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FUEL PROPERTIES AND SUITABILITY OF EUCALYPTUS
BENTHAMII AND EUCALYPTUS MACARTHURII FOR TORREFIED
WOOD AND PELLETS
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Torrefaction is the process of heating a material in the absence of
oxygen, a pretreatment that represents a promising option for biofuels.
Two eucalyptus species harvested in South Carolina, E. benthamii and
E. macarthurii, were processed in a torrefier, and wood pellets were
manufactured. Eucalyptus represents a promising biomass source in
southern U.S. due to fast growth rates and the availability of cold-tolerant
plantations. Analyses of moisture content, proximate and elemental
composition, and net heating value of “light roasted” wood were
assessed. The heating value of the eucalypts and pellets was enhanced
by 19% (average), compared to the original material, while the moisture
and volatiles content were drastically reduced. This reduction leads to an
increase in the amount (w/w) of carbon, enhancing the energy content in
the material. Thus, torrefaction is useful for improving the heating value
of woody biomass, consuming little external energy due to recirculation
and burning of gases for the process. The pellets showed increased
energy density, providing improved properties for transportation and
handling.
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INTRODUCTION

Torrefaction of wood is one of the most readily available bio-technologies (Sklar
2009), being an attractive pretreatment option for biomass intended for conversion and
combustion processes (Zwart et al. 2006), with results more financially attractive than
traditional pelletization of biomass, when comparing their economic feasibilities
(Bergman and Kiel 2005). Torrefaction can be defined as a “mild pyrolysis” (Sklar 2009)
in which the heating process produces degradation of hydrophilic polysaccharides
(hemicellulose), reducing the hydroxyl radicals where water molecules typically attach or
“bind” to the wood, along with a relative increase in lignin content in relation to the
initial mass (which further increases the hydrophobic changes in the material) (Hakkou et
al. 2006; Mburu et al. 2007). Wood typically begins to degrade at 180°C, releasing CO,,
acetic acid, and phenolic compounds (Girard and Shah. 1991), while hemicellulose
begins degrading at 225°C (Rowell et al. 2005). Fonseca et al. (1998) described
torrefaction as a slow heating of biomass in an oxygen-free atmosphere with a maximum
temperature of 300 °C. The VOCs and hemicellulose fractions are combusted to generate
heat, leaving cellulose and lignin to constitute the torrefied wood, which has a charcoal-
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like appearance. Depending on the residence time of the wood in the torrefier, the
torrefied wood yield can be high, varying between 66% and 75% (Sklar 2009).

The process of torrefaction applied to woody biomass is not a new concept, being
evaluated as early as 1930, when Basore (1930) proposed a method for profitable
disposal of large amounts of southern pine sawdust generated from sawmills in the
southern U.S. The method proposed is very similar in concept to the actual parameters
utilized in a typical modern torrefaction process, and the inventor even proposed the
“densification” as briquettes, of the charcoal-like material obtained, in order to optimize
handling, transportation, and utilization of the biomass. Furthermore, Basore and Moore
(1942) proposed an additional refined method for the production of lump charcoal from
pine sawdust. Despite these early efforts, torrefaction was not widely implemented as a
process for biomass conversion or properties optimization. Instead, the torrefaction of
biomass was overlooked and is still at an early stage in industrial applications, with
limited commercial availability (Uslu et al. 2008).

In the last two decades, more research has been performed regarding the
characteristics of the material produced in the torrefaction process (Bourgeois and
Guyonnet 1988; Gevers et al. 2002), as well as the gases obtained in the heating chamber
(Pach et al. 2002; Uslu et al. 2008); however, very little literature can be found regarding
large-scale (industrial) manufacturing of torrefied wood. Few species have been tested,
with most of the attention being focused on birch and southern pine (Bourgeois and
Guyonnet 1988; Pach et al. 2002). In addition, the development of pretreatment options
such as torrefied pellets has been deemed necessary by several large-scale biomass users,
scientists, and members of the IEA Task 40 on sustainable international bioenergy trade
(Junginger and Sikkema 2008). Among the types of biomass with promising properties
for bioenergy production in the U.S. are some Eucalyptus species (Gonzalez et al. 2008,
2011b) and its utilization in pretreatments such as torrefaction should be evaluated in
detail (Gonzalez et al. 2011c,d). Countries such as Brazil have already shown the
potential that such short-rotation crops may have for the bioenergy industry (Couto et al.
2004; Rosillo-Calle 2004; Wright, L. 2006; Gonzalez et al. 2008). Recent advances in
characteristics such as coppicing, cold tolerance, and growing rates make eucalypts an
ideal biomass source for energy production in southern U.S. (Gonzalez et al. 2008;
Wright, J. 2009, Gonzalez et al. 2011a,b). Typical plantations of eucalyptus can yield
around 450 GJ ha” year” of energy, while traditional wood sources from commercial
forests in the U.S. yield around 100 GJ ha™ year' (Moreira 2006). Eucalypts have a
rotation period (for bioenergy purposes) of less than 7 years (Carvalho et al. 2009).
Despite these characteristics, very few species have been assessed for their properties for
the bioenergy industry, especially in combination with pretreatments such as pelletization
and torrefaction, and only Brazil has been consistently converting eucalyptus to charcoal
for the pig iron and steel industry (Wright, L. 2006). With many Eucalyptus plantations
established in the last 10 years in southern U.S. states such as South Carolina, Florida,
Georgia, Alabama, and Louisiana (Wright, J. 2010; Gonzalez et al. 2011c,d; Pirraglia et
al. 2011), and an increasing need to produce bioenergy from sustainable sources, it is
necessary to perform further research in a timely manner evaluating the properties and
suitability of eucalyptus species for bioenergy production. In view of these facts, two
eucalyptus species, E. benthamii and E. macarthurii from a plantation in South Carolina
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were assessed for its basic properties for biofuels production (Pirraglia et al. 2011),
obtaining promising results for its suitability as a solid biofuel for power and heat
generation; thus additional research needs to be performed in order to fully assess the
properties of this material when subject to torrefaction and further pelletization
pretreatments.

The main objective of this research was to assess the characteristics of
torrefaction as biomass pretreatment in two cold-resistant eucalyptus species (E.
benthamii, and E. macarthurii), measuring and comparing physico-chemical character-
istics of the torrefied wood material. An additional objective of the research was to
manufacture and evaluate the characteristics of torrefied wood pellets from the
eucalyptus samples, torrefied in a large-scale torrefaction unit, and pelletized in a
laboratory-scale pellet mill with the addition of binders, assessing the main fuel
characteristics of these pellets.

MATERIALS AND METHODS

In previous work performed by the authors (Pirraglia et al. 2011), E. benthamii
and E. macarthurii were evaluated for their raw material properties, and pellets were
manufactured with the addition of binders. In the present work, it is of particular interest
to further evaluate properties of the species when subjected to a torrefaction process, and
pelletization with binders. In order to compare the original raw material and the processes
applied to them, the same properties of the samples must be evaluated, utilizing the same
procedures and standards. The following properties were evaluated for both the torrefied
material, and the torrefied pellets with the addition of binders for the two species:
moisture content of the torrefied material after cooling, proximate analysis (volatiles
content, ash content, and fixed carbon content), ultimate analysis (C-H-O-N content), and
high heating value (HHV). The procedures and standards used for the determination of
these properties are fully described below. In order to achieve the proposed objectives,
several ASTM standards were used to determine several properties of torrefied wood
from E. benthamii and E. macarthurii, and for the determination of properties of wood
pellets produced with the torrefied wood of E. benthamii. Such standards are briefly
described below for each test performed:

e Moisture Content Determination: Determination of Moisture content is based on
the ASTM Standard D 4442 (ASTM International. 2002a), Test Methods for Direct
Moisture Content Measurement of Wood and Wood-based Materials. Samples were
taken from torrefied wood produced with each species; and measures of its weight
before and after drying were taken to a precision of 0.1 grams. Samples were dried
in an oven at 103 = 2 °C until there was no appreciable change in weight. Three
replicates were completed for each species of torrefied E. benthamii and E.
macarthurii.

e Volatile Matter: Determination of volatiles was performed following the ASTM D
3175-07, Standard Test Method for Volatile Matter in the Analysis Sample of Coal
and Coke (ASTM International. 2009a). Three replicates were performed for each
torrefied wood produced from E. benthamii and E. macarthurii. A Omegalux LMF-
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3550 muffle furnace was utilized for this test, as well as for ash content and fixed
carbon determination (Omega. 2011)

e Ash Content: Ash Content determination was performed following ASTM D 3174-
04, Standard Test Method for Ash in the Analysis Sample of Coal and Coke from
Coal (ASTM International. 2009b). Three replicates were used for each experiment in
each species.

e C-H-O-N Analysis: The analysis for Carbon, Hydrogen, Oxygen, and Nitrogen of
the torrefied wood produced was performed according to the standard ASTM D 3176,
Standard Practice for Ultimate analysis of Coal and Coke (ASTM International.
2009c). Oxygen is back-calculated, assuming that the entire composition of the
samples is reduced to these four elements (sulfur content is assumed negligible).
Three replicates were analyzed for the torrefied wood of each species. A Perkin-
Elmer Corporation’s CHN Elemental Analizer, model 2400 was utilized in
performing this test (PerkinElmer. 2011; Hodge et al. 1991)

e High Heating Value (HHV): The High Heating Value of the torrefied wood
produced was calculated following the ASTM Standard D 2015, Standard Test
Method for Gross Calorific Value of Coal and Coke by the Adiabatic Bomb
Calorimeter. A Parr Instruments 1108P Oxygen Combustion Bomb, and a 1341
Oxygen Bomb Calorimeter were used for determining this property (Parr Instruments.
2011)

The original biomass was collected during winter of 2010 at a plantation in
Summerville, South Carolina, and present specimens of 8 years of age, with average
basic densities of 0.55g/cc (+ 0.04 g/cc) for E. benthamii, and 0.54g/cc (= 0.04 g/cc) for
E. macarthurii, and an average of 10-12 inches in diameter at breast height (DBH). These
specimens are part of a fast-growing, short rotation trials for bioenergy production, and
are also freeze-tolerant specimens, being resistant to temperatures as low as 16°F (-8° to -
9° C) (Arborgen 2010). Upon arrival, the eucalyptus biomass of both species was
prepared by grinding the received (debarked) logs utilizing a WEIMA Horizontal Beaver
300 grinder with a %" screen size (WEIMA America, Inc., 2011), making it possible to
obtain wood chips of size between 20 and 50 mm. In addition, the biomass was air-dried
from its initial moisture content of ca. 54% to a moisture content of 18 to 20%. This
particle size and moisture content allows for better flow of material in the feeding system
of the torrefier unit. Additional characteristics of the original biomass, such as elemental
composition, proximate analysis and heating value are detailed reported by Pirraglia et al.
(2011).

Below, a brief description of the torrefied process applied to the eucalyptus
biomass is given in order to adequately interpret the results of the experiments performed
for determining the properties of torrefied eucalyptus. The torrefier unit utilized for the
experiments was designed and developed at NC State University. The unit operates by
heating the wood in a low-oxygen environment, producing irreversible changes in the
wood. According to Brito et al. (2008), these changes occur in five phases. The first
phase occurs at 100°C and involves the evaporation of free and bound water in the wood;
the second phase occurs between 100°C and 250°C, producing changes in the OH groups
of the wood constituents, and causing irreversible wood degradation. The third phase
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occurs between 250°C and 330°C, and involves the total degradation of hemicelluloses,
and significant modifications of lignin, with reduction of the -O-4 linkage between units
and the formation of resistant linkages (Nakamura et al. 2008: Rousset et al. 2009). In the
fourth phase, it is assumed that the destruction of cellulose occurs between 330°C and
370°C; and the fifth phase (temperatures above 350°C) produces material with charcoal
characteristics, and involves the most intense degradation of lignin (Guedira 1988). In the
torrefactor utilized at North Carolina State University, only a partial 3™ phase is reached,
by achieving an average temperature of 280°C, partially degrading the Hemicellulose
(HC) and releasing around 30% of the original volatile matter (VOC’s). The VOC’s and
HC are combusted to generate 80% of the torrefaction process heat. Figure 1
demonstrates a schematic view of the torrefaction process for the unit designed at NC
State University (James 2009).

Heat Exchanger
H

Hopper &
Airlock

| Steam 2 | Gas Collection System m !._\_r._cil;.'s: CoH, »

Mechanical feed of biomasstrough chamber (screw feeding)

Combustion gases indirectly heating the biomass
Outlet &
Airlock

Figure 1. Schematic process for the production of torrefied eucalyptus

One of the most important variables affecting the torrefied wood that can be
produced with this unit, along with the temperature of the chamber, is the residence time.
The residence time determines the degree to which the wood is “roasted”, and its
properties modified. The longer the residence time, the more coal-like the material is
going to be obtained at the exit of the machine. This residence time also determines the
yield. If the residence time is long (between 5 and 6 minutes), then most of the VOCs
from the wood are removed, leaving a charcoal material with highly increased heating
value, and extremely low moisture content, which is regained at the exit and posterior
cooling of the torrefied wood, even when the material becomes hydrophobic (Bergman et
al. 2005). It is advisable that characteristics from the torrefaction process, such as mass
and energy balance for different torrefaction levels, must be further studied; variables
such as residence time, temperature, and characteristics of the torrefied product are of

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 221



PEER-REVIEWED ARTICLE b | oresources.com

extreme importance to obtain a uniform product, and may provide improved results and
more consistent comparisons between both species.

In order to establish the most similar conditions for an industrial-level process
with continuous and high-volume flow, the machine was set up for low residence times,
being three minutes from the instant in which the material enters the unit through the
hopper, to the moment in which it exits the machine. These three minutes are the lowest
residence time utilized in the machine in order to obtain a torrefied material. The result of
a material with this residence time is described as “light roast” or “slightly torrefied”. In
order to adequately define the level or “degree” of torrefaction, and make the results of
this project reproducible, three variables are considered: Residence time, torrefaction
temperature, and mass yield. The residence time was set at three minutes, as previously
described, while the torrefaction temperature was set at 280°C, resulting in a mass yield
between 80 and 85%. According to Almeida et al. (2010), the mass loss, or mass yield in
a torrefaction process is an excellent indicator of the intensity of the treatment, making it
possible to predict and calculate most of the energy properties of the biomass as a
function of the overall mass loss; and it has been previously tested in eucalyptus species.
In addition, the research team is attempting to establish a color scale in order to determine
the “roast” degree by observing the change of color on the wood at the exit of the unit,
changing from brown to black in different scales and depending on the particle size of the
wood (James 2009). Some other properties that can be measured are applied to the
torrefied wood in order to define the “roast” degree; a “lightly roast” is usually defined as
torrefied wood that contains around 60 to 70% of the original VOCs content of the wood,
and a carbon content 20 to 30% higher than the original carbon content, thus enhancing
the heating value of the wood. Also, when considering a mass balance, or mass yield, the
light torrefaction process has a yield of 80 to 85% compared to the original mass (W/W).
In order to facilitate the understanding and discussion of the results, a code is used to
define the species of torrefied wood. Table 1 describes the codes used and their
meanings.

Table 1. Codes used for Identification of each Torrefied Wood According to the
Species

Code Torrefied wood description

EMT1 1% replica of E. macarthurii tests, 3 samples per replica
EMT2 2" replica of E. macarthurii tests, 3 samples per replica
EMT3 3" replica of E. macarthurii tests, 3 samples per replica
EBT1 1% replica of E. benthamiii tests, 3 samples per replica
EBT2 2" replica of E. benthamiii tests, 3 samples per replica
EBT3 3" replica of E. benthamiii tests, 3 samples per replica

To achieve the additional objective of pelletizing the torrefied biomass, two
different binders were added to the torrefied wood of E. benthamii, resulting in two pellet
trials. To prepare the torrefied material for pelletization, further particle size reduction
was necessary, and was performed with a C.S. Bell No. 20 Cast iron hammer mill with
blower discharge (The C.S. Bell Milling & Grinding Co., 2011). This hammer mill was
equipped with a 3 mm screen in order to obtain this particle size in the torrefied material.
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After particle size reduction, the material was mixed with the binders in a tumbler mixer,
and fed into a flat-die PP220 pellet mill (Pellet Pros. 2010), obtaining pellets short in
length (10-15 mm), with 6 mm diameter, solid, and with few fines observed.

Due to the characteristics of the torrefied material, in terms of being abrasive and
difficult to pelletize in a laboratory scale unit, this trial was only performed with E.
benthamii. These pellets were studied using the same tests and procedures as the ones
previously described for the evaluation of the raw material, gaining understanding of the
differences produced when pelletizing torrefied wood with the addition of binders.

The binders utilized for the pellets were Dried Distiller Grain (DDG), and
soybeans, with the addition of water to increase the moisture content of the wood prior to
pelletizing. Dried Distillers Grains present good properties for gluing the wood particles
together in pellets, due to its content of condensed distiller’s solubles, including fats and
starch (Weiss et al, 2007; Kingsly et al, 2010). Soybeans have also been successfully
used as binder in the wood industry, especially wood composites (United Soybean Board,
2006), and present good characteristics for pelletizing wood (PelletPros, 2007). Details
on the formulations for the pellets are provided below.

Previous work has been performed by the authors regarding pellets manufacturing
from E. benthamii and E. macarthurii with the addition of binders, and pelletized in a
flat-die mill from Pelletpros Inc., model PP220 (PelletPros, 2010; Pirraglia et al. 2011).
Based on this previous experience, two different formulations of materials and binders
were selected in order to produce pellets trials with the torrefied material. Table 2
describes these formulations.

Table 2. Formulations with Binders for Each Pellet Trial

Code Binders and quantities added to Pellets
EB6 3000 cc E. benthamii 750 cc soybeans  83.33 cc Water
EB7 3000 cc E. benthamii 750 cc DDG 83.33 cc Water

The formulations provided and tested have a ratio of 36:9:1 of E benthamii,
Binder, and Water. This ratio provides a good approach for a scale-up production with
the formula, and provides the right amount of moisture and binder to allow for better
densification and flow of the material through the rollers and dies, improving production
rate and durability of the pellets.

RESULTS AND DISCUSSION

Biomass properties for energy in Eucalyptus species has not been widely studied,
especially properties of the biomass after being pretreated for solid biofuels, such as
pelletizing and torrefaction. This characteristic, along with the fact that few data
pertaining to the properties of E. benthamii and E. macarthurii are readily available,
makes comparisons with previous literature difficult. To address this limitation, the
authors compare the results obtained after the pretreatment and after the pelletization
process, with results previously obtained for the original wood material of both species
(Pirraglia et al. 2011).
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Physic-chemical Tests of Torrefied Wood of E. benthamii and
E. macarthurii
Moisture content

The moisture content for the torrefied wood of both eucalyptus species was
calculated by comparing the weight of the wood after torrefaction and cooling vs. the
weight after drying the torrefied samples in an oven at 103°+£2°, being the moisture
content reported in a dry-basis.

Three replicates for moisture content were performed using E. macarthurii (EMT)
and E. benthamii (EBT), obtaining 5.55% (+ and 5.05% (+ average moisture content (dry
basis) respectively. No technical published data were available describing moisture
content of torrefied wood for the eucalyptus species evaluated in this research. The
average moisture content of the samples is significantly lower than that of the received
material for both species, both of them around 5% compared to the original moisture
content around 54 to 57% in an oven-dry basis. Previous work has been pursued in
determining the wood-water relations in torrefied eucalyptus species (Almeida et al.
2009; Rodrigues and Rousset 2009; Almeida et al. 2010), and deal with common species,
such as E. grandis; the importance of this work is that allows for comparison with the
eucalypt species utilized in the present work. In a study by Rodrigues and Rousset
(2009), it is indicated that the chemical changes occurring in the wood of E. grandis due
to torrefaction treatment at temperatures higher than 220°C are responsible for the
hydrophobic properties and low moisture of the material. In this study, the authors also
determined that the lack of moisture regain in the torrefied material heavily influences the
usable heating value of the eucalyptus, making it an extremely important parameter.

Volatile matter, ash content, and fixed carbon content

Experiments for the determination of volatile matter, ash content, and fixed
carbon content were performed for each torrefied wood species. These experiments were
performed using the same methodology previously used by the authors in the analysis of
wood samples from E. benthamii and E. macarthurii (Standards ASTM D 3174-04 and
ASTM D 3175-07). Three replicates of each torrefied wood species were performed, and
the results (average of the three replications) are presented in Fig. 2.

Results of the proximate analysis for the torrefied material indicated a higher
content of ash (4.02% +0.35% for E. macarthurii, and 1.83% +0.14% for E. benthamii)
and fixed carbon (22.15% =+0.54% for E. macarthurii, and 36.61% +0.58% for E.
benthamii) as compared to the original material. This characteristic is due to the
displacement of volatile matter (73.84% +0.49% for E. macarthurii, and 61.60% +0.47%
for E. benthamii) from the samples, caused by the heat treatment. Figure 2 demonstrates
the change in Volatiles, Fixed Carbon, and Ash content from the original material to the
torrefied one. In this sense, the ash content obtained from E. macarthurii torrefied (4.0%)
is notably higher than the one obtained from E. benthamii (1.8%). Furthermore, the fixed
carbon content of E. benthamii torrefied (36.6%) was considerably higher than that
obtained with E. macarthurii torrefied (22.1%). These results indicate that E. benthamii
provided better fixed carbon content with lower ash content as compared to E.
macarthurii, when exposed to the torrefaction process. However, both species showed an
increase in their fixed carbon content in weight percentage.
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Figure 2. Proximate analysis for the torrefied wood compared to non-treated eucalyptus

The results demonstrated the suitability of both the torrefaction process and the
utilization of its product as a biofuel, either as raw material for further processing, or for
direct burning and co-firing, since the fixed carbon content is directly related to the
heating value of a given biomass (Demirbas 1997; Parikh et al. 2005).

C-H-O-N analysis

The determination of carbon, hydrogen, oxygen, and nitrogen composition for
each torrefied wood sample was determined assuming the composition of the torrefied
wood is based only on these four elements, and the sulfur content is negligible. Figure 3
shows the average of C, H, O, and N, based on the average of three samples analyzed in
each replica.

The ultimate analysis of the torrefied material showed lower oxygen content in
the samples (33.5% +£0.24% for E. macarthurii, and 29.39% +1.15% for E. benthamii),
when compared to the original material (Fig. 3). The nitrogen content did not show a
difference as substantial as the one found for oxygen (0.22% +0.01% for E. macarthurii,
and 0.16% +0.01% for E. benthamii), while the samples also displayed a high increase in
the elemental carbon content (61.91% +0.30% for E. macarthurii, and 66.36% +1.31%
for E. benthamii), due to the displacement of oxygen out of the samples. The increase in
elemental carbon content is an indication of an enhanced heating value of the material
being torrefied (Uslu et al. 2008), as it is demonstrated later for the HHV tests of the
samples.
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Figure 3. Ultimate analysis for torrefied vs. non-treated wood

High Heating Value (HHV)

Analysis of the heating value for the torrefied wood was performed in order to
evaluate the effect of this treatment in the heating value delivered per unit of mass. Figure
4 shows the average heating values obtained for the torrefied wood of each species, in

MI/Kg.
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Figure 4. HHV analysis from the torrefied wood tests, with comparison of the average of 3

replicates in each category
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Results from the net heating value tests of the torrefied wood (Fig. 4) indicate a
high increase in the energy that can be obtained from the samples. An average increase of
19.7% could be obtained with the “light roast” torrefaction process for E.macarthurii
(Temp: 280°C, Res. Time: 3 min., and Mass yield:80-85%), while an average of 19.6%
increase in heating value could be obtained from “light roast” torrefaction of E.
benthamii; both HHV calculations show a low standard deviation (+0.12%).

This enhanced heating value is related to the low moisture content of the product,
and the partial elimination of volatiles content from the wood, leaving more carbon (as a
percentage weight) for use as burning fuel.

An important concept to consider for the analysis of heating values in torrefied
woody biomass is the Usable Heating Value (UHV), which determines the amount of
energy effectively used (per unit of mass) based on the moisture content (dry basis) of the
biomass (Rodrigues and Rousset, 2009). This UHV can be expressed as,

UHV = LHV*(1-MC) - 2.51*(MC) (1)
where LHV represents the Higher Heating Value and the substraction of the amount of
energy required for condensation of water formed in complete combustion, and it can be
expressed as:

LHV = HHV - 1.36 )

With these equations, it is possible to calculate the usable energy from the
torrefied biomass. Results from these calculations are presented in Table 3.

Table 3. Usable Heating Value of the torrefied Eucalyptus species

Species MC (Dry basis, HHV LHV UHV
P WIW) (MJ/Kg) (MJI/Kg) (MJ/Kg)

EB torrefied 0.0505 2450 2314  21.84

EM torrefied 0.0550 23.08 21.72 20.39

Results from the UHV indicate a usable energy content that is still higher than the
High Heating Value of the original biomass (18.53 MJ/Kg for E.benthamii and 19.70 for
E.macarthurii), indicating that even with the presence of moisture, and the loss of some
of the energy content of the original material due to hemicellulose breakdown, the heat
treatment is efficient in producing a high energy content product per unit of mass.

It is important to consider that the process of torrefaction requires little energy
input, since the process is 80% self-sustained by the recirculation (heat source) of gases,
while the remaining 20% is obtained from a propane flame stream. A detailed analysis of
energy (energy balance) for the torrefactor and the product is highly recommended, since
this process is noticeably increasing the HHV of the material, while using very little
external energy. Such analysis would demonstrate the advantages and economical
feasibility of this process with a biomass source such as eucalyptus. At the present time,
authors report an estimated torrefied wood production cost of around 58 € ton™ (Uslu et
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al. 2008), without considering feedstock costs, and in a small-scale factory. Further
analysis is needed to assess production costs of torrefied wood considering economy of
scale, and U.S. market conditions.

Physic-chemical Tests of Torrefied Wood Pellets Made from E. benthamii

As Zwart et al. (2006) concluded, a combination of torrefaction and pelletization
may be one of the more feasible pretreatments of biomass in terms of transportation and
suitability for bulk handing. In addition, the denominated “TOP Pellets” carry the
advantages of an increased energy and material density (Bergman 2005), a hydrophobic
property of the material, and a lower electrical demand required for further
grinding/pulverization (Zwart et al. 2006). In this section, comparisons are made between
previous pellets trials of E. benthamii and E. macarthurii performed by the authors
(Pirraglia et al. 2011). Below, Table 3 summarizes the average properties obtained for the
pellets produced.

Table 3. Summary of Properties for E. benthamii Torrefied Pellets and
Comparison with Original Biomass Properties

Pellets MC Volatile Ash Fixed HHV
0, 0, 0, 0,
Code length % Matter Content Carbon C% H% 0% N% (MJ/KQ)
EB6 68.95% 3.67% 27.38% 58.41 5.96 32.92 2.72 24.38
10-15 7.54 (£0.22%) (¥0.07%) (¥0.27%) (+0.15)  (+0.11)  (+0.16)  (+0.01)  (+0.03)
EB7 mm 68.46% 3.66% 27.88% 55.55 5.99 36.26 2.21 24.30
8.29 (#0.44%) (20.09%) (¥0.51%) (¥0.09) (¥0.22) (*¥0.22)  (*0.03) (+0.06)
83.26% 0.44% 16.30% 24.50*
EB - 54 z0.85%) (x0.08%) (+0.77%) 219 500 4565 016 45

* HHV of E. benthamii after torrefaction process, in order to compare how binders may affect HHV
of torrefied material when pelletized

Moisture content

Moisture Content (MC) levels of the pellets trials were assessed while being
stored at 70°F, and 50% Relative Humidity, being the equilibrium moisture content of the
storage area EMC = 9.2%; showing a MC of 7.54%, and 8.29% for EB6 and EB7,
respectively (oven-dry basis). These pellets remain at a MC lower than that of
equilibrium (EMC), demonstrating the resilience of the material against regaining
moisture after the heat treatment. The pellets manufactured from torrefied wood showed
lower moisture content when compared to levels in conventional standard (10%) and
utility quality pellets (10%), and a similar moisture content as compared to premium
quality pellets (8%) (Pellets Fuel Institute. 2010). These results are in concordance with
observations obtained by Cremers (2009) regarding the lower MC in torrefied wood
pellets as compared to regular wood pellets. MC levels are important for transportation
costs of pellets; a lower MC allows transporting and delivering more energy per unit of
weight and volume.

Volatile matter, ash content, and fixed carbon content
The determination of volatile matter, ash content, and fixed carbon content in the
pellets produced from E. benthamii wood were assessed utilizing 7 samples in 3
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replicates. These experiments were performed using the same methodology employed
previously for the analysis of E. benthamii and E. macarthurii wood samples (Pirraglia et
al. 2011). Comparisons of the torrefied wood pellets were performed with the character-
istics of the original wood as described in previous research by Pirraglia et al. (2011).
The original wood of E. benthamii contains around 16% of fixed carbon, 0.44% of ash
content, and 83% of volatile matter. In comparison, the torrefied and pelletized material
contains 11% more fixed carbon (27% fixed carbon content in the torrefied pellets), and
14% less volatile matter (69% volatile matter in the torrefied pellets). These results are
similar to those presented by several authors when comparing average results on torrefied
wood samples (69.24% volatile matter, 29.74% fixed carbon, and 1.04% ash content,
Pentananunt et al. 1990), and better than values obtained for beechwood by Couhert et al.
(2009) in a recent study, with 75.7% of volatile matter, 0.4% of ash content, and 24.2%
of fixed carbon. It is well known that fixed carbon content and volatile matter are directly
related to the heating value (energy content) of a wood sample (Jimenez and Gonzalez
1991; Kucukbayrak et al. 1991; Raveendran and Ganesh 1996; Demirbas 1997; Cordero
et al. 2001). A combination of higher fixed carbon and lower volatile matter content
enhances the heating value of the wood, characteristics that are achieved through the
torrefaction process, thus improving the properties of the wood for biofuels purposes. The
results from Fig. 5 are also comparable to those obtained by Almeida et al. (2010) on the
wood of E. grandis and E. saligna, for both, the untreated wood and the torrefied
material, in which they obtained very similar values in fixed carbon, volatile matter, and
ash content.

C-H-O-N analysis

The elemental composition (carbon, hydrogen, nitrogen, and oxygen content) was
determined for the torrefied pellets trials, and the results were compared to the original
wood material of E. benthamii. Is important to note that the composition of the pellets is
based on these four elements, by assuming the sulfur content of the material is negligible
(it 1s typically lower than 0.1% for wood materials). As compared to the original biomass,
the torrefied pellets showed a considerable increase in the carbon and nitrogen content, a
slight increase in hydrogen content, and presented a noticeable decrease in the oxygen
content. According to a formula for estimating the gross heating value developed by Boie
(1952), which utilized 16 biomass-based fuels, 66 coal, char and coke fuels, and 67 oil
fuels (including alcohols), it was determined that an increase in carbon, nitrogen, and
hydrogen content positively influences the gross heating value of a given biomass, while
a decrease in the oxygen content also carries an increased heating value. As mentioned by
Annamalai et al. (1987), this characteristic is due to the fact that if the amount of oxygen
is greater, there will be less available percentages of carbon and hydrogen for combustion
(due to combinations of CO, H,O, OH groups, etc.). In the pellet trials developed (EB6
and EB7), there was less oxygen present, and thus, having more carbon and hydrogen
available, which contributes to achieve a highly energy-dense fuel.

High Heating Value (HHV)
Previous results from the proximate and ultimate (CHON) analyses indicate an
increase in the heating value of the torrefied and pelletized wood tested. Direct measure-
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ments of the heating value by an adiabatic bomb were performed in order to verify the
previous indications. The tests performed to determine the HHV of the torrefied pellet
trials indicate similar heating values when compared to the original torrefied material of
E. benthamii (24.28 MJ/Kg for EB6 and 24.30 MJ/Kg for EB7, versus an average of 24.5
MJ/Kg for torrefied EB). These results indicate that the binders have little effect in
changing the energy properties of the torrefied material, while they allow for a better
packing and densification of the torrefied wood, providing a more energy-dense product,
and making it more suitable for transportation. This characteristic further enhances the
desirable properties for handling and transportation in a solid biofuel produced from
biomass sources. Further analysis of the cost/benefit of the binder is under development
in order to determine the economic feasibility of using the binders.

As a final thought, pelletization of torrefied woody biomass is in the early stages
of development and industrial application. In laboratory-scale mills, pelletization is
difficult to achieve, due to low horsepower transmitted to the rollers and dies, and being a
flat-die mill. Some authors report that successful production of torrefied pellets on an
industrial scale has been already achieved (Boerrigter et al. 2006; Mitchell et al. 2007) by
means of a TOP process, and ring-die pellet mills (Bergman 2005). This indicates that
many technical difficulties of pelletizing torrefied biomass may be encountered in
laboratory scale units only. In addition, it is stated that at torrefaction temperatures, the
lignin in wood becomes plastic and serves as a natural binder for the individual wood
particles (James 2010), improving the flowability of the material through the dies, which
may be further improved with the addition of other binders. These properties will help
overcome the abrasive nature of the torrefied material, allowing producing quality pellets
with durability about 2 times more than regular wood pellets, and significantly lowering
moisture uptake (James 2010).

Another benefit that favor the torrefaction and pelletization process is the fact that
torrefaction reduces the fibrous nature of the wood, making it easily grindable,
significantly reducing power consumption in the grinding operation prior to pelletization
(Bridgeman et al. 2010). A major problem present in co-firing coal with biomass is the
differences in energy density, burning range, and poor flowability of biomass, reducing
the thermal efficiency and capacity of boilers (Hughes and Tillman 1998; Tillman 2000;
Phanphanich and Mani 2011). Many of these problems can be addressed by utilizing
torrefied wood pellets, which are easily grindable, improve combustion characteristics in
co-firing, and are suitable for storage.

CONCLUSIONS

1. Torrefaction pre-treatment shows great potential for eucalyptus, eliminating water
and volatiles, significantly enhancing its heating value by an average of 19%
compared to the original material. More aggressive torrefaction temperatures and
residence times may increase the heating value of the biomass significantly more.

2. Further enhancement can be achieved by changing residence time and operation
temperature, these being critical variables for the product’s uniformity. However, the
utilized torrefaction process provides a good usable heating value for the biomass
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evaluated, being higher than that of the original biomass, despite the mass and energy
loss typical of this type of heat treatment.

3. Torrefied pellets have lower moisture and volatile matter, and higher fixed carbon
content compared to traditional premium quality pellets, delivering higher energy
content per bulk, with improved handling, and transportation.

4. In addition, binders do not affect the energy content of the pellets. However, further
economic analysis of binders is necessary to assess the pre-treatment’s impact on
profitability.

ACKNOWLEDGMENTS

The authors would like to acknowledge MeadWestvaco (MWYV) for their
collaboration in providing the eucalyptus samples, and for the promotion and distribution
of the research results among the industry.

REFERENCES CITED

Almeida, G., Brito, J. O., and Perre, P. (2009). “Changes in wood-water relationship due
to heat treatment assessed on micro-samples of three eucalyptus species,”
Holzforschung 63, 80-89.

Almeida, G., Brito, J. O., and Perre, P. (2010). “Alterations in energy properties of
eucalyptus wood and bark subjected to torrefaction: The potential of mass loss as a
synthetic indicator,” Bioresource Technology 101, 9778-9784.

Annamalai, K., Sweeten, J. M., and Ramalingam, S. C. (1987). “Estimation of gross
heating values of biomass fuels,” Transactions, ASAE 30(4), 1205-1208.

Arborgen. (2010). “Freeze tolerant eucalyptus,” Available at:
http://www.arborgen.us/index.php/products/product-pipeline/freeze-tolerant-
eucalyptus. Consulted on 11/15/2010

ASTM International. (2000). ASTM Standard D 2015 Standard Test Method for Gross
Calorific Value of Coal and Coke by the Adiabatic Bomb Calorimeter.

ASTM International. (2002). ASTM Standard D 4442 Test Method for Direct Moisture
Content Measurement of Wood and Wood-Based Materials.

ASTM International. (2009a). ASTM Standard D 3175-07 Standard Practice for volatile
matter in the analysis sample of Coal and Coke.

ASTM International. (2009b). ASTM Standard D 3174-04 Standard Practice for ash in
the analysis sample of Coal and Coke.

ASTM International. (2009c). ASTM Standard D 3176 Standard Practice for Ultimate
analysis of Coal and Coke.

Basore, C. A. (1930). “Fuel briquettes from southern pine sawdust,” Engineering
Experiment Station of the Alabama Polytechnic Institute. Bulletin 1.

Basore, C. A., and Moore, A. C. (1942). “The production of lump charcoal from pine
sawdust without a binder,” Engineering Bulletin. 14.

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 231



PEER-REVIEWED ARTICLE b | oresources.com

Bergman, P. C. A. (2005). “Combined torrefaction and pelletisation: The TOP process,”
Report C--05-073; Energy Research Centre of The Netherlands (ECN): Petten, The
Netherlands; p. 29.

Bergman, P. C. A., Boersma, A. R., Kiel, J. H. A., and Zwart, R. W. H. (2005).
“Development of torrefaction for biomass co-firing in existing coal-fired power
stations, BIOCOAL concept version,” ECN report.

Bergman, P. C. A., and Kiel, J. H. A. (2005). “Torrefaction for biomass upgrading,”
Published at 14th European Biomass Conference & Exhibition,Paris, France, 17-21
October 2005. Available at: http://www.ecn.nl/docs/library/report/2005/rx05180.pdf.
Consulted on: 04/03/2005.

Boerrigter, H., Kiel, J., and Bergman, P. (2006). “Biomass pre-treatment by torrefaction,”
Third ThermalNET Meeting, 3-5 April 2006, Lille, France.

Boie, W. (1952). Wissenschaftliche Zeitschrift der Technischen Hochschule Dresden. 2,
687.

Bourgeois, J. P., and Guyonnet, R. (1988). “Characterization and analysis of torrefied
wood,” Wood Sci. Tech. 22.

Bridgeman, T. G., Jones, J. M., Williams, A., and Waldron, D. J. (2010). “An
investigation of the grindability of two torrefied energy crops,” Fuel 89, 3911-3918.

Brito, J. O., Silva, F. G., Leao, M., and Almeida, G. (2008). “Chemical composition
changes of eucalyptus and pinus woods submitted to heat treatment,” Bioresource
Technology 99, 8545-8548.

Carvalho, A., Henrique, K., Da Silva, M. L., and Silva Soares, N. (2009).
“Competitiveness of Brazilian wood pulp in the international market,” Cerne,
Universidade Federal de Lavras, Brasil. 15(4), 383-390.

Cordero, T., Marquez, F., Rodriguez-Mirasol, J., and Rodriguez, J. J. (2001). “Predicting
heating values of lignocellulosic and carbonaceous materials from proximate
analysis,” Fuel 80, 1567-1571.

Coubhert, C., Salvador, S., and Commandré, J.-M. (2009). “Impact of torrefaction on
syngas production from wood,” Fuel 88, 2286-2290.

Couto, L., Muller, M. C., Barcellos, D. C., and Couto, M. M. F. (2004). “Eucalypt based
agroforestry systems as an alternative to produce biomass for energy in Brazil
(extended abstract),” Proceedings of Conference on Biomass and Bioenergy
Production for Economic and Environmental Benefits, Charleston, S.C. November
2004. Available at: www.woodycrops.org/publications.html. Consulted on
03/22/2011.

Cremers, M. F. G. (2009). “Technical status of biomass co-firing,” IEA Bioenergy Task
32. Deliverable 4.

Demirbas, A. (1997). “Calculation of higher heating values of biomass fuels,” Fuel 76,
431-434.

Fonseca, F., Luengo, C. A., Bezzon, G., and Beaton, P. (1998). “Bench unit for biomass
residue torrefaction,” Proceeding of Int. Conf. Biomass for Energy and Industry.
Wiirzburg, Germany.

Gevers, P., Ramaekers, G., Frehen, A., Sijbinga, M., van Steen, E., Sturms, J., and Taks,
B. (2002). “Green energy, from wood or torrefied wood?”” Final Report, University of
Technology Eindhoven, Netherlands. Available at:

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 232



PEER-REVIEWED ARTICLE b | oresources.com

http://students.chem.tue.nl/ifp02/downloads/Final Report.pdf. Consulted on:
01/25/2011

Girard, P., and Shah, N. (1991). “Recent developments on torrefied wood, an alternative
to charcoal for reducing deforestation,” REUR Technics Series. 20: 101-114.

Gonzalez, R., Saloni, D., Dasmohapatra, S., and Cubbage, F. (2008). “South America:
Industrial roundwood supply potential,” BioResources 3(1), 255-269.

Gonzalez, R., Phillips, R., Saloni, D., Jameel, H., Abt, R., Pirraglia, A., and Wright, J.
(2011a). “Biomass to energy in the southern United States: Supply chain and
delivered cost,” BioResources 6(3), 2954-2976.

Gonzalez, R., Treasure, T., Wright, J., Saloni, D., Phillips, R., Abt, R., and Jameel, H.
(2011b). “Exploring the potential of eucalyptus for energy production in the southern
United States: Financial analysis of delivered biomass, Part I.,” Biomass and
Bioenergy 35(2), 755-766.

Gonzalez, R., Treasure, T., Phillips, R., Jameel, H., and Saloni, D. (2011c). “Economics
of cellulosic ethanol production: Green liquor pretreatment for softwood and
hardwood, greenfield and repurpose scenarios,” BioResources 6(3), 2551-2567.

Gonzalez, R., Treasure, T., Phillips, R., Jameel, H., Saloni, D., Abt, R., and Wright, J.
(2011d). “Converting Eucalyptus biomass into ethanol: Financial and sensitivity
analysis in a co-current dilute acid process, Part II,” Biomass and Bioenergy 35(2),
767-772.

Guedira, F. (1988). “Pyrolise lente de la biomasse: Comportement compare des tourteux
d’olives, de la bagasse de canne a sucre et la sciure de bois (pin maritime),” Maroc,
These (Docteur) — Universite Mohamed, Maroc, pp. 122.

Hakkou, M., Petrissans, M., Gerardin, P., and Zoulalian, A. (2006). “Investigations of the
reasons for fungal durability of heat-treated beech wood,” Polymer Degradation and
Stability 91, 393-397.

Hodge., E. M., Patterson, H. P., Williams, M. C., and Gladney, E. S. (1991). “A
comparative study of elemental analyzers for the simultaneous determination of C, H,
and N in biological materials,” American Laboratory. (June), 34-37.

Hughes, E.A., and Tillman, D. A. (1998). “Biomass cofiring: Status, prospects,” Fuel
Processing Technology 54(1-3), 127-142.

James, J. (2009). “Using torrefied wood as a coal replacement for superior pellets and
cellulosic ethanol production,” Available at: http://www.agri-techproducers.com/.
Consulted on: 11/01/2010.

James, J. (2010). “Using torrefied wood for electricity, briquettes, and pellets
production,” Available at: http://pelletheat.org/pdfs/JoeJames.pdf. Consulted on:
07/21/2011.

Jimenez, L., and Gonzalez, F. (1991). “Study of the physical and chemical properties of
lignocellulosic residues with a view to the production of fuels,” Fuel 70(8), 947-950.

Junginger, M., and Sikkema, R. (2008). “The global wood pellet trade — markets, barriers
and opportunities: Workshop summary,” Copernicus Institute, Utrecht University.
Available at: http://www.pelletsatlas.info/pelletsatlas _docs/showdoc.asp?id=
090420111608&type=doc&pdf=true. Consulted on: 01/15/2011.

Kingsly, A. R. P., Ileleji, K. E., Clementson, C. L., Garcia, A., Maier, D. E., Stroshine, R.
L., and Radcliff, S. (2010). “The effect of process variables during drying on the

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 233



PEER-REVIEWED ARTICLE b | oresources.com

physical and chemical characteristics of corn dried distillers grains with solubles
(DDGS) — Plant scale experiments,” Bioresource Technology 101, 193-199.

Kucukbayrak, S., Durus, B., Mericboyu, A. E., and Kadioglu, E. (1991). “Estimation of
calorific values of Turkish lignites,” Fuel 70, 979-981.

Mburu, F., Dumarcay, S., Petrissans, M., and Gerardin, P. (2007). “Evaluation of
thermally modified grevillea robusta heartwood as an alternative to shortage of wood
resource in Kenya: Characterisation of physicochemical properties and improvement
of bio-resistance,” Bioresource Technology 98(18), 3478-3486.

Mitchell, P., Kiel, J., Livingston, B., and Dupont-Roc, G. (2007). “A foresighting study
into the business case for pellets from torrefied biomass as a new solid fuel,” A
Presentation to All Energy *07. May 24th 2007. Available at: http://www.all-
energy.co.uk/UserFiles/File/2007PaulMitchell.pdf. Consulted on: 07/21/2011.

Moreira, J. R. (2006). “Global biomass energy potential,” Mitigation and Adaptation
Strategies for Global Change 11, 313-342.

Nakamura, T., Kawamoto, H., and Saka, S. (2008). “Pyrolysis behavior of Japanese cedar
wood lignin studied with various model dimers,” J. Anal. Appl. Pyrol. 81, 173-182.

Omega. (2011). “Benchtop muffle furnace with a 550 cubic inch chamber,” Available at:
http://www.omega.com/ppt/pptsc.asp?ref=L MF. Consulted on: 10/02/2011.

Pach, M., Zanzi, R., and Bjorborn, E. (2002). “Torrefied biomass a substitute for wood
and charcoal,” 6th Asia-Pacific International Symposium on Combustion and Energy
Utilization, Kuala Lumpur.

Parikh, J., Channiwalab, S. A., and Ghosalc, G. K. (2005). “A correlation for calculating
HHYV from proximate analysis of solid fuels,” Fuel 84, 487-494.

Parr Instruments. (2011). “1341 plain jacket calorimeter,” Available at:
http://www.parrinst.com/default.cfm?Page ID=176. Consulted on 10/02/2011.

Pellets Fuel Institute (2010). “Pellet fuels institute standard specification for
residential/commercial densified fuel,” Available at: http://pelletheat.org/wp-
content/uploads/2010/01/PFI-Standard-Specification-for-Residential-Commercial-
Densified-Fuel-10-25-10.pdf . Consulted on: 03/10/2011.

PelletPros. (2007). “Testing log,” Available at: http://www.pelletpros.com/id81.html.
Consulted on 07/21/2011.

PelletPros. (2010). “Small pellet mills,” Available at:
http://www.pelletpros.com/id68.html. Consulted on 07/21/2011.

Pentananunt, A., Mizanurt Rahman, A. N. M., and Bhattacharya, S. C. (1990).
“Upgrading of biomass by means of torrefaction,” Energy 15(12), 1175-1179.

PerkinElmer. (2011). “2400 Series I CHNS/O system,” Available at:
http://www.perkinelmer.com/Catalog/Product/ID/N2410650. Consulted on:
10/02/2011.

Phanphanich, M., and S. Mani. (2011). “Impact of torrefaction on the grindability and
fuel characteristics of forest biomass,” Bioresource Technology 102, 1246-1253.
Pirraglia, A., Gonzalez, R., Saloni, D., and Wright, J. (2011). “Freeze tolerant eucalyptus
biomass: A study of characteristics and suitability for solid fuels production,”

Biomass and Bioenergy, under review.

Raveendran, K., and Ganesh, A. (1996). “Heating value of biomass and biomass

pyrolysis products,” Fuel 75, 1715-1720.

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 234



PEER-REVIEWED ARTICLE b | oresources.com

Rodrigues, T. O., and Rousset, P. L. A. (2009). “Effects of torrefaction on energy
properties of Eucalyptus grandis wood,” Cerne, Lavras. 15, 446-452.

Rosillo-Calle, F. (2004). “A brief account of Brazil’s biomass energy potential,”
Biomassa & Energia 1(3), 225-236.

Rousset, P., Lapierre, C., Pollet, B., Quirino, W., and Perre, P. (2009). “Effect of severe
thermal treatment on spruce and beech wood lignins,” Ann. For. Sci. 66(110), 1-8.

Sklar, T. (2009). “Torrefied wood, a bio-energy option that is ready to go,” Available at:
http://biomassdigest.net/blog/2009/12/31/torrefied-wood-a-bio-energy-option-that-is-
ready-to-go-a-biomass-digest-special-report/. Consulted on: 10/25/2010.

The C.S. Bell Milling & Grinding Co. (2011). “No. 20 cast iron hammer mill blower
discharge,” Available at: http://www.csbellco.com/cast-iron-hammer-mill-20.asp.
Consulted on 10/02/2011.

Tillman, D. A. (2000). “Biomass cofiring: The technology, the experience, the
combustion consequences,” Biomass and Bioenergy 19(6), 365-384.

United Soybean Board. (2006). “Soy-based composites,” Technical Research. Available
at: http://www.soynewuses.org/downloads/Tech_Composites.pdf. Consulted on:
07/22/2011.

Uslu, A., Faiij, A. P. C., and Bergman, P. C. A. (2008). “Pre-treatment technologies, and
their effect on international bioenergy supply chain logistics. Techno-economic
evaluation of torrefaction, fast pyrolysis and pelletisation,” Energy 33, 1206-1223.

WEIMA America, Inc. (2011). “WEIMA Horizontal Shredders, Horizontal Beaver 300,”
Available at: http://www.weimaamerica.com/brochures/horizontal-shredder-beaver-
300.pdf. Consulted on:10/02/2011.

Weiss, B., Eastridge, M., Shoemaker, D., and Saint-Pierre, N. (2007). “Distillers grains,”
Ohio State University Extension. Available at: http://ohioline.osu.edu/as-
fact/pdf/distillers.pdf. Consulted on: 07/23/2011.

Wright, J. (2009). “Improvements through biotechnology maximize potential of purpose
grown trees for biomass,” Farm to Fuel Summit, July 30, 2009. Available at:
http://www.arborgen.com/uploads/presentations/farm-to-fuel-
presentation%?20 _final.pdf?phpMy Admin=iPU81a6jI1S093dPyYdigjfelV%2C3.
Consulted on: 11/29/2010.

Wright, J. A. (2010). “Wood-based biofuels, biomass & bioenergy: Opportunities and
challenges in Louisiana,” Bioenergy Forest Plantations, April 23, 2010.

Wright, L. (2006). “Worldwide commercial development of bioenergy with a focus on
energy crop-based projects,” Biomass and Bioenergy 30, 706-714.

Zwart, R., Boerrigter, H., and Van der Drift, A. (2006). “The impact of biomass pre-
treatment on the feasibility of overseas biomass conversion to Fischer-Tropsch
products,” Energy Fuels 20, 2192-2197.

Article submitted: July 7, 2011; Peer review completed: August 31, 2011; Revised
version received and accepted: November 8, 2011; Published: November 11, 2011.

Pirraglia et al. (2012). “Torrefied wood pellets,” BioResources 7(1), 217-235. 235



