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Abstract
Providing energy security for sustainable rural development biomass pellets are the major contributor to
the bioenergy sector. The higher heating value of woody biomass pellets has encouraged much
commercial utilization in the present rapidly growing industrial-economic world. Commercially available
biomass sawdust-like Gurjan Balsam (Dipterocarpus turbinatus Gaertn.), White Siris (Albizia lucida),
Cadamba (Neolamarckia cadamba), Tamarind (Tatoul markarian), Blackberry (Acacia acuminate),
Mango (Mangifera indica), Raintree (Samanea saman), and Lambu (Swietenia hybrida) are opened up
huge opportunities in the bioenergy sector. Eight wood sawdust samples investigated the heating value
with the increasing pressure in the range of 6 kN to 20 kN. The height heating value was achieved at the
pressure for Tamarind sawdust (14221.66 kJ/kg ± 0.84%) which possesses 6.53 ± 0.23% of moisture
content. Gurjan Balsam with the highest moisture content (32.28 ± 0.14%) produced the lowest heating
value (11260.09 kJ/kg ± 0.32%).

Introduction
The growing energy crisis is the prime concern around the globe. Fossil fuels are the main attractive
sources of energy at present due to their worldwide availability, relative inexpensiveness, established
economic extraction procedure, and easy utilization process. The greenhouse gas (GHG) emissions due
to the consumption of fossil fuels as energy sources have induced global warming-like adverse effects
on the environment. In 2019, global GHG emissions by fuel combustion were 34.2 GtCO2eq [1]. Because of
the non-renewable nature and growing consumption rate, the fossil fuel stock will be declined within the
century. Efforts are continuing to find environmentally-friendly alternative energy sources. As a
substitution for fossil fuels, renewable bioenergy (biomass derived energy) sources could play an
important role in the global energy systems by reducing GHG emissions [2]. Albeit the chemical
constituents and moisture content of biomass materials fluctuate, they all contain low proportions of
polluting agents and ash content. As a ‘carbon lean’ fuel biomass produces a fraction of the carbon
emission of fossil fuels. Biofuels have the potential to fulfill at least 25% of the expected world’s energy
demand (approximately 623 exajoules) by 2035 [3]. Biomass in the form of wood chips and wood pellets
is used for the production of power and heat in temperate and boreal countries. The pelletization process
produces low moisture content uniform shaped biomass fuel [4]. Wood pellets are advantageous over
wood chips owing to their increased energy density and higher mass density. These characteristics make
them easier to store, handle, and transport [5, 6]. Pellet density has remarkable importance among other
mechanical factors and is the prime indicator of pellet grade [7]. Pellet density could be affected by
several factors such as particle size, moisture content, and compressive force. To produce densified
products, the optimum moisture content was recommended to be approximately 8% [8]. The studies
showed that the density of the product decreases with increasing moisture content [9]. During the
densification process, smaller particles yield greater surface area and thus generally, pellet density
inversely varies with its particle size. It was reported that biomass in the form of fine grinding could
generate high density pellets [10]. A study revealed that applied pressure had the most influence (60.4%)
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on the pellet density [11]. Although the little study has been performed to evaluate the obtainable energy
from biomass pellets, a significant linear correlation was found between higher extractive and lignin
contents with higher heating values from biomass pellets [12, 13]. Softwoods are considered to contain
greater amounts of extractives than hardwoods [14]. Thus, softwoods usually have higher heating values
in contrast to hardwoods. Variations in energy content were noticed among different plant organs. Root
and main stem derived biomass samples exhibit higher heating values than the leaves derived biomass.
When the raw biomass is dried to produce refined pellets, its heating value decreases [15]. It presumably
happens because of the loss of volatiles thorough the drying process. Wood and straw based pellets
commonly produce heating values ranges from 17 to 18 MJ/kg [16, 17]. A few extractives like resins and
tannins have adverse effects on combustion of pellets and their heating values as they generate relatively
excessive amount of ash and dust [18]. Considering the necessity (or demand) of renewable energy
sources, the present study was aimed (1) to utilize the sawdust (a wood residue produced from wood
sawing process) for the preparation of biomass pellets to improve the fuel efficiency, (2) to investigate
the impact of pelletizing pressure on pellet density, (3) to examine the variation of calorific value with
increasing pressure, and (4) to determine the optimum pressure required to prepare pellets with highest
heating value. The findings presented in this paper would be supportive in developing a clean and
renewable energy source based on wood sawdust.

Materials And Methods
Raw materials

Eight wood sawdust samples: Gurjan Balsam (Dipterocarpus turbinatus Gaertn.), White Siris (Albizia
lucida), Cadamba (Neolamarckia cadamba), Tamarind (Tatoul markarian), Blackberry (Acacia
acuminate), Mango (Mangifera indica), Raintree (Samanea saman), and Lambu (Swietenia hybrida) were
used in this study. All the wood species were collected from the local wood sawmill in the second half of
July. Among the wood species, Gurjan Balsam were collected from Chandpur, Bangladesh, Raintree and
Lambu were collected from Pabna, Banglades, Other samples were collected from Narayanganj,
Bangladesh, respectively. All the samples were grinded in the planetary mill (Ball mill) with 400 rpm and
rotating was done for 6 minutes to obtain a fixed particle size. Collected sawdust were then stored in
plastic bottles prior to further analysis.

Methods

Proximate analysis

Moisture content of each raw material was measured by drying the samples (about 2 g each) in an oven
at 105 °C ± 2 °C for 3 h, according to the ASTM Standard D4442-07 for wood and wood-base materials
[19]. The oven-dried samples were heated in a muffle furnace for the determination of ash content
according to a standard procedure for biomass described in ASTM E1755-01 [20]. 
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Volatile matter was determined using the standard ASTM D271-48 procedure used for coal. Raw
materials (about 12. to 1.4 g) were kept in a furnace and heated at 950 °C ± 20 °C for 7 min. Volatile matter
was then calculated by weighing the weight loss, excluding the moisture weight expelled at 105 °C. 

The percentage of fixed carbon was determined by subtracting the sum of the volatile matter, moisture
and ash content from 100.

Ultimate analysis

Organic elemental analyzer (Thermo Scientific™ FLASH 2000, USA) was employed for ultimate analysis
of the samples (Reactor temp. 900 °C, He: 2.5 bar, O2: 2.5 bar, column: TCD, PTFE) according to the
standard procedure described in ASTM D5291-02 [21].

Heating value

Oxygen bomb calorimeter (Julius Peters, Berlin-NW 21) was used to determine the gross calorific value
(heating value) of raw sawdust samples according to ASTM D5865 Standard [22]. The temperature was
increased by the liberated heat when the samples were burned. The heating value of the samples was
calculated using the following (Eq. 1)

Pellet preparation

Universal Testing Machine–UTM (FS300 kN, The Testometric Co. Ltd., England) was used for the
preparation of pellets from raw sawdust samples at 25 °C which has cylindrical die made of carbon steel
(10 mm diameter). The sample was put into the cylinder in between two carbon steel pellets each time.
Pelletizing pressure was exerted by a second steel pellet, a piston made of metal and crosshead of the
machine (UTM). The compression force was estimated using a 450 kN load cell, connected to a meter.
The die was rinsed with acetone and mopped clean with tissue paper prior to each use and when
changing sawdust samples. Usually, less than 0.25 g of sawdust was loaded into the die and
compressed by hydraulic press at a rate of 2 mm/min until the desired pelletizing pressure was gained.
The pressure was released after 3 mins and the piston was removed. The pellets were brought out from
the die by applying pressure at a compression rate of 2 mm/min and the removal of backstop. Four
different pelletizing pressures (6 kN, 12 kN, 16 kN, and 20 kN) were used in this study.

Pellet density
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The dimensions of pelletized pellet at various pressures (6 kN, 12 kN, 16 kN, and 20 kN) were measured
using Vernier or slide calipers. The weight of the pellets was estimated by an analytical balance up to
four decimal places with an accuracy of 1.0 mg. The pellet density at various pressures was then
calculated by taking the ratio of weight to volume of pellets.

Scanning electron microscope

Scanning electron microscope (SEM) was used to study the morphology of the prepared biomass pellets'
surface. The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals that derive from electron-
sample interaction reveal information about the sample including external morphology (texture),
chemical composition, crystalline structure, and orientation of materials making up the sample. To
determine the surface morphology of the prepared pellet of saw dust SEM (SEM; JSM-7610F, JEOL,
Japan) (accelerating voltage: 15 kV, magnification: 25000X) was used to take images. 

Results And Discussion
Proximate analysis

The proximate analysis results (percentage of moisture content, ash content, volatile matter, and fixed
carbon) of raw biomass samples are illustrated in Fig. 1. Proximate analysis gives preliminary results in
evaluation of fuel quality. Moisture content has significant consequences on fuel quality of sawdust
samples. It inversely affects the heating value as high moisture content reduce the liberated heat of
combustion. This happens because the produced energy is greatly absorbed to evaporate water during
combustion [23, 24]. High level of moisture content causes difficulty in biomass processing and hamper
the formation of durable densified product. Moreover, high percentage of moisture in biomass sample
might decompose the product by mold formation during storage. The recommended optimal moisture
content for the formation of pellets is 5% to 15% on a wet basis [25, 26]. The raw materials exhibited the
moisture content in between the recommended limit (4.57 ± 0.06% to 6.91 ± 0.10%) except Gurjan Balsam
(32.28 ± 0.14%) (Fig. 1A). Biomass obtained from mango tree have had the lowest percentage of moisture
content. Ash is measure of non-combustible inorganic impurities in biomass. Although the consequences
of ash content on heating value is not understood yet, it is presumed that the heating value is reduced
with higher ash content [27]. The impact of ash content is a significant issue when maintenance and
emissions are concerned. The slagging and fouling problems causing by ash fusion resulted corrosion
and lowering in combustion efficiency. Biomass obtained from Tamarind had the lowest ash content
whereas Gurjan Balsam had the highest ash content among the examined raw materials in this study
(Fig. 1B). High volatile matter of biomass usually has a positive impact on the sustainability of
combustion which transforms the biomass in a highly reactive fuel with rapid combustion rate in the
devolatisation stage [28]. The percentage of volatile matter of biomass samples were 79.37 ± 0.43% to
86.22 ± 0.02% in which Gurjan Balsam had the highest whereas Mango had the lowest percentage of
volatile matter (Fig. 1C). Fixed carbon the available carbon portion for char combustion by removal of all
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volatile matter in a biomass which perform as the major energy generator in combustion process [29].
Fixed carbon content of the biomass samples studied were ranges between 11.91 ± 0.01% to
19.33 ± 0.34%, in which Mango has the maximum amount of fixed carbon whereas Gurjan Balsam
possesses the lowest amount of fixed carbon (Fig. 1D). 

Ultimate analysis

The ultimate analysis revealed the elemental composition (carbon, oxygen, hydrogen, nitrogen, and
sulfur) of biomass sample and assist in determining the requisite amount of air for complete
combustion, composition and the volume of combustion gases, and biomass heat of combustion.
Carbon, oxygen, and hydrogen are the major constituents among the elemental compositions in ultimate
analysis. Usually, carbon exists as partially oxidized form that demonstrate the low heating value of
biomass in contrast to coal. The hydrogen content substantially contributes to the heating value. The
organically bound oxygen in biomass which is liberated by the thermal decomposition, partially satisfy
the oxygen requirement for combustion reaction and the remaining part is provided by air injection.
However, nitrogen and sulfur mostly contribute in evolution of hazardous emissions. The ultimate
analysis of biomass samples via gas-analysis processes revealed that carbon, oxygen, and hydrogen are
the three main constituents which comprise between 30 to 60%, 30 to 40%, and 5 to 6%, respectively of
dry biomass samples. Nitrogen and sulfur (and chlorine) generally make up ˂1% of dry biomass [30]. The
investigation of chemical compositions in biomass samples revealed that carbon content was in between
the ranges except Lambu biomass (82.28%), oxygen content was beyond limit in the most cases,
although it was much less (11.71%) in Lambu. The excessive amount of nitrogen and sulfur contents
were found in several biomasses. This might arise due to high nitrogen and sulfur content in the
respective soil from where the wood was collected (Fig. 2).  

Higher heating value of biomass samples

The energy content of biomass depends on its chemical compositions as well as moisture content.
Sometimes, the combustion volume may also be affected by ash content. The variation of higher heating
values with moisture and ash content of biomass samples has been evaluated and results are
summarized in Table 1. Biomass sample from Mango with the lowest moisture content (4.57 ± 0.06%)
generated the second highest heating values whereas Gurjan Balsam with the highest moisture content
(32.28 ± 0.14%) produced the lowest heating value (11260.09 kJ/kg ± 0.32%) in this study (Table 1).
Biomass from Tamarind has the highest heat of combustion (14221.66 kJ/kg ± 0.84%) which possesses
6.53 ± 0.23% of moisture content. Biomass from Tamarind having 0.71 ± 0.01% of ash content has the
highest gross heat of combustion whereas Gurjan Balsam has the lowest heat of combustion and it
possesses the highest ash content (1.87 ± 0.02%) albeit an obscure relationship prevails between ash
content and heating values of biomass samples. 

Table 1 Variation of higher heating values with moisture content and ash content of sawdust biomass
samples. Data are means ± relative SD  of three experiments
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Name of
sample

  Moisture content
(%)

  Ash content
(%)

  Higher heating value
(kJ/kg)

Gurjan Balsam   32.28 ± 0.14   1.87 ± 0.02   11260.09 ± 0.32% 

Cadamba   6.90 ± 0.17    0.88 ± 0.07   12320.19 ± 0.58%

Raintree   6.91 ± 0.10   1.16 ± 0.09   13512.32 ± 0.58%

Lambu   6.90 ± 0.01   1.51 ± 0.08   13518.54 ± 0.70%

Blackberry   6.59 ± 0.61    0.98 ± 0.02    13733.52 ± 0.63%

White Siris   6.01 ± 0.35   1.02 ± 0.06   13789.48 ± 0.72%

Mango   4.57 ± 0.06   1.30 ± 0.10   14069.79 ± 0.54%

Tamarind   6.53 ± 0.23   0.71 ± 0.01   14221.66 ± 0.84%

Effect of pelletizing pressure on pellet density

Fig. 3 shows the effect of pressure on pellet density, showing that the pellet density gradually increased
for a biomass species with gradually increasing pellet pressure and then decreasing in the range of 6-20
kN. Fig. 3 shows that the pellets have expanded after being released from the mold. It is also reported
that the pellet height decreases with   increasing pressure  in the  White siris, Cadamba, Mango, Raintree
and Lambu experimental samples presented in Table 2. But another pattern was found in Tamarind and
Blackberry; first decrease and then increase the height of the pellets. The diameters of all samples tested  
in the same experiments were slightly changed.

Table 2 Measurement of the dimension of pellets at various pressures
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Name of sample   Dimensions   Pellete dimensions at pelletizing pressures (cm)

    6 kN   12 kN   16 kN   20 kN

Gurjan Balsam   ha   0.201   0.201   0.201   0.201

White Siris       0.209   0.207   0.205   0.205

Cadamba       0.208   0.206   0.205   0.205

Tamarind       0.207   0.205   0.204   0.205

Blackberry       0.205   0.204   0.203   0.204

Mango       0.208   0.207   0.206   0.204

Raintree       0.209   0.206   0.206   0.206

Lambu       0.209   0.207   0.206   0.206

                     

Gurjan Balsam   Da   1.001   1.001   1.001   1.001

White Siris       1.001   1.001   1.001   1.001

Cadamba       1.001   1.001   1.001   1.001

Tamarind       1.001   1.001   1.000   1.000

Blackberry       1.000   1.000   1.000   0.910

Mango       1.001   1.001   1.001   1.001

Raintree       1.001   1.001   1.001   1.001

Lambu       1.002   1.002   1.002   1.002

a h and D denote height and diameter, respectively

Since there is no external heat effect during the production of the pellets, the pellets become loose and
expand when the pressure is removed. Increasing pressure reduces moisture content and particle size,
which contributes to a decrease in total pellet weight. This occurs mainly due to the interaction between
humidity and temperature due to applied pressure [31]. In the case of unheated biomass, heat is
generated during pelleting due to friction between the biomass particles and the pressing channel of the
die hole. The increase in friction and temperature inside the substrate due to the increase in pressure
causes the expulsion of moisture from the biomass. As a result, the mass of the particle decreases. The
higher the moisture content of the untreated sample, the greater this mass loss due to the higher moisture
extrusion. Natural binders such as lignin, protein, and starch in the biomass contribute to the formation of
pellets [31,32]. The extent of these natural binders varies between biomass species and since no binder is
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used in the pelleting process, the weight of pellets prepared at a given pressure has been determined.
There is a difference between the raw materials.

Effect of pelletizing pressure on the higher heating value

The higher heating value of most of the tested samples is increasing with the increasing pelletizing
pressure in the range of 6 to 16 kN from the die. Then decreasing the measured value in 20 kN pressure.
The nature of the higher heating value of the experimental samples is illustrated in Fig 4.

Gurjan Balsam, possessing the highest moisture content, showed a sharp increase in calorific value
during granulation at 6 kN. This is due to the removal of moisture, which results in its low calorific value
in its uncompressed form. The initial part of the envelope obtained between the pressures of 6 kN and 20
kN can be explained by the observation by Mani et al. [33]. After the evaporation of moisture, the biomass
particles first rearrange to fill this space, and air is removed from the pores. No appreciable amount of
intergranular bonding develops at this stage other than the natural binding force that binds the particles
into pellets at low pressure. Further compression brings the particles together and binding forces such as
hydrogen bonding and van der Waals forces develop, which stick to the particles quite tightly. Mechanical
nesting and mutual diffusion mainly come into play when biomass components such as lignin and
proteins tend to flow. With increasing pressure, that flow capacity increases. At lower pressures,
pelletizing conditions are not always favorable for the flow of lignin and the formation of solid bridges
due to mutual diffusion. Migration of lignin results in strong cohesive forces and this increases the
calorific value at higher pressures. This explains the trend of increasing thermal value in this region.

In the case of Cadamba pellets, increasing pressure  contributes to the improvement of calorific value
(Fig. 4). At low pressures, hydrogen bonding, van der Waals forces and some mechanical bonds are the
main binding mechanisms. The formation of stiff bridges is the main reason for the maximum calorific
value at high pressure to be achieved at 16 kN. Further increase in granulation pressure will reduce the
energy obtained from the particles due to the growth of  weak boundary layer or  gaps and voids between
particles. A weak boundary layer is formed due to the migration of some extracts to the  surface of the
grain and this tendency increases at high pressure and temperature. At high pressure, the collapse of the
cell structure can create voids and voids between particles. Another factor is repulsive force was arising
when high pressure is applied to biomass pellet. This repulsive also causes some void and crack in the
interparticle surface.   These factors eventually decline the heating value at elevated pressure. 

The calorific values of Raintree, Lambu, Mango, and Blackberry pellets gradually increase up to
pelletizing pressure of 12 kN (Fig.4). Afterward, these values decrease at 16 kN. Tamarind pellets show an
abrupt increase in calorific values at 20 kN pressure and the very close result are shown in Cadamba in
this pressure range.

SEM analysis
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About 0.2gm samples were prepared for SEM analysis (Table 3). SEM image of Cadamba clearly shows
that the internal surface morphology where lignocellulosic biomass is closely binding pattern in the
various pressure range (Fig.5). The binding pattern is increasing with the increasing pressure shown in
Fig. 2(A), 2(B), 2(C), and 2(D) for Cadamba sawdust pellets. From Fig.6, very similar results were found in
the SEM image of Blackberry except in 20kN pressure, some big voids and cracks were found due to
intermolecular repulsive force. 

Table 3 Measurement of pellet weight for SEM study

Name of sample   Pellet weight at different pelletizing pressure (gram)

  6 kN   12 kN   16 kN   20 kN

Cadamba   0.2158   0.2172   0.2164   0.2144

Blackberry   0.2168   0.2161   0.2152   0.2194

Conclusion
The higher volatiles of biomass generally has a positive effect on combustion sustainability, turning
biomass into a highly reactive fuel with a fast combustion rate in the decomposition step. The
percentage of volatiles in the biomass samples ranged from 79.37 ± 0.43% to 86.22 ± 0.02%, with Gurjan
Balsam having the highest percentage while Mango had a low percentage of volatiles. best. It is assumed
that the calorific value is reduced with higher ash content. The final analysis of biomass samples through
gas analysis revealed that carbon, oxygen, and hydrogen were the three main components accounting for
30-60%, 30-40%, and 5-6% of the samples, respectively. dry biomass. The heating values of the Raintree,
Lambu, Mango, and Blackberry pellets gradually increased to a pelletizing pressure of 12 kN. These
values are then reduced to 16 kN. Tamarind pellets show a height calorific value of 14221.66 kJ/kg
without any pressure. But give an abrupt increase in calorific values at 20 kN pressure. On the other hand,
Cadamba showed a height calorific value at the pressure of 16 kN.
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Figure 1

Proximate analysis of raw sawdust. Data are means ± SD (standard deviations) of three experiments.
Percentage of (A) Moisture content, (B) Ash content, (C) Volatile matter, and (D) Fixed carbon of Gurjan
Balsam (GB), White Siris (WS), Cadamba (Ca), Tamarind (Ta), Blackberry (BB), Mango (Ma), Raintree (Ra),
and Lambu (La) sawdust, respectively
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Figure 2

Ultimate analysis of raw sawdust. Data are means ± SD (standard deviations) of three experiments.
Percentage of (A) Carbon, (B) Oxygen, (C) Hydrogen, (D) Nitrogen, and (E) Sulfur of Gurjan Balsam (GB),
White Siris (WS), Cadamba (Ca), Tamarind (Ta), Blackberry (BB), Mango (Ma), Raintree (Ra), and Lambu
(La) sawdust, respectively
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Figure 3

Variation of pellet density with different pelletizing pressure 
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Figure 4

Variation of higher heating values with increasing pelletizing pressure of pellets prepared from raw
sawdust
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Figure 5

SEM images of Cadamba (softwood) pellets. (A) 6 kN. (B) 12 kN. (C) 16 kN. (D) 20 kN
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Figure 6

SEM images of Blackberry (hardwood) pellets. (A) 6 kN. (B) 12 kN. (C) 16 kN. (D) 20 kN
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