
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showed in Fig. 3. Pellet durability increased with increases in rice
straw content of mixture and the maximum (99.03%) was observed
in mixing ratio (2:3) of bamboo and rice straw. Then pellet dura-
bility decreased with increased in rice straw content of mixture.
The information was very important that the durability of pellets
from mixture and rice straw was higher than that of bamboo pel-
lets. It was also confirmed that durability of bamboo pellets was
improved through mixing bamboo and rice straw. For fine content,
the minimum (0.26%) was also found to mixing ratio (2:3) of
bamboo and rice straw. Bhattacharya et al. found that compressive
strength of briquettes increased through mixing of 25, 50, 75, and
100% (by weight) of rice husk with water hyacinth [19]. Chen et al.
found that pellet durability increased as the percentage of bark in
furnish increased from 33.3 to 50% [20].

In summary, some physical properties of pellets, including
length, diameter, unit density, bulk density, durability and fine
content, were determined in this research. Some physical prop-
erties of bamboo pellets were improved through mixing bamboo
particles and rice straw particles, especially bulk density, durability
and fine content. Compression formation of different materials
utilizing natural binder or binding type of particles included
attractive forces between solid particles, interfacial forces, capillary
pressure, adhesive and cohesive forces, mechanical interlocking
behavior and formation of solid bridges [21]. It was found in pre-
liminary work that the bonding between particles was created
mainly through solid bridges for bamboo pellets. This bonding for
corn stover and switchgrass pellets has also been confirmed. The
solid bridges between particles were made by natural binders in
the biomass expressed during the densification process [22].
Bamboo and rice straw are mainly composed of hemicelluloses,
cellulose and lignin, even though the contents of these composi-
tions are different. Their cellulose, hemicelluloses and lignin con-
tents were showed in Table 1. It is well known that hemicelluloses,
lignin and protein are essentially amorphous polymers in the bio-
mass components. Activating (softening) the natural binders using
moisture and temperature in the range of glass-transition is
important to make durable particle—particle bonding. Lignin has
a glass-transition in the temperature range of 60 °C—200 °C,
depending upon the moisture content and measuring technology
[23]. Olsson and Salmen showed that the @ transition of moist
wood usually occurs between 60 °C and 95 °C, due to the glass—
rubber transition of lignin [24]. Hemicelluloses had a glass-transi-
tion of between —23 °C and 200 °C, depending upon the moisture
content [25]. In the pelletization process, the difference in particle
bonding and physical properties of bamboo pellets probably
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Fig. 3. Durability and fine content of pellets.

Table 1

Chemical composition of bamboo and rice straw.
Species Cellulose (%)  Hemicelluloses (%)  Lignin (%)  Ash (%)
Moso bamboo ~ 42-50 24-28 24-26 1.3-2.0
Rice straw 41-57 33 8-19 8-38

resulted from the glass-transition of natural binders. In this
research, the formation temperature was more than 70 °C due to
particle rubs. Liu et al. found that there was an a-transition («q)
peaking due to the glass—rubber transition of lignin at about 65 °C
(Outer of bamboo), 83 °C (Middle of bamboo), and 75 °C (Inner of
bamboo), respectively [26]. Stelte et al. found that the glass-tran-
sition of softening lignin from wheat straw was about 53 °C [27].
Lignin can be classified into three major groups based on the
chemical structure of their monomer units, which are softwood
lignin, hardwood lignin and grass lignin [28]. The lignin of rice
straw and wheat straw can be similar and the glass-transition of
rice straw can occur at a lower temperature than that of bamboo.
This causes a weaker mechanical strength of bamboo pellets than
that of pellets from mixture and rice straw.

3.4. Combustion properties of pellets

Fig. 4 shows inorganic ash, gross calorific value of pellets. It was
found that the inorganic ash content of rice straw pellets (15.94%)
was obviously higher than that of bamboo pellets (1.75%). The
inorganic ash of biomass pellets depended on the composition of
mineral constituents in the source fuel [29]. It was confirmed that
the main ash-forming elements of biomass materials included Na,
Mg, Si, Al Fe, Ca, Na, K, Zn and Ti [30]. The difference in inorganic
ash content of bamboo and rice straw pellets was due to these
element variations, which were showed in Table 2. It was very
important that inorganic ash content of rice straw pellets could not
meet the requirement of Pellet Fuels Institute Standard Specification
for Residential/Commercial Densified (<8.0%). It was also valuable
information that inorganic ash content of pellets, manufactured
using mixing ratio (>3:2) of bamboo and rice straw, was lower than
8.0%.

The most important parameter to characterize combustibility of
a substance is gross calorific value. The number of units of energy
produced by the combustion of a unit mass of a fuel is termed gross
calorific value. The calorific value of biomass can be expressed as
follows: higher heating value at constant volume (dry basis), low
heating value at constant pressure (dry basis) and low heating
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Fig. 4. The combustion properties of pellets.
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Table 2

Ash-forming elements of bamboo and rice straw pellets.
Pellet species Na (mg/kg) Mg (mg/kg) Al (mg/kg) Si (mg/kg) K (mg/kg) Ca (mg/kg) Ti (mg/kg) Fe (mg/kg) Zn (mg/kg)
Bamboo 242.83 229.46 35.09 358.14 4032.58 965.027 18.07 111.93 20.88
Rice straw 718.27 1136.92 51.23 2321.88 11,2343 2407.38 7.02 187.81 4543

value at constant pressure (wet basis or as received) [31]. In this
research, the low heating value was used for all pellets because it is
perhaps the most practical measure of energy content. It was
obvious that the gross calorific value of bamboo pellets was higher
than that of rice straw pellets. The different compositions of bam-
boo and rice straw led to the variations of gross calorific value. It
was confirmed that gross calorific value of pellets was most affected
by the composition of materials [31]. Gross calorific value of rice
straw pellets could not meet the minimum requirement for making
commercial pellets of DIN 51731 (>17,500 J/g) [12]. It is significant
that gross calorific value of pellets, manufactured using mixing
ratio (>3:2) of bamboo and rice straw, was higher than 17,500 ]/g.

In summary, combustion properties, such as inorganic ash and
gross calorific value, exhibited measured differences for various
pellet types. The inorganic ash and gross calorific value of rice straw
pellets could not meet the requirement of Pellet Fuels Institute
Standard Specification for Residential/Commercial Densified and the
minimum requirement for making commercial pellets of DIN 51731
(>17,500 J/g). But these properties were improved through mixing
rice straw and bamboo particles. It was also confirmed that mixing
different biomass materials was an effective way to optimize
properties of biomass solid fuel.

4. Conclusions

It can be concluded from this research that physical properties
of all pellets meet the requirements of Pellet Fuels Institute Standard
Specification for Residential/Commercial Densified except for bulk
density of pellets, manufactured using mixing ratio (<3:2) of
bamboo and rice straw. The inorganic ash and gross calorific value
of rice straw pellets cannot meet the requirement of Pellet Fuels
Institute Standard Specification for Residential/Commercial Densified
(8.0%) and the minimum requirement for making commercial pel-
lets of DIN 51731 (>17,500 J/g). Both properties are improved
through mixing bamboo particles and rice straw particles. It is
significant that inorganic ash content and gross calorific value of
pellets, manufactured using mixing ratio (>3:2) of bamboo and rice
straw, was lower than 8.0% and higher than 17,500 J/g, respectively.
This also shows that mixing different biomass materials is an
effective way to optimize properties of biomass solid fuel. All pel-
lets after improvement are proposed as biomass solid fuel and have
the potential to be developed as commercial pellets on an industrial
scale in China.
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