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a b s t r a c t

Modifications to a pellet manufacturing process must be made based on the characteristics of raw
material used. The purpose of this work was to determine the alternations required to a wood pellet
manufacturing process and the quality of the pellets produced using this process from five energy crops.
Quality measurements include: the caloric value, the loss of moisture content in each production stage,
the efficiency index of particle-pellet, ash content and quality as defined using the quantity of cracks and
the transversal density and longitudinal density determined using X-ray radiography. The crops analyzed
were rhizomatous plants, with caloric values ranging between 17.1 and 20.3 MJ kg�1. This work deter-
mined that it was possible to produce pellets with Gynerium sagittatum and Phyllostachys aurea using the
same production process for wood; however, Arundo donax and Pennisetum purpureum needed pre-air-
drying and the Sorghum bicolor required mechanical dewatering before drying. A. donax, P. purpureum
and G. sagittatum provided the highest efficiency index. When evaluating the pellet quality P. aurea and
G. sagittatum hard a large quantity of cracks, unlike A. donax, P. purpureum and S. bicolor. The transversal
and longitudinal pellet density varied from 1129 to 1294 kg m�3. The highest values of bulk density were
obtained in A. donax and P. purpureum, followed by G. sagittatum and P. aurea, and the lowest bulk density
was obtained in S. bicolor. Althogh out, some species produced cracks and high ash content, this work
demonstrated that it is possible to produce pellets with moderate quality.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Tropical conditions in Costa Rica allow the development of
many agricultural and forestry crops, which generate a large
amount of lignocellulosic waste [1]. For example, the agricultural
sector produces approximately 1.5 million Mg of residues per year
[2] the forest industry generates about 500,000 Mg of residues [3]
and this estimate does not consider the 43% of tree volume that
remains in the field as residue [4]. The forest industry has been
concerned with finding solutions to the residue problem and one
possible solution is to generate heat by direct combustion of the
raw residue [5]. Manufacturing residues into pellets is of interest to
nd@vt.edu (B. Bond), jorre@
omazello Filho).
these industries since the pellets would allow for better utilization
of the material. Pellets could provide the heat for other processes,
such as drying of fruits and vegetables, cooking or cleaning prod-
ucts [2].

Wood pellets are manufactured by a mechanical process, where
pressure is applied to crush the cell structure and increase its
density [6]. The normal process of producing wood pellets consists
of: (i) using grinders and mills (discs, rollers, balls, blades or
hammers) to reduce the size of the material, (ii) drying the biomass
with rotary drum or pneumatic type driers to a 10% moisture
content and (iii) compressing the material using rotary rollers,
which pushes the particles from the inside of a ring or die (cylin-
drical or annular type or flat matrix) outwardly through a series of
holes [7,8], a technology commonly used to produce animal feed.
While pellets can be made from wood, the high demand for wood
residues in fiberboard and particleboard production represents
direct competition for pellet industries in Costa Rica [5]. There are
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two important aspects regarding the use of wood residues in Costa
Rica: (i) a tendency to reduce wood consumption in industry [9]
and (ii) the residues produced are in high demand to keep
chicken, horse and cattle breeding sites clean [5]. Pellet industries
are therefore seeking an alternative raw material with high ligno-
cellulosic content, such as agro-residues, or the cultivation of en-
ergy crops that can be densified [8]. Agricultural residues are
currently in high demand as a supplement for animal feed
concentrate [10,11] or to produce organic compost products [12].

The use of agricultural or sawmill residues for pellet production
is highly developed in many countries [7]. Pellets are as efficient as
other fuels in boilers [13]. For pellet production to be economically
viable, the raw material is processed with moisture content less
than 55% [14]. One limiting factor to using energy crops for pellet
manufacturing is that many have initial moisture contents above
50%, have lower hardness values, and smaller sizes than wood
residue [15]. For the industry to be profitable manufacturing pellets
from different types of biomass, such as the energy crops, with
different morphology and moisture content, the process needs
modification [1]. For example, air-drying the raw material in areas
with appropriate environmental conditions [16] would result in
more cost-effective production [17].

With knowledge of these constraints, the objective of the pre-
sent work is to define the alterations in a wood pellet production
process that would allow the use of five potential energy crops
(Arundo donax, Gynerium sagittatum, Pennisetum purpureum, Phyl-
lostachys aurea, and Sorghum bicolor) in Costa Rica. Specifically, the
authors investigated the caloric value, the particle size prior to
pelletizing, process efficiency, moisture content in each stage of the
pellet production and quality (ash content, transversal density and
longitudinal density) of the pellets by X-ray spectrometry. Quality
measurements include: the caloric value, the loss of moisture
content in each production stage and the efficiency index of
particle-pellet, quality, transversal density and longitudinal density
of the pellets through X-ray radiography.
2. Materials and methods

2.1. Selected crops

Five energy crops were selected for use in Costa Rica (Fig. 1 and
Fig. 1. Agricultural crops with energetic potential in Costa Rica. a) Arundo donax b) Gyne
Table 1) based on the following constraints: adaptation to climatic
and edaphic conditions of this country, dry biomass production
above 20 Mg ha�1 and availability throughout the year. The five
selected crops are perennial, with straight stems ranging from 2 to
6 m high and diameters from 1 to 5 cm (Fig. 1). G. sagittatum,
P. aurea, and S. bicolor samples were harvested and transported to
the plant located in San Carlos in one day and the pellets were
prepared the next morning. For A. donax and P. purpureummaterial
was left in the field where it was cut, and allowed to dry to decrease
moisture content for three day (see 2.3.1).

2.2. Crop characterization

The characterization of each cropwas based on the evaluation of
the caloric value in the wet condition (after harvest, named Gross
Caloric Value), the dry condition (0% moisture content, Net Caloric
Value) and the ash content of the pellet produced. For these ana-
lyses, 3 stalks were randomly selected, cut and then milled to less
than 2 mm and then sieved with #60 and #40 meshes (0.25 mm
and 0.42 mm respectively). The material between #60 and #40,
mesh was selected and 3, approximately 1 g, samples were
extracted. This material was then divided in two parts of 0.5 g each.
A sample with the moisture content at the time of harvesting was
used to determine the Gross Caloric Value (GCV); the second
sample was kiln-dried at 103 �C for 24 h, and then the net caloric
value (NCV) was determined using ASTM D-5865 [18]. Net and
gross caloric values were determined using Parr calorimetric test.
Carbon fraction (C), Nitrogen content (N) and the C/N relationship
were determined from milled dust using Elementar Analy-
sensysteme, Vario Macro Cube model. The material was sieved
through 0.25 mm and 0.42 mm meshes (40e60 meshes respec-
tively), until approximately 8 g per test were obtained.

2.3. Crop evaluation in the production process

Six aspects were considered in the evaluation of potential en-
ergy crops in Costa Rica: (i) adaptation of the crop to a wood pellet
production process; (ii) net caloric values, (iii) loss of moisture
content during the pellet production; (iv) characteristics of the
produced particles; (v) efficiency in the process and (vi) pellet
quality.
rium sagittatum c) Pennisetum purpureum d) Phyllostachys aurea e) Sorghum bicolor.



Table 1
Geographic location and information on the state of the five energy crops evaluated.

Crop Description of the crop site

Arundo donax It is a rhizomatous plants belonging to the sigmoidal group (Fig. 1a) and was planted in 1.6 m spaced rows (Fig. 1a). The plantation yielded 25 Mg/ha-
year of dry biomass. This is a 6 month old experimental trial in Filadelfia, Guanacaste (10�2303500 latitude N and 85�2704900 longitude W) and it was
harvested on January of 2013 and it was sampled all stem and leaves. Each plant has 5e6 stems.

Gynerium
sagittatum

It is a rhizomatous plants belonging to the monopodial group (Fig. 1b). Commercial plantation for extracting poles for agriculture and construction
(Fig. 1b), about 15,000 plants ha�1 are produced, which yield about 22 Mg/ha-year of dry biomass. 1-year old, located in Río Frío, Lim�on (10�1803800

latitude N and 83�5205800 longitude W). It was harvested on February of 2013 and it was sampled all stem and leaves. Each plant has only one stem.
Pennisetum

purpureum
It is a rhizomatous plants belonging to the sigmoidal group (Fig. 1c). Naturally growing trial approximately 7 months old (Fig. 1c) in Paraíso, Cartago
(9�4904400 latitude N and 83�510600 longitude W). It yielded 31 Mg ha�1 year dry biomass. It was harvested on February of 2013 and it was sampled all
stem and leaves. Each plant has 5e6 stems.

Phyllostachys aurea It is a rhizomatous plants belonging to themonopodial group (Fig. 1d). Crop planted in a small area of the Central Campus of the Costa Rica Institute of
Technology in Cartago (9�5100800 Latitude N and 83�5403600 longitude W), about 1 year old (Fig. 1d), with 50 individuals/ha and a production of
27.2 Mg ha�1 year of dry biomass. It was harvested on January of 2013 and it was sampled only the stem, but leaves and branch were not sampled.
Each plant has only one stem.

Sorghum bicolor It is a rhizomatous plants belonging to the monopodial group (Fig. 1e). Plantation for experimental purposes and energy production, 151 days old, in
Upala, Alajuela (10�5305300 latitude N and 85�005700 longitude W). This crop is planted at 0.10 m � 0.75 m, with a capacity to generate 26.4 Mg ha�1

year of dry biomass. It was harvested on February of 2013 and it was sampled all stem and leaves. Each plant has only one stem.
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2.3.1. Crop adaptation to the normal wood pellet production
process

The wood pellet manufacturing process at Agrep Forestal S. A.
was used (Fig. 2) to make the pellets. The manufacturing process
consists of a wood shredder, with loose knife hammers, fromwhich
the material is directed towards a pan mill. The ground material
passes to a rotary drum dryer (12 m long � 3 m) direct heated by
hot air at 400 �C. The particles were then pelletized (KAHL 35-780),
with a 780 mm diameter flat die, orifice channel 30 mm length and
6 mm diameter, i.e., the length/diameter is a ratio of 5. However,
three different approaches were used for removing moisture from
the crops:

(i) The normal drying stage of the pellet manufacturing process
at Agrep Forestal S. A., where the ground material passes to a
rotary drum dryer was applied in G. sagittatum and P. aurea.

(ii) A stage of pre-air-drying, prior to the normal rotary drum
drying stage, was added for A. donax and P. purpureum.
Specifically, the stems with leaves of these species were left
in the field (Fig. 3a and b) for a period of three days. This
period was selected because it allows the stems begin drying
but prevents decay.

(iii) A milling and pressing stages were applicated in S. bicolor in
addition to normal rotary drum drying. For milling, a
shredding machine, used commonly milling of stem of cane,
Fig. 2. Wood Pellet manufacturing process in Agrep Forestal S.A. as used in this study. N
was used. Afterward a press for water extraction, also com-
mon in milling of stem cane, was used.
2.3.2. Evaluation of moisture loss during the production of pellets
from energy crops

MC was evaluated at each stage of the pellet manufacturing
process: (1) harvesting, (2) pre-air-drying (applicated only in
A. donax and P. purpureum material) (3) shredding, (4) milling, (5)
pressing (applicated in S. bicolor), (6) drying and (7) pellet fabri-
cation. In the harvesting stage, 30 plants per crop were randomly
cut and immediately weighed and oven-dried at 103 �C for 24 h.
The dry mass was then determined according to ASTM D-3173 [19].

A pre-air drying stage was added for A. donax and P. purpureum.
The stemwith leaves was left in the field (Fig. 3a and b) for a period
of three days and changes in MC measured. Six samples of 5 plants
each were taken for MC measurement. The samples were weighed
each day at 10:00 am. After the third day, the samples were dried at
103 �C for 24 h, weighed and the MC determined. In the remaining
stages for these species and others, the MC was determined by
removing 10 random samples after each stage and using the ASTM
D-3173 procedure.
2.3.3. Fineness of the particles
The fineness of particles was measured using different sieves
ote: the number in parenthesis represents the stage of process according to Table 3.



Fig. 3. Stem of Pennisetum purpureum left in the field after harvest (a), Arundo donax
air-dried after three day (b) and moisture content reduction in P. purpureum and
A. donax in air-drying for three day.
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before pelletizing. Ten samples of 100 g, were sieved using a stack
of 1 mm, 2 mm, 4 mm, 6.7 mm, 8 mm, 11.2 mm and 16 mm sieves
for a period of 2e3 min and the material in each sieve was then
weighed. The particle size distribution was determined by ratio of
themass of the particles retained in each sieve and the total mass of
the sample, expressed in percentage. The mass retained in all sieves
was named “mass retained” and the mass of particles with size
lower than 1 mm was named “mass not retained”. The “mass
retained” was then used to calculate the fineness index using (Eq.
(1)) as expressed in the Brazilian NBR 7211/83 standard [20].

Fineness index ¼
P

mass retained in sieves�mass not retained
100

(1)

2.3.4. Efficiency index of particle-pellet
The efficiency index of particle-pellet refers to the mass of

particles that enter the pelletizing process compared to the amount
of pellets with size bigger than 4.75 mm that are produced. This
indexwas determined by comparing theweight of pellets produced
and sieved with a 4.75 mm (mesh #4) to the mass of the particle
before pelletizing process, expressed in percentage.

2.4. Quality of the pellets

Quality of the pellets produced was determined by comparing
the ash content, transversal density and longitudinal density. Ash
content was unique property evaluated using ASTM 1102-84 after
the pellets were 10 randomly selected 2 g pellet samples were used.
Other 10 pellet per cropwere selected randomly and conditioned to
a moisture content of 12% prior to evaluation. Pellet quality was
then evaluated using X-ray images, which revealed the presence
cracks and the area with high density. Variation in quality for
longitudinal and transversal density was measured from the im-
ages. Cracks are defined as areas where layers in the pellet had
separated. The areas with high density are defined when a section
of surface area presents density values with values over
1300 kg m�3: X-ray images of the pellet material were taken with
X-ray equipment (Hewlett Packard Faxitron, LX-60) using a 12 cm
distance between the X-ray source and the sample. Exposure con-
ditions were 15 s with 30 kV tube tension. The quantity of cracks is
reported as frequency in relation to pellet length (cracks/mm). The
images were then analyzed by ImageJ software (National Institute
of Mental Health, Bethesda, Maryland, USA) to determine density
variation. The digital image in TIFF format is filtered to a threshold
equal to 208. Then areas with color higher than 208, were used to
represent regions with high density. The frequence
(quantity mm�2) and percentage of these pellet area with high
density was then determined. Likewise, the quality of the pellet
was further analyzed using X-ray densitometry to determine the
density variation in transverse and longitudinal directions. Pellet
density was determined by means of an X-ray scanner (Quintek
Measurement Systems Inc, QTRS-01X) and this density was named
as “density measured with X-ray”. Exposure conditions were of
7 kV in the tube and the density readings were performed for 1 s
each 40 mm. The first density measurement is named transversal
density (TD) and the second one, longitudinal pellet density (LPD).
When measuring the transverse and longitudinal density, each
pellet was weighed and its diameter and length measured. The
samples by crop were fixed in horizontal position on a support and
then X-rayed to determine the density in LPD. To determine the TD,
the pellets were carefully cut into approximately 1.80 mm thick
sections in the middle of length of pellet which were then X-rayed.

2.5. Statistical analysis

An analysis of variance (ANOVA) was used to estimate the dif-
ferences in GCV, NCV and MC for the stages of the pelletizing
process, regarding the fineness index and TD, LPD and their varia-
tion coefficient determined by the X-ray densitometry. These var-
iables were established as depend variables and the crop type as
independ variable in the ANOVA. The existence of significant dif-
ferences between the averages for each variable was determined
using the Tukey test (P < 0.05). Regarding the density values; a
correction factor was created for each pellet measured. This factor
included the difference between the actual density of each pellet,
previously determined by measuring its mass and volume, and
average “density measured with X-ray” (Eq. (2)). A factor was
determined for both the transversal and longitudinal direction.
After each value of density was measured (each 40 mm is measured
density for X-ray densitometry) it was corrected with the aid of Eq.
(3). Then with the corrected density values density profiles in
transversal direction (TD) and longitudinal direction (LPD) were
constructed to determine patterns of variation of density in both
directions.

Correction factor ¼ Average densitymeasured by x�ray densitometry

� Actual density

(2)

Corrected densityi ¼ Densityi � Correction factor (3)

where: Corrected densityi factor per pellets represents density
values for each value measured for X-ray densitometry and densityi
values measured for X-ray densitometry. Note: density measured
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for X-ray densitometry was read each 40 mm in transversal or
longitudinal pellet direction.

3. Results and discussion

3.1. Crop characterization

The caloric values for the raw fibers are shown in Table 2. GCV
and vary from 2.5 to 10.3 MJ kg�1, NCV ranges from 17.1 to
20.3 MJ kg�1; however when calculated for the pellets the variation
is smaller, 15.6e17.6 MJ kg�1. Analysis of variance identified three
groups in relation to GCV: the first group with the highest values of
GCV were: A. donax, G. sagittatum and P. aurea; a second group
consisting of P. purpureum, which convergeswith two species of the
first group (and converge with G. sagittatum and P. aurea), as they
contain no statistical differences (Table 2) and a third group,
S. bicolor, with the lowest GCV. ANOVA applied to NCV distin-
guished two groups, one composed of A. donax, P. purpureum and
S. bicolor with higher values of NCV and a second formed by
G. sagittatum and P. aurea and two species (A. donax, P. purpureum)
that overlap with the first group.

Evaluation of the GCV shows a considerable increase of the
caloric value with respect to the NCV (Table 2). This increase is
supported by the decrease of the MC in the NCV. For a low MC,
higher thermal efficiency is observed in the combustion process,
due to lower energy investment in evaporation of water in the
biomass [21]. The influence of MC can also be observed in the
values of GCV among the different crops; S. bicolor and
P. purpureum, with high MC values (Table 3) resulting in the lowest
values of GCV (2.4 and 7.0MJ kg�1, respectively). On the other hand,
the species A. donax, G. sagittatum and P. aurea, with a MC lower
than 60% (Table 3), resulted in higher GCV values than the previous
species (Table 2).

NCV and GCV values obtained in pellets from five crops (Table 2)
are consistent with the values reported for fast-growing timber
species in Costa Rica [22], making them acceptable as an alternative
agrifuel. NCV variations between the five crops can be explained by
changes in nitrogen and carbon content and the carbon/nitrogen
(C/N) ratio. NCV increased with nitrogen content (Fig. 4a), but
decreased with carbon content (Fig. 4b) and C/N ratio (Fig. 4c).
However, the variation between crops cannot be explained by C and
N content only as NCV is also affected by other chemical properties.
For example, the content and characterization of the ash and the
amount of volatile substances positively affect caloric values [23];
however, the extractive content and fixed carbon contribute to an
increase in the caloric value [22].

In relation to ash content: the values obtained for ash content
ranged from 3.4% to 10.5% (Table 2), and all crops presented
different ash content, except G. sagittatum and S. bicolor, for which
there was no statistical difference. The ash content was higher than
those reported for timber species in Costa Rica (between 0.2% and
4.0%) by Moya and Tenorio [10]. Similarly, the ash content values
Table 2
Calorific values in five agricultural crops studied in Costa Rica.

Agriculture crops Gross calorific N

Value (MJ kg�1) Moisture content (%)

Arundo donax 10.3A 60.0 1
Gynerium sagittatum 8.6AB 57.3 1
Pennisetum purpureum 7.0B 81.0 1
Phyllostachys aurea 7.3AB 43.4 1
Sorghum bicolor 2.4C 83.5 2

Note: different letters for each calorific value and ash content means statistical difference
based on the harvest moisture and “Net calorific value” (NCV) is defined based on zero
obtained in this study did not comply with the permitted 0.5% limit
according to the DIN 51731 [24] standard or 1.5% permitted by
Swedish standard [25]. Althogh out herbaceous crops are never
going to meet the ash content regulations for export, other stan-
dards should also be reviewed for the possible qualification of these
pellets or these crops could be utilized as complement to other
woody energy sources.

3.2. Crop evaluation in the production process

3.2.1. Crop adaptation to the normal wood pellet production
process

Two species (G. sagittatum and P. aurea) among the five crops
evaluated, were adapted well to the process used for wood pellet
production (harvesting, shredding, milling, drying and pelletizing),
whereas for the remaining three (A. donax, P. purpureum and
S. bicolor) required some modifications to the process (Table 3). For
A. donax the shredding process presented no problems. An air-
drying stage to reduce the MC was applied to A. donax and
P. purpureum (Fig. 3c). The remaining stages for these crops corre-
spond to the normal pelletizing process. In pre-air-drying stage,
stems were left in the field for a period of three days after cutting;
then the semi-dried material was taken to the shredding process.
With S. bicolor it was not necessary to apply the common shredding
technique used for woody material; instead, the harvested material
was directly milled with an axial-feed mill equipped with four
rotating blades. Subsequently, the material received a water
extraction pretreatment by compressing it at 8.3 MPa with the
press used in the extraction of juice from sugar cane.

G. sagittatum and P. aurea adaptedwell to the existing pelletizing
process from Agrep Forestal S. A. Although these crops differ from
wood residue in its form (small cylindrical stalks less than 5 cm
diameter), shredding and milling had no problems. The drum type
drying system yielded a grinded particle with optimum MC (less
than 10%) before pelletizing. Another advantage of the system used
is that the pellet showed less than 10% MC (Table 3). According to
McKendry [15], the success of the biomass conversion process into
pellets, lies in having a low MC raw material (about 50%). This
research has demonstrated that G. sagittatum and P. aurea are po-
tential crops for the production of pellets using the same produc-
tion system used for residuewood. Although S. bicolor, P. purpureum
and A. donax are species with high MC (60e80%), the same ma-
chinery to produce pellets fromwood residue can be used, although
probably affecting the energy balance [25] and representing an
increase in costs. High values of MC make it necessary to imple-
ment alternative processes (pre-drying or compression of the
biomass) to reduce them [25]. This was evidenced by pre-air-drying
applied to A. donax and P. purpureum, with which the MC dimin-
ished 28% and 13%, respectively, and a 29% MC decrease in S. bicolor
by applying biomass compression.

Pre-air-drying, as used for A. donax and P. purpureum (Fig. 3a and
b), is a practice applied to herbaceous species in some European
et calorific value (MJ kg�1) Pellet characteristics

Moisture content (%) Ash content (%)

9.2AB 12.0 10.5A

7.1B 9.9 4.9B

8.5AB 12.1 7.5C

7.9B 6.7 3.4D

0.3A 12.6 5.5B

at 95% in significances among agriculture crops. And “Gross calorific value” (GCV) is
percent in moisture content (MC).



Table 3
Moisture content of five agricultural cops at different stages of the pellet production process.

Step Arundo donax Gynerium sagittatum Pennisetum purpureum Phyllostachys aurea Sorghum bicolor

Harvesting 56.0B (6.87) 57.3B (11.50) 81.0A (2.93) 43.4C (7.85) 83.5A (0.51)
Air-dry 32.4B (22.41) e 68.3A (6.82) e e

Shred 31.4C (22.41) 57.0B (2.50) 67.9A (1.35) 36.6C (6.71) e

Milled 25.1E (6.96) 49.8C (3.30) 64.1B (1.18) 34.9D (3.81) 81.9A (0.51)
Pressed e e e e 52.4 (2.64)
Dry 12.5B (3.28) 9.7C (6.17) 15.0A (2.22) 7.6D (3.20) 14.6A (10.74)
Pelletized 12.0B (4.70) 9.8C (2.14) 12.1AB (3.80) 6.7D (5.85) 12.6A (5.56)

Note: Superscript letters indicate statistical differences at 95% in significances among agriculture crops between moisture contents and same step.

Fig. 4. Relationships between carbon (a), nitrogen (b) and carbon/nitrogen ratio (c) with net caloric values for pellets manufactured with five energy crops.
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countries tomaintain the energy balance [26]. However, for tropical
countries this should be handled more carefully, as these regions
have two seasons, dry andwet. The rainy season prevails formost of
the year, characterized by the presence of high relative humidity,
which causes the biomass MC reduction to be slow [10], while
promoting the biological degradation of the biomass.

Regarding biomass compression, as applied to S. bicolor,
specialized equipment for the extraction of sugar cane juice was
used. The result was successful as demonstrated in the decrease in
MC from 81.9 to 52.4% (Table 3). Unlike timber, which is composed
of highly bonded fibers and a hard outer surface, moisture removal
in the crops studied bymechanical means is possible, since they are
herbaceous plants that have more flexible bonded fibers [15],
which enable the compression of the biomass to extract the water
trapped in the tissues.
3.2.2. Fineness of the particles
The evaluation of fineness of the particles before pelletizing

showed that the crops can be divided into four groups (Fig. 5a): the
first, with the highest fineness index (0.34), comprising P. aurea;
the second, with indexes between 0.27 and 0.29, including
G. sagittatum and P. purpureum, a third group integrated by S. bicolor
and A. donax with the lowest fineness index. These differences
arose from the variation in particle size for each crop. A high per-
centage of large particles (4e16 mm) decreased the fineness index
value, as in S. bicolor and A. donax, which have the highest per-
centages (Table 4). Contrary, a high percentage of particles with size
less than 4 mm, as in the case of G. sagittatum, P. purpureum and
P. aurea, produced the lowest fineness index values (Fig. 5a). The
variation in particle size was influenced by two factors: (i) not
applying the same manufacturing process for the 5 species, such as



Fig. 5. Values obtained for five energy crops in (a) fineness index and (b) efficiency index. Note: different letters for each value means statistical significances at 95%.

Table 4
Particle size distribution (percentage) in relation to weight before pelletizing for five agricultural crops studied in Costa Rica.

Particle size in length (mm) Arundo donax Gynerium sagittatum Pennisetum purpureum Phyllostachys aurea Sorghum bicolor

>16.00 0.33 0.68 1.57 0.00 10.29
16.00e11.20 0.98 0.09 3.08 0.09 2.24
11.20e8.00 5.12 1.81 3.28 0.88 3.71
8.00e6.70 3.49 3.10 1.46 0.93 2.38
6.70e4.00 34.28 21.17 22.62 12.40 18.34
4.00e2.00 24.81 33.49 21.90 32.93 26.12
2.00e1.00 15.17 12.82 16.75 18.51 15.85
<1.00 15.81 26.83 29.34 34.26 21.06
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reducing the size of the biomass in A. donax (shredding) and
S. bicolor (milling), as well as the MC reduction, where the shape
and size of the particles was dependant on the milling parameters
(hammers, blades and rotation speed) [27] and (ii) characteristics of
the raw material. Species with less lignified tissues tend to bend,
and thus to shred into long pieces, while species with more ligni-
fied tissues tend to break rather than bend, and thus are frag-
mented into shorter chunks [28].
3.2.3. Evaluation of moisture loss during the production of pellets
from energy crops

P. purpureum and S. bicolor had the highest average MC (81 and
85.5) during the harvest season, while A. donax, G. sagittatum and
P. aurea had the lowest (56, 57.3 and 43.4 respectively) (Table 3). For
the two species that used an air-drying stage it was determined
that A. donax has a lower MC at this stage than P. purpureum. In the
grinding stage, the MC values were statistically different for the 5
crops, ranging from 81.9 to 25.1% for S. bicolor and A. donax
respectively. The MC after drying and after the biomass had been
pelletized, was statistically different for the 5 crops, ranging from
7.6 to 15.0% after drying and 6.7e12.6% after pelletizing.
P. purpureum and S. bicolor presented the highest values in both
stages, followed by A. donax, G. sagittatum and P. aurea, which
showed the lowest values (Table 3).

The pre-air-drying of stems of A. donax and P. purpureum
resulted in a 27% and 13% reduction in MC over the three days
(Fig. 3c). In the shredding stage of the applied crops, the MC
decreased only 1e2% (Table 3), with the exception of P. aurea. In the
case of biomass milling, the MC reduction in relation to the previ-
ous stage increased from 2 to 7%, the lower value being for P. aurea
and the highest value for G. sagittatum. In S. bicolor, where pressing
before drying was applied, a 29.5% MC reduction was observed. As
expected, drying resulted in the largest reduction of MC for all
processes. Finally, in the pelletizing process, the MC diminished in
the 5 crops and varied from approximately 1e3%.

3.2.4. Efficiency index of particle-pellet
The highest efficiency index was obtained for P. purpureum,

followed by A. donax, G. sagittatum and S. bicolor with values of 68
and 61%, respectively. P. aurea presented the lowest index (Fig. 5b).
The variation in the efficiency index for the five crops (Fig. 5b), is
dependant on a number of factors that affect the compression of
the biomass. In herbaceous plants, lignin and proteins are respon-
sible for making connections between particles, and the index of
these compounds varies according to the type of biomass [29]. Also,
the MC of the biomass before pelleting is one of the major factors
[30]. This study showed that when theMC ranged from 10 to 15%, as
in P. purpureum, A. donax and G. sagittatum, it resulted in a higher
efficiency index, whereas when the MC of the particles before
pelleting was less than 10% (P. aurea), the lowest efficiency index
was obtained. Excessive drying, as occurred in P. aurea, has a
hardening effect on the tissue surface and serves as a thermal
insulator, thus preventing heat transfer, which is a key element for
compression [29]. The low yield of S. bicolor in relation to A. donax
and P. purpureum, cannot be explained by the MC, since this crop is
within the optimum range of MC (Table 3) but may be explained by
the high content of large particles (16 mm), having been found that
fine particles (2 mm) improve binding [31].

3.3. Pellet quality

The presence of cracks is one aspect of pellet quality, since they



Fig. 6. X-ray photograph of the surface of the pellets manufactured with five energy
crops. Note: The mark indicates the presence of cracks in the surface and the mark

indicates a light colored area.
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are directly related to the susceptibility of breakage [32]. The
evaluation using X-ray images shows that surface cracks were the
lowest in the pellets manufactured with P. purpureum (Table 5) and
this crop presented only some irregularities (Fig. 6e). For S. bicolor
and A. donax the quantity of cracks was higher than P. purpureum
(Table 5, Fig. 6a and c). The highest quantity was observed in pellets
manufactured with P. aurea and G. sagittatum (Table 5, Fig. 6d and
b), being most evident in P. aurea.

X-ray images showed that cracks were present in varying de-
grees for all crops (Table 5, Fig. 6). The presence of these cracks is
common in milled materials once pelletized [33] and is attributed
to inadequate MC for pelletizing or to inadequate particle size. MC
significantly affects the physical properties of densifying the
biomass [34], since the presence of water strengthens the bonds
between particles. The decrease inwater reduces the capillary force
that maintains the structure of the pellet, leaving cracks. This is
seen in the results, where those crops that presented MC between
12 and 15% (A. donax, P. purpureum, and S. bicolor) showed fewer
cracks, whereas P. aurea and G. sagittatum, species with MC values
of 7% and 10%, respectively, showed a higher number of cracks in
the pellet surface.

The presence of cracks also shows that there is an inadequate
efficiency pelletization of biomass. The presence of cracks is
negatively related to the efficiency index (Fig. 7a), indicating a low
value of this index. Then low conversion efficiency of particulate to
pellet consequently increase in the probability that the pellet to
break and therefore less durability [33], because of the relationship
of durability and cracks presence.

Another aspect made evident by the X-ray images, is the pres-
ence of light colored areas in the pellet, which is more frequent,
therefore high in relation to total area (Table 5), in A. donax (Fig. 6a),
followed by P. purpureum, G. sagittatum (Fig. 6b andc) and lastly, by
P. aurea and S. bicolor where such areas are minor frequency and
less area in relation to total area (Table 5, Fig. 6dee). Light areas
observed in pellets are related to variations in density (Fig. 8bee).
These regions correspond to differences in size and structure of the
pelletized particles, due to the heterogeneous anatomical structure
of the crops. For example, the P. purpureum has a higher concen-
tration of fibers in the outer layers of the stem, and cutinized and
waxy layers [35], which results in density increasing from the inner
part to the outer part [36]. Another example is the species A. donax
whose anatomical structure varies between the nodes and in-
ternodes and with increasedwall thickness of the fiber at the nodes
[37]. This variation of the structure and the presence of regions of
high density in the plant, causes these parts to remain located at
certain regions of the pellet during milling, resulting in an increase
in density in that region (Fig. 8bee).
3.4. Pellet density

The pellet density values, for both TD and LPD, for the five crops
ranged from 1129 to 1293 kg m�3 and three different groups were
Table 5
Parameters characteristics of light zones in surface pellet in five agricultural crops in
Costa Rica.

Agricultural crops Cracks /mm Light areas/mm2 Area of light (%)

Arundo donax 3.0B 12.97A 3.43A

Gynerium sagittatum 5.5A 2.77C 1.34B

Pennisetum purpureum 0.9C 5.28B 1.46B

Phyllostachys aurea 6.1A 1.43D 1.03C

Sorghum bicolor 2.5B 1.30D 0.27D

Note: different letters for each parameter means statistical differences significant at
95% among agriculture crops.
established (Table 6): the first group consisting of high density
species, A. donax and P. purpureum, with no statistical differences
between the values of density; a second intermediate density
group, including G. sagittatum and P. aurea; and a third group, also
composed of P. aurea and S. bicolor (together P. aurea), forming
pellets of lower density. Therewas trendency of diminished density
with the decrease in theMC of the pellet. P. purpureum and A. donax
had the highest density values, with 12.11% and 11.98% MC
respectively, then G. sagittatum with 9.85% MC and P. aurea with
6.68% MC. These last two species showed a large quantity of cracks
(Table 5), which are empty spaces with resulting density reduction.
However, S. bicolor obtained the lowest density value (Table 6) with
12.64% MC, which demonstrates that, similarly, with an increase of
the pellet MC to over 12%, the density tends to diminish [31]. In
addition, a ratio of the density of the species to the fineness index
was established, since the coarse grain size makes the arrangement
of large particles difficult compared to small particles [38].

The TD variation of the pellet was greater than LPD (Table 6).



Fig. 7. Relationships between efficiency index with quantity of crack (a) and density (b) for pellets manufactured with five energy crops.

Fig. 8. Example of pattern typical of pellet density variation in transversal direction (aec) and longitudinal pellet density variation (dee). Examples of samples of pellets of (a)
Arundo donax (b) Arundo donax (c) Pennisetum purpureum (d) Sorghum bicolor (e) Phyllostachys aurea.

Table 6
Longitudinal and transversal pellet density obtained by X-ray densitometry in transversal and length direction in five agricultural crops in Costa Rica.

Agricultural crops Longitudinal pellet density Transversal density

Average (kg m�3) Coefficient of variation (%) Average (kg m�3) Coefficient of variation (%)

Arundo donax 1291.9A 9.7A 1292.0A 15.3A

Gynerium sagittatum 1225.1B 6.3AB 1225.1B 10.4B

Pennisetum purpureum 1293.9A 6.2AB 1293.9A 16.1A

Phyllostachys aurea 1169.6BC 7.4AB 1169.6BC 9.9B

Sorghum bicolor 1129.1C 5.3B 1129.1C 13.4AB

Note: different letters for each parameter means statistical differences, significant at 95% among agriculture crops.
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This difference is a result of the three density profiles found in the
TD, the irregular profile is the one that is present in greater
amounts in the pellets analyzed for each crop. This confirms that
the process of pellet manufacturing generates heterogeneous
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particle sizes, which favors a heterogeneous densification [38].
High density values around the surface of the pellet in relation to
the central part were also observed (Fig. 8aec). This pattern was
present in a study of transversal density variation with wood bri-
quettes of Eucalyptus species, where the external high density of
the briquette is explained by the variation in temperature and in-
ternal pressure of the briquette [38].

The evaluation of the TD of the pellet shows three patterns of
variation: high density around the surface, uneven density and
uniform density. The first pattern has a greater density variation on
the longitudinal orientation of the pellet and a lower density in the
interior (Fig. 8a); the pattern of irregular density shows high values
of density at any point in the pellet diameter (Fig. 8b), and the
uniform density pattern presents similar values along the diameter
(Fig. 7c). Examples of the first pattern are A. donax and P. purpureum
(Fig. 8a and c). The second pattern (Fig. 8b) is evident in A. donax,
P. purpureum and P. aurea. Lastly, the uniform density pattern
Fig. 9. Example of typical longitudinal pellet density variation for (a) Sorghum bicolor (b) Pe
(Fig. 8c) can be clearly observed in all five crops.
Meanwhile, two density variation patterns were determined in

LPD: uniform density and irregular density. For the first pattern,
there is little variation (Fig. 8d). There is irregularity in the density
of the pellet in the second pattern, with areas of low or high density
(Fig. 8e). Fig. 9 shows examples of the variation of LPD for the 5
species. This figure also shows that the uniform density variation
pattern was found for S. bicolor (Fig. 9a), and this uniformity begins
to diminish in P. purpureum and G. sagittatum (Fig. 9bec) until
reaching the irregular pattern for P. aurea and A. donax (Fig. 9dee).

The pellet density and the presences of cracks (Fig. 7a) were
related to the efficiency index. The relationship between the den-
sity and the efficiency index for the five crops was positively
correlated (Fig. 7b), indicating that a pellet with high density is one
with high conversion efficiency.

The analysis of density variation by means of the coefficient of
variation (CV) showed a lower density value in LPD than in TD
nnisetum purpureum (c) Gynerium sagittatum (d) Phyllostachys aurea (e) Arundo donax.
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(Table 6). ANOVAdetermined that A. donaxwas the species with the
highest CV, whereas the lowest was S. bicolor. However, both crops
have no statistical differences between the other species. Differ-
ences of the CV in the TD can be used to divide the crops in two
groups: the first with statistically higher values: P. purpureum and
A. donax, and the second group composed of G. sagittatum and
P. aurea. S. bicolor shows no statistical difference with respect to
either group.

Examples of density profiles for LPD (Fig. 9) show the varying CV
found for the five species (Table 5). The irregularity of density
throughout the pellet and the presence of sharp peaks in P. aurea
and A. donax (Fig. 9d and e) are consistent with the highest CV
values (Table 6). Also in these species, the high variability in density
may also be related to the large abundance of clear zones or areas of
higher density (Fig. 6a and d). By contrast, a uniform density profile
(Fig. 9a) as for S. bicolor, show low CV (Table 6) and few zones of
high density or light areas (Fig. 8e).

The evaluation of pellet quality using both cracks presence and
density profile, indicates the degree of efficiency of the pelletizing
process [30], where efficiency is related to the amount of com-
pressed material and the pressure generated. This measurement
technique can be used to explain the subsequent performance in
pellet quality as the presence of cracks and high variability of
density have been shown to effect pellet durability and fragility
[29]. Considering this and other results, the pelleting process
applied to P. aurea produces a lower quality pellet in relation to the
species P. purpureum, A. donax, G. sagittatum and S. bicolor, due to
their high amount of cracks and lower density. However,
G. sagittatum also contained high quantities of cracks and S. bicolor
had the lowest density value.
4. Conclusions

� This work demonstrated that G. sagittatum and Phyllostachys
aurea can be used to successfully produce pellets using the
process used by Agrep Forestal S. A. (harvesting, shredding,
milling, drying and pelletizing) and that S. bicolor, P. purpureum
and A. donax, species with high MC, required air drying stage to
reduce the MC (approximately 13e29%).

� The net caloric value for the pellets from these five crops varied
from 15.6 to 17.6MJ kg�1 with ash content variation from 3.4% to
10.5%. The initial moisture content was over 57% almost species
except P. aurea (with 43%). The ash content was high (from 3.4%
to 10.5%), which will not meet the ash content regulations as
DIN or Swedish standard; however it necessary to reviewed for
the possible qualification of these from these crops for utilizing
as complent to other woody energy source.

� The adaption of this pelletizing process for the five crops
generated two major differences: a variation in the distribution
of particle size, with the consequent change in the fineness in-
dex; and the efficiency index of particle-pellet was different in
each crop which is negatively related with crack presence.

� As to the quality of the pellet, it was found that in P. purpureum,
A. donax and S. bicolor, the moisture content varied from 11 to
13%, whereas in G. sagittatum and P. aurea, the moisture content
was less than 10%. Cracks were present in varying degrees for all
crops, with the largest quantity of surface cracks observed in
pellets manufactured with P. aurea and G. sagittatum, and with
S. bicolor, A. donax and P. purpureum having the smallest quan-
tity. The pellet density values, for both TD and LPD, for the five
crops ranged from 1129 to 1293 kg, however transversal varia-
tion was greater than longitudinal variation. A. donax was the
species with the highest CV, whereas the lowest was for
S. bicolor.
� Finally, the results indicate that P. aurea produces a lower quality
of the pellet in relation to the species P. purpureum, A. donax,
G. sagittatum and S. bicolor, due to the large amount of cracks
and low density of P. aurea. However, G. sagittatum also con-
tained large quantities of cracks and S. bicolor had the lowest
density value, resulting in lower quality pellets.
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