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CHARACTERISATION OF PELLETS MADE FROM

OIL PALM RESIDUES IN COSTA RICA

CAROLINA TENORIO*; ROGER MOYA* and JORRE VALAERT**

ABSTRACT
Presently, there are around 67 000 ha of oil palm (Elaeis guineensis) in Costa Rica. The resulting
post-harvest residues are not being used currently. These residues can be employed for generation
of heat by means of pelletisation. This study evaluates pellets fabricated with empty fruit bunches
(EFB) and oil palm fruit mesocarp (OPFM), considering the physical (length, diameter, apparent
density and moisture absorption), chemical (C and N content, C/N ratio, cellulose, lignin and
extractives), energy (calorific value, ash, volatile and moisture content) and mechanical properties
(mechanical durability and force at break) of the pellets, as well as the quality evaluation by means
of X-ray densitometry and their efficiency in real conditions of use. Results obtained show few
energy, physical and mechanical differences between both types of pellets. The greater differences
appear at the chemical level where, in the case of OPFM, high oil or resin contents may be the
cause. Both pellets showed density levels within the international ranges, although with internal
variations, especially in OPFM. For both types of pellet, it is necessary to improve the combus-
tion process in order to achieve better efficiency, especially with respect to residual mass and O,

emissions.
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INTRODUCTION

Oil palm (Elaeis guineensis) is one of the most
economically important crops worldwide (Shuit
et al., 2009; Lai et al., 2013). Processing of this crop
generates approximately 100 million tonnes of
residues annually, of which 54% correspond to
empty fruit bunches (EFB), 30% to palm kernel
shells and 18% to fibres (Chiew and Shimada, 2013).
For processing plants, disposal of these scarcely
exploited residues is an urgent and critical issue
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due to the increase in production costs involved
in their management (Shuit et al., 2009). Currently,
these residues decompose in open fields when
incineration is not a viable alternative, which results
in a significant loss of energy (Lam et al., 2015) and
an increase in greenhouse effect gases as a result of
the decomposition of biomass (Herrero et al., 2013).

Residues generated from the processing of the
oil palm fruit can be used as biomass, specifically for
generation of heat (Shuit et al., 2009) and electricity
(Chiew and Shimada, 2013). However, some residues
like the EFB are not commonly used as fuel due to
their high moisture content and volume, which
makes handling and transport difficult, making it
necessary to search for alternatives to increase the
energy concentration and thus, enhance the quality
of these residues as energy sources (Nasrin ef al.,
2008).
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Pelletisation is an option broadly used to
increase the energy concentration of biomass by
eliminating its heterogeneity (Stelte et al., 2011).
Pellets are employed in energy applications because
they possess better physical and combustion
characteristics and are easy to handle, store and
transport (Razuan et al., 2011). According to
Kerdsuwan and Laohalidanond (2011), the greater
bulk density, lower moisture content and reduced
particle sizes of pellets compared to non-transformed
biomass makes them a preferable option for heat
and energy production.

Much research has been carried out about
the fabrication, processing conditions and
characterisation of pellets made of residues from the
processing of the oil palm. For example, Nasrin et
al. (2008) found that the mixture of residues such as
EFB and palm kernel shells for pellet manufacture
can improve the properties of these materials, as
their energy content increases up to a 5% through
the reduction of their moisture content. Razuan et al.
(2011) studied the characteristics of the pelletisation
process and determined the physical properties of
pellets made from palm kernel shells and found
good results regarding their properties. Lam et al.
(2015) studied the effect of a steam treatment prior
to pelletisation on the physical and mechanical
properties of pellets made from EFB and palm
kernel shells. However, despite many studies, most
of these have focused on the use of residues such
as empty fruit bunches and palm kernel shells,
therefore information is limited concerning other
types of residues, like the oil palm fruit mesocarp
(OPEM).

Costa Rica is a small Central American country
with a tropical climate that favours the establishment
of oil palm plantations. Around 67 000 ha of oil
palm (INEC, 2015) are planted and the post-harvest
residues of these plantations are not being used
currently, with the resulting generation of problems,
particularly as regards to the environment (Torres et
al., 2004).

On the other hand, pellets have gained
popularity in Costa Rica since some industries seek
to convert from fossil-fuelled heat production to one
from renewable sources, aiming at carbon neutrality.
The rise in pellet production at national scale has led
to the characterisation of pellets made from diverse
agricultural and forestry crops (Tenorio et al., 2015a,
b). In addition, because of the high availability of
residues from the oil extraction process of the oil
palm, the energy potential from these sources is not
to be disregarded, hence, the need to characterise
these materials as fuels, specifically residues EFB
and OPFM, of which little information is available
globally.

The following study has therefore the objective
of evaluating the performance of pellets made
from EFB and OPFM, considering the physical
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(length, diameter, apparent density and moisture
absorption), chemical (C and N content, C/N ratio,
cellulose, lignin and extractives), energy (calorific
value, ash, volatile and moisture content) and
mechanical properties (mechanical durability and
force at break) of the pellets, as well as the quality
evaluation by means of X-ray densitometry and
efficiency under actual conditions of use.

MATERIALS AND METHODS
Pellet Manufacturing Process

EFB and OPFM were collected in two different
production sites in Costa Rica: one plantation in
the South Pacific Coast and the other in the Central
Pacific Coast of Costa Rica. After extraction of the
oil, EFB and OPFM were obtained separately during
the production process. The fibre dimensions and
chemical compositions of EFB and OPFM are shown
in the Table 1 (Moya et al., 2013; 2015b). The collected
material was then dried to a 10% moisture content
following the method proposed by Tenorio and
Moya (2012).

The pellet manufacturing process was carried
out in Pelletics S A, located in San Carlos in the
province of Alajuela (Costa Rica). The pelletisation
process is detailed widely in Aragén-Garita et al.
(2016).

Properties of the Pellets

The pellets’ energy properties determined
were: net calorific value, in accordance with the
ASTM D5865 Standard (ASTM, 2004); ash content
following the ASTM D1102 Standard (ASTM,
2013a); moisture content and percent volatile
according to the ASTM D1762 Standard (ASTM,
2013b). The percentage of carbon (C), nitrogen
(N) and the C/N ratio were determined with the
Elementar Analysensysteme, model Vario Macro
Cube. In the lignin quantification, the TAPPI T222
om-02 (TAPPI, 2002) method was used and for
determination of cellulose the procedure used
was the one followed by Seifert (1960). For pH
determination, the methodology used was the
one proposed by Moore and Johnson (1967). Little
amounts of EFB and OPMF were sieved through
0.25 mm and 0.42 mm meshes (40 and 60 meshes,
respectively).

Extractives content was determined in water
(under hot and cool conditions) according to the
ASTMD1110-84 (ASTM, 2013c); insodium hydroxide
(NaOH) (ASTM, 2013d); in an ethanol-toluene
solution (ASTM, 2013e) and in dichloromethane
(CH2-C12) (ASTM, 2013f).

For the physical properties, a representative
random samples of 30 pellets were used for EFB
and OPFM. To determine moisture absorption,
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pellets were placed in a desiccator containing a
saturated solution of potassium nitrate at 22°C
(21% equilibrium moisture content); pellets were
weighed on a weekly basis until they reached a
constant weight. Samples were weighed before
and after this period. The absorption percentage
was calculated with Equation (1). To determine the
apparent density, a beaker at 500 ml was used, and
was determined by the ratio between the weight
and the volume occupied by the pellets. The pellets’
bulk density can be obtained by means of Equation
(2). Ten pellets were randomly selected from the EFB
and OPMF sets.

Humidity Weight at 21%(g)-initial weight (g)

= x 100
Initial weight (g)

) (1)
absorption (%)

Pellet mass
Pellet bulk density (cinf ) = Immeii)ns)

@)

Pellet mechanical durability was determined by
means of the DD Cent/TS 15210-1:2005 Standard
(BSI, 2005). Ten representative pellet samples of
500 g were used. Durability was calculated using
Equation (3). The other mechanical test determined
was compression resistance. Ten pellets with an
approximate length of 13 mm were randomly
selected. The test was performed longitudinally on
the pellet, according to the methodology proposed
by Aarseth and Prestlokken (2003), using a 1 t Tinius
Olsen universal test machine model H10KT.

(Weight pellets before the test (g)

= x 100
(Weight pellets after the test (g)

Mechanical
durability (%)

®)

Pellet Density Measured by X-ray Densitometry

The X-ray densitometry density measurement
was performed in longitudinal and transversal
directions on 10 randomly selected pellets fabricated
with EFB and OPFM. For the densitometry
measurement in longitudinal and transversal
direction, the pellets were placed directly in the X-ray
equipment’s bracket. For densitometry in transversal
direction, pellets samples of 1.8 mm thick were
used. The exposure of the samples in longitudinal
and transversal directions was performed using
an X-ray scanner (Quintek Measurement Systems
Inc., QTRS-01X model). Tenorio et al. (2015a) detail
widely the X-ray densitometry measuring with this
equipment.

Density profile provided by the X-scanner was
used to determine the average pellet density. The
density values calculated with the X-ray equipment
were corrected with the correction factor. Once the
correction factor was established, it was applied to
each densitometry value evaluation. The correction
was applied to the pellets” values of longitudinal
and transversal directions, according to Tenorio
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et al. (2015a). Walker and Dobb (1988) proposed a
methodology that calculates the density variation
in wood by using the X-ray densitometry readings,
which was used to calculate the coefficient
of variation. The coefficient of variation was
determined for variation in transversal direction
and for variation in longitudinal direction.

Combustion Evaluation of Pellets

To evaluate the combustion of pellets, the stove
employed was a Bmax Technology brand, model
B-Half. A refractory brick kiln with 74 cm of width,
73 cm of depth and 30 cm of height was built. The
recipient with the pellets was placed on a weighing
scale with the purpose of establishing the pellet
consumption (Consumption,e.) during the test. A
recipient was placed inside the kiln for collecting
residual mass (ash, slag and unburned material)
during the test. A temperature probe was placed at
the flame outlet of the stove and another temperature
probe was placed at 30 cm from the beginning of the
flue, the former named as flame outlet temperature
and the latter flue gas temperature. Additionally, the
sensors to measure combustion gas were placed at
this point. The information about this combustion
test is detailed in Moya et al. (2015a).

Three combustion tests, lasting 1 hr each, were
performed. To determine the Consumption_,
by the stove during the test, the pellet mass
was weighed before and after the hour of stove
operation. During the hour of the test, the flame
outlet temperature and the flue gas temperature
were monitored by employing TESTO measurer
(model 177-T4). For the determination of the residual
mass (ash content, slag and unburned material),
the recipient for its collection was placed from the
beginning of the combustion test and retrieved at
the end. Then, the residual mass was weighed and
three samples were taken to determine the moisture
content in it, in accordance with the ASTM D-5865
Standard (ASTM, 2004). Three samples were also
taken to determine the real ash percentage contained
in the residual mass, according to the ASTM 1102-
84 standard (ASTM, 2013a). These parameters were
named, respectively, ‘moisture content of residual
mass’ and ‘residual mass’.

Emissions were determined by employing a
TESTO brand gas analyser model 350. Emissions
determined were oxygen (O,), carbon dioxide (CO,),
carbon monoxide (CO), nitrous oxides (NO, NO,
and NOX) and sulphur dioxide (SO,).

The data analysis of the combustion was
performed from two aspects. The first aspect,
relating to the general characteristics of the
biomass combustion and the following parameters
were determined: pellet mass flow or pellet mass
consumed in time (Kg-peiet mass/hours), residual
mass and ash content after pellet combustion, ash
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moisture content, flame outlet temperature and
flue gas temperature. The second aspect of the
combustion evaluated was the thermal analysis, in
which heat loss due to dry flue gas and wet flue gas
is evaluated, as well as the total heat loss, in order
to finally establish the efficiency in combustion of
the pellets. Concerning heat loss, the ASME PTC-
4 (2011) method was used, which is catalogued as
indirect and calculates loss as follows and widely
detailed in Moya et al. (2015a).

Statistical Analysis

A descriptive analysis was performed (median,
standard deviation, maximum and minimum
values) for the following variables: pellet length
and diameter, calorific value, ash content, percent
volatile, moisture content, apparent density, bulk
density, absorption percentage, durability and
force at break, C and N content, transversal and
longitudinal density, consumption,., residual
mass, flame temperature, flue gas temperature,
parameter of emissions (OZ, CO,, CO, NO, NO,,
NOx and SO,), heat loss (dry and wet) and efficiency
of pellet combustion. In addition, it was determined
whether variables complied with the premises of
normal distribution, homogeneity of variances, as
well as the presence of extreme values. A variance
analysis was applied to verify the existence of
significant differences among the averages of the
variables (P<0.05). Tukey’s test was carried out to
determine the statistical differences between EFB
and OPMF, for the mean value of each of the above-
mentioned values.

RESULTS
Properties of the Pellets
Table 1 shows results obtained for the energy,

physical and mechanical properties evaluated. In
Table 1, few differences can be observed between

pellets from EFB and OPFM. Among energy
properties, it can be seen that differences only
appeared in the calorific value, where OPFM pellets
showed a greater value (15 830.30 kJ kg) in relation
to those from EFB (14 181.80 k] kg™) (Table 1). As for
physical properties, differences are seen only in the
length and moisture absorption of the pellets, where
EFB pellets show greater length (22.94 mm), while
OPFM pellets show greater moisture absorption
percentage (5.66%). Regarding the mechanical
properties, no differences were observed in the
mechanical durability, whereas EFB pellets showed
higher values of force at break (Table 1).

Among the chemical properties, EFB pellets
showed higher values for cellulose (Tuble 2) and
C, C/N ratio (Table 3) and, while OPFM pellets
showed higher N percentage (Table 2). Regarding
pH, ash content and lignin, no differences were
observed between both types of pellets (Table
2). In the evaluation of extractives, it was found
that, in general, EFB pellets show a statistically
lower amount of extractives than that present in
OPFM pellets, with the exception of extractives in
dichloromethane, which do not show differences
in their amounts between these two parts of the oil
palm (Table 2).

Pellet Density Measured by X-ray Densitometry

In the evaluation of density by X-ray
densitometry, it can be observed that no differences
appear between the density of pellets from EFB
and OPFM, not longitudinally nor transversally
(Table 4). However, differences do appear in the
variation of this density, measured by the coefficient
of variation in both longitudinal and transversal
directions. Coefficient of variation of the density in
the longitudinal direction in OPFM pellets shows a
higher value (6.45%) than in EFB pellets. Another
important result to observe is that coefficients of
variation in the transversal direction are higher than
those obtained in the longitudinal direction.

TABLE 1. ENERGY, PHYSICAL AND MECHANICAL PROPERTIES OF THE TWO TYPES OF PELLETS EVALUATED

Pellet properties Parameter Empty fruit bunches Oil palm fruit mesocarp
Energy Calorific value (kJ kg™) 14 181.80" (9.74) 15 830.80* (5.69)
Ash content (%) 5.754 (12.69) 6.244 (20.88)
Volatile content (%) 71.704 (0.13) 72.41* (0.78)
Moisture content (%) 9.05* (6.87) 9.20* (5.06)
Physical Length (mm) 22.944 (9.59) 17.34% (26.68)
Diameter (mm) 6.09* (2.01) 6.12* (4.08)
Moisture absorption (%) 5.06" (24.87) 5.66" (14.72)
Apparent density (kg m?) 575.00* (1.53) 595.804 (1.62)
Mechanical Mechanical durability (%) 92.76* (0.72) 92.824 (1.38)
Force of break (N) 563.20* (28.37) 520.06° (34.33)

Note: Values between parentheses indicate the variation coefficient; different characters for each parameter indicate statistical
significances at 95%.
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TABLE 2. FIBRE DIMENSION AND CHEMICAL
COMPOSITION OF OIL PALM FRUIT

Fibre parameters Part of oil palm
Fruit Bunch

Length (mm) 0.86* (0.21) 0.678 (0.20)
Diameter (um) 23.88% (5.22) 16.91° (3.04)
Lumen (pm) 16.114 (4.94) 9.838 (2.37)
Cell wall (um) 3.894 (0.66) 3.548(0.71)
pH 5.724(0.12) 6.034 (1.17)
Cellulose (%) 39.194 (1.58) 36.385 (1.03)
Lignin (%) 31.78* (8.36) 30.994 (15.87)
Cool water 12.58" (8.09) 14.29* (4.72)
Hot water 15.028 (5.25) 17.72* (8.52)
NaOH at 1% 42.738 (8.33) 65.98* (2.62)
Ethanol toluene 10.48°% (2.61) 12.44* (2.60)
Dichloromethane 8.36* (13.35) 8.50* (3.16)

Note: The lower case letters next to this value indicates that the
values are statistically different at a confidence level of 95%.
Source: Moya et al. (2013; 2015b).

Longitudinal and transversal density profiles
confirm the differences in the variation of the
density in both longitudinal and transversal
directions (Figure 1). In the longitudinal direction, it
can be observed that EFB pellets possess a uniform
pattern of density variation (Figure 1a), whereas
OPEM pellets possess an irregular pattern (Figure
1b). Regarding the transversal direction, it is seen
that both pellet types possess an irregular variation
pattern (Figures 1c and 1d).

Characterisation of the Combustion Process of the
Pellets

In the evaluation of the pellet mass consumption
in the domestic stove, no differences were found
between the two pellet types regarding ash content
of the residual mass and flame outlet temperature
(Table 5). Meanwhile, moisture content of the
residual mass and flue gas temperature values
were higher in EFB pellets (3.62% and 28.50°C
respectively). Figure 2b presents the behaviour of the
flame outlet temperature of the stove’s flame and
the flue gas temperature for both types of pellet.
Greater irregularity can be observed in the flame
outlet temperature of EFB pellets. Variation of the
temperature, measured by its coefficient of variation
at the two points of measurement - at the outlet of
the flame and the flue - was higher at the flame outlet
in comparison to flue gas temperature for both types
of pellet; EFB pellets showed the highest values for
both temperatures (Figure 2c).

Regarding gas emissions (Table 6), again it was
found that there is little variation between the two
pellet types, differences appearing only in the CO,
levels. OPEM pellets showed the higher values
(5.15%). Additionally, no presence of SO, was
detected in the evaluation of emissions.

In the evaluation of the remaining parameters of
the combustion test, it was observed that heat loss is
greater in EFB pellets (66.78%) than in OPFM pellets
(60.54%). Meanwhile, dry flue loss levels were lower
than those of wet flue loss for both types of pellet
(Figure 2b). Consequently, efficiency was greater
in OPFM pellets (39.46%) when compared to EFB
pellets (33.22%).

TABLE 3. CARBON PROPERTIES OF THE TWO TYPES OF PELLETS EVALUATED

Pellet properties Parameters Empty fruit bunches Oil palm fruit mesocarp
Chemical Carbon (%w /w) 44.49* (1.43) 42.708 (0.62)
Nitrogen content (%w /w) 0.68° (0.84) 1.70% (1.89)
C/N ratio 65.104 (2.10) 25.20% (1.68)

Note: Values between parentheses indicate the variation coefficient; different characters for each parameter indicate

statistical significances at 95%.

TABLE 4. DENSITY AND ITS VARIATION OBTAINED BY X-RAY DENSITOMETRY IN TRANSVERSAL
AND LONGITUDINAL DIRECTIONS FOR THE TWO TYPES OF PELLETS EVALUATED

Parameter Empty fruit bunches Oil palm fruit mesocarp
Longitudinal direction Average (kg m?) 1232.604 1192.25%
Coefficient of variation (%) 4.98° 6.454
Transversal direction Average (kg m?®) 1232.60* 1192.254
Coefficient of variation (%) 11.004 12.70%

Note: Different characters for each parameter indicate statistical significances at 95%.
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Figure 1. Density variation i pellet length tn empty fruit bunches (EFB) (a) and oil palm fruit mesocarp (OFFM) (b), and in pellet diameter in EFB
(c) and OPFM (d).

TABLE 5. PELLET CONSUMPTION RATES, CHARACTERISTICS OF THE ASHES AND TEMPERATURES
FOUND IN THE COMBUSTION TESTS OF THE TWO TYPES OF PELLETS EVALUATED

Parameter Empty fruit bunches Oil palm fruit mesocarp
Consumptionpellet at flue (kg hr?) 3.11% (7.80) 3.36 (3.68)
Residual mass (%) 4.06* (25.29) 3.714 (34.86)

Ash content of residual mass (%) 66.63* (15.65) 68.36* (3.10)
Moisture content of residual mass (%) 3.62* (0.00) 3.33% (0.00)
Flame outlet temperature (°C) 543.87" (3.06) 612.394 (0.00)
Flue gas temperature (°C) 284.37" (3.25) 322.44* (0.00)

Note: Values between parentheses indicate the variation coefficient; different characters for each parameter indicate
statistical significances at 95%.

DISCUSSION
TABLE 6. EMISSIONS INSIDE THE STOVE OF THE

TWO TYPES OF PELLETS EVALUATED Properties of the Pellets

Parameter Empty fruit Oil palm fruit . ”
bunches mesocarp The values obtained for the calorific value
(14 181 KJ kg for EFB and 15 830 kJ kg for OPFM)
Oxygen (%) 17.03* (2.06) 18.20* (6.22) are lower than those reported by Munawar and
CO, (%) 3.978 (3.85) 5.15% (6.87) Subiyanto (2014), which presented values within
CO (ppm) 622.00* (0.00) 1441.50* (0.00) the range of 15 500 to 17 550 kJ kg™ for EFB pellets
NO (ppm) 142.00* (10.93) 175.50* (76.15) and from 15 950 to 19760 kJ kg for OPFM pellets.
NO, (ppm) 0.334 (173.21) 1.50* (141.42) With regard to the ash content, Lam et al. (2015)
NO, (ppm) 142.33* (10.55) 175.50% (76.15) report ash contents of 5.47% for EFB pellets, which
SO, (ppm) ] ] are slightly lower than those obtained in this work
Note: Different characters for each parameter indicate statistical (5-75% and 6.24%). High ash contents (Of over
significances at 95%. 4%) can lead to corrosion of the stoves or kilns
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Figure 2. A segment of the process for empty fruit bunches (EFB) and oil palm fuit mesocarp (OPFM) (a), dry and wet flue heat losses and efficiency
(b), and the variation coefficient of flame outlet and flue gas temperatures for the two types of pellets evaluated (c).

Note: T1: flame outlet temperature; T2: flue gas temperature.

and cause wear of the equipment due to abrasion
(Mande, 2009). Manipulation of post-combustion of
pellets manufactured from EFB and OPFM is more
difficult, due to the high ash content produced.
This difference can be attributed to the difference
precedence of raw material.

The percent volatile of pellets obtained in
this study (Table 2) is lower than that obtained by
Sukiran et al. (2009) for EFB pellets, for which the
reported value is 81.90%. And this difference can be
again attributed to different growing conditions of
oil palm (Chiew and Shimada, 2013). High values
(over 30%) of volatiles produce more heat during
the combustion process, which causes pellets to
burn more quickly and thus be less convenient as
fuels (Jain, 1994; Kataki and Konwer, 2002). With
regard to MC, Lam et al. (2015) reported 13.5% in
EFB pellets, higher value than the one obtained in
this study. It has been noted that MC of the pellets
should range between 8% and 12% in order to
achieve good performance in burners (Lehtikangas,
2001), which indicates that the moisture contents
obtained are optimal.

Regarding evaluation of the physical properties,
values of 5.06% in EFB and 5.66% in OPFM for
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moisture absorption are considered adequate, since
values from 3% to 5% are pointed out as adequate
for this type of product, as additional increase in
the moisture absorbed could result in the decrease
of quality and hardness of pellets (Fasina, 2008).
The values obtained for bulk density (Table 4) are
congruent with those found in pellets manufactured
from corn, wheat and sorghum residues, where
values ranged from 479 kg m?® to 649 kg m?
(Theererattananoona et al., 2011).

Evaluation of the mechanical properties is
important as these define the capacity of pellets to
resist destructive loads and forces during transport
(Tabil and Sokhansanj, 1996). In this case, the
values found for mechanical durability (Table 1) are
considered acceptable, according to classification
by Colley et al. (2006), who establish a durability
of more than 80% within the “acceptable’ category.
Values found for force at break (Table 1) are superior
to those obtained by Garcia-Maraver et al. (2010) for
pellets fabricated with olive tree branches (209.18
N). The pellet fabricated with oil palm residues has
higher resistance than olive branches.

Regarding the chemical properties, the C
values obtained are lower than those reported by
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Wahi et al. (2009), who report C values of 46.84%
for raw material of EFB; the same authors report
N percentages greater (0.73%) than those obtained
in this study for EFB pellets, although lower than
those obtained here for OPFM (Tuble 3). Law et al.
(2007) report a cellulose percentage of 62.9% for
fibrous strands of EFB, which is higher than the
value found for the pellets analysed in this study.
The opposite occurs with the lignin percentage, for
which the same authors report a value of 18.8%,
which is lower than the one obtained in this study
(Table 2). Low values of carbon content and cellulose
content do not favour the combustion process
(Moya and Tenorio, 2013), which means this factor
may have an influence on the low calorific value
of the manufactured pellets. Again, the differences
between ours results and other studies can be
attributed to difference in chemical compositions
(Chiew and Shimada, 2013).

When evaluating differences in the chemical,
calorific and mechanical characteristics of the
EFB and OPEM pellets, it was observed that
there are few differences between them (Tuble 2).
Regarding differences in the calorific value, these
can be attributed to the high content of resins and
extractives present in the OPFM pellets (Table 1).
According to Demirbas (2009) and White (1987),
elevated contents of extractives and resins such
as wax, like the ones found in OPFM pellets (Tuble
1), tend to increase the calorific value of materials
(Table 1).

Another difference found between EFB
and OPFM pellets is their capacity for moisture
absorption, which is also explained by the content
of extractives in cold and hot water for OPFM. The
high values for extractives in water for OPFM (Tuable
1) suggest that this material shows greater affinity
to water, thus increasing its moisture absorption
(Table 1).

Concerning the differences in the force at break
(Table 1), Rhén et al. (2005) note that the compressive

strength is directly influenced by the MC.
However, in this case no differences are observed
in the MC between both types of pellets (Table
1), indicating that other factors may be affecting
the mechanical resistance. It is possible that EFB
pellets, which present higher force at break, have
types of resins or waxes that facilitate compaction
of this material.

One important aspect to highlight is that the
greatest amount of differences appeared in the
chemical composition of both types of residues.
Cellulose and lignin contents determine the
properties of future products to be manufactured
from materials presenting a high content of these
polymers (John and Thomas, 2008). Particularly,
in pellet fabrication chemical properties determine
the calorific values (Moya and Tenorio, 2013).
Additionally, biomass with high lignin content
will produce high calorific values since lignin, due
to its low oxidation levels, has a high heat content
for combustion, while cellulose has a relatively low
heat content due to its high oxidation levels (Kumar
et al., 1992).

Extractives are non-structural or secondary
components made of many lignocellulose materials,
in which a great number and variety of components
may be found (Tamaki and Mazza, 2010). Moreover,
the percentages of extractives present in different
lignocellulose residues have different effects
depending on their prospective uses, and it is
important to understand such effects (Trianoski
et al., 2011). For example, Chen et al. (2007) and
Thammasouk et al. (1997) affirm that water and
ethanol extractives from different lignocellulose
materials may be composed of non-structural
sugars, organic acids, organic material, nitrogenous
material, greases and other minor compounds. Those
extractives, once dissolved in the aforementioned
solvents, do not allow for part of the lignin to
precipitate when using lignocellulose residues in
ethanol production. In this study, it was observed

TABLE 7. COMPARISON FOR THE PROPERTIES OF THE TWO PELLETS EVALUATED
WITH THE SS 18 71 20 STANDARD FOR FUEL PELLETS

Empty Oil palm

Parameter Group 1 Group 2 Group 3 fruit fruit

bunches mesocarp
Diameter and To be stated To be stated To be stated
lengthin as max 4 as max 5 as max 5 22.94 17.34
producer’s store times & times & times &
Bulk density
(kg m?) >600 >500 =500 575 595.80
Ash content (%) <0.7 <15 <15 5.75 6.24
Calorific value (MJ kg™) >16.9 >16.9 >15.1 14.18 15.83
Moisture content (%) <10 <10 <10 9.05 9.20

205



JOURNAL OF OIL PALM RESEARCH 28 (2) (JUNE 2016)

that these extractives may have some effect on the
quality of the pellet, especially on the properties
related to moisture absorption, and may as well
affect the calorific value of both types of pellet.

Table 7 shows the comparison of properties
obtained in pellets fabricated with EFB and OPFM
and different group provided by the Swedish
Standard SS 18 71 20 (SIS, 1998). It is observed that
according to pellet length and MC of EFB and
OPFM, they can be located in any of the three
groups. While for bulk density only the EFB and
OPFM is located in Groups 2 and 3. According
to calorific values, EFB pellets is classified in any
group, but OPFM pellet is located in Group 3.
Finally, the high values of ash content for EFB or
OPFM pellets allowed in SS Standard. According
with above analysis, the pellets fabricated with
EFB and OPFM can be used or sell as one or two
Swedish Standard classifications.

Pellet Density Measured by X-ray Densitometry

Average densities observed for the pellets (1233
kg m? in EFB and 1192 kg m™® in OPFM) are within
the range established by the German Standard DIN
51731, from 1000 kg m™ to 1400 kg m® (Deutsches
Institut fut Normung, 1996). When it is rationed
these values with those obtained by Lam et al. (2015),
it is observed that the values reported by Lam et al.
(2015) (1140 kg m?®) in EFB pellets is greater than
those obtained in our study.

Evaluation of density by X-ray densitometry
showed that EFB pellets presented the most
uniform density profiles in the longitudinal
direction (coefficient of variation of 4.98%) (Figure
1), whereas in the transversal direction both types
of pellet showed irregular profiles (Figure 1). This
variation of the density profiles of the pellets in
the longitudinal and transversal directions (Table 4,
Figure 1) is a consequence of the size of the particles
conforming them, of the internal structure of their
materials and of the temperature and pressure
applied to them during the pelletisation process
(Rhén et al., 2005). Concerning this, some studies
suggest that the smaller the size of the particles or
the size of the particles not uniform, the greater is
the density of the pressing temperature and the
applied pressure are the factors possibly affect the
variation of density (Husain et al., 2002; Rhén et al.,
2005; Gilbert et al., 2009; Lehtikangas, 2001; Larsson
et al., 2008; Bergstrom et al., 2008; Serrano et al., 2011).
Thus, variations in these factors are likely to cause
variation in the density profile of the pellets evaluated.

Characterisation of the Combustion Process of the
Pellets

In general, it was observed that the flow of
mass of the pellet is, on average, 3.16 kg hr'! (Table
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5). Variation of the pellet consumption was highly
significant due to the MCpetier and the N, NO, NO,,
NOx content (Table 6), which goes in accordance
with what was reported by Dai and Grace (2011) and
Obernberger and Thek (2004). However, variation in
the consumption is affected by other properties of
the pellets, such as their energy, physical, mechanical
and chemical characteristics (Tables 1 to 3). Carvalho
et al. (2013) note that these properties of the pellets
affect the feeding of pellets into the combustion
system when a feeding screw is used, as is the case
with the feeding system of the stove employed for
this study.

Residual mass is composed of ash, slag and
non-burnt material (Lindstrém et al., 2010). A high
percentage of residual material produces problems
in the feeding system of pellet burners, as it tends
to accumulate at the exit (Ohman et al., 2004) and
contributes to the increase in nitrate emissions
(Carvalho et al., 2013). Results obtained for residual
mass and the amount of ash present in it (Table 5)
indicate that combustion ought to be improved in
order to achieve 100% ash slag.

With regard to temperature, both at the flame
outlet and in the flue, a difference is again observed
between the two types of pellet (Tuble 4), the
temperatures being higher in OPMF pellets. This
has the advantage that the desired temperatures for
a specific use would be reached within less time;
this type of pellet additionally shows a more stable
temperature than EFB pellets (Figures 2a and 2c).
The high temperatures reached in OPFM pellets can
again be attributed to the different energy, physical,
mechanical and chemical characteristics of the
pellets (Tables 2 to 4), which have an influence on
combustion processes (Moya et al., 2015a). The CO,
emissions are lower than 5.15%, which represents
an advantage in biomass; however, these emissions
must be managed more carefully in order to further
lower this value. Regarding O, emissions, theaverage
totalled 17% (Table 6), a value considered high as it
should be of approximately 10% (Garcia-Maraver et
al., 2010). This indicates that an adjustment of the
manufacturing design is due in order to diminish O,
emissions.

Meanwhile, the data obtained from both types
of pellets are highly variable for CO emissions (Table
6). Some authors (Garcia-Maraver et al., 2010; Verma
et al., 2012; Rabagal et al., 2013) report values inferior
to 2000 ppm in 17% of O,, far superior to those of the
two types of pellet studied here, which thus remain
within the normal range. For NO and NO the values
found are also highly variable between the types,
again being comparable to the studies performed by
Garcia-Maraver et al. (2010), Verma et al. (2012) and
Rabagal et al. (2013). Moreover, Limousy et al. (2013)
catalogue emission values inferior to 100 ppm as low,
therefore EFB and OPMF pellets are catalogued as
slightly high in the emissions of this type of gas. The
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high NO and NO, emissions are due to the nitrogen
content of the biomass (Limousy et al., 2013).

Dry heatloss, as expected, is higher than wetheat
loss (Figure 2b), as the pellets manufactured show
low moisture levels (10%-12%). This behaviour is
consistent with results reported by Roy et al. (2011).
However, a difference between the total heat loss
of this study and that reported by Roy et al. (2011)
is that loss in the present study was higher. While
here the loss varied from 40% to 50% (Figure 4b), Roy
et al. (2011) report 37% for wood pellets. The high
differences in dry heat loss are attributed to the
fact that, during combustion tests, hot air was not
used in any type of work, thus flowing up the flue
and rendering few differences between the two
points of measurement that serve as reference for
calculation of dry heat loss [Equation (10)].

Differences in dry heat loss and wet heat loss
at the flue are attributed to the combustion process
itself and to the properties of the pellets. In the
case of dry air, variations were due to O, and CO,
emissions during combustion (a factor related
to the combustion process) and to the MC and
calorific value of the pellet (factors related to pellet
properties) (Moya et al., 2015a). For example, a low
O, content indicates that the combustion process is
being performed adequately (Abuelnuor et al., 2014)
and thus, an increase in efficiency takes place.

CONCLUSION

The results of the present study confirmed that pellet
fabricated with EFB and OPFM are a promising
feedstock for biomass production with adequate
energy properties and could play an important role
as a bioenergy and environmental benefits.

Pellets manufactured from EFB and OPFM
show slightly low calorific values (15 830 k] kg™ and
14 181 kJ kg') compared to other types of biomass,
probably due to the high ash contents and percent
volatiles, which have a negative influence on the
combustion potential. However, both types of
pellets present adequate physical and mechanical
properties that ensure their quality and hardness.

Pellets from EFB and OPFM showed differences
in the calorific value, moisture absorption and force
at break variables. These differences between the
materials are a consequence of the properties of each
material, for example the high oil or resin contents
which, in the case of OPFM, would be the cause of
these differences.

Values for the density of both types of pellet fall
into the international ranges, however differences or
variations of the density can be seen at the internal
level, especially in the values of OPFM.

In the characterisation of the combustion
process, it becomes evident that, for both types
of pellets, the process was not adequate in a

207

domestic pellet stove, so an improvement of the
combustion process is due in order to make it more
efficient, especially regarding residual mass and O,
emissions. Concerning the differences between the
EFB and OPFM pellets, it has been established that
pellets from OPEM present higher and more stable
temperatures during combustion than those from
EFB, which makes this type of pellet more suitable
for combustion processes.
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