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In the present study a Box–Behnken experimental design was used to understand the effect

of  the moisture content of lodgepole pine grind (33–39%, w.b.), die speed (40–60 Hz) and

preheating temperature (30–90 ◦C) on the pellet quality and specific energy consumption.

The  partially dried pellets produced had high-moisture content in the range of 19–28% (w.b.),

and were further dried to <9% (w.b.) in a mechanical oven set at 70 ◦C for 3 h. Dried pellets

were further evaluated for pellet moisture content, unit, bulk, tapped density, and durability.

Response surface models developed for the product properties have adequately described

the  process based on coefficient of determination values. Surface plots developed indicated

higher unit, bulk, and tapped density (1050, 520, 560 kg/m3) are achievable at 33–35% (w.b.)

moisture content of the lodgepole pine grind, die speed of 60 Hz and preheating temperature

of  30–60 ◦C. Higher moisture content of 39% (w.b) reduced unit, bulk, and tapped density to

<912, 396, and 452 kg/m3. Higher durability values of >95% were obtained at 33–35% (w.b.)

at  lower preheating temperatures of 30–50 ◦C and higher die speed of >50 Hz. At 33% (w.b.)

moisture content of the lodgepole pine grind, preheating temperature of 90 ◦C, and die speed

of  60 Hz, the observed specific energy consumption was <116 kW h/ton. Scanning electron

microscope studies indicated that lignin crosslinking is the primary reason for binding of
the  lodgepole pine grind at high-moisture content.

©  2016 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

woody and herbaceous biomass are more  commonly used for
1.  Introduction

The major limiting factors for utilization of biomass for energy
applications in commercial scale are low bulk density, and its
availability in a less-convenient form for feeding, handling,
and transportation. Biomass, after harvesting and baling, has
a bulk density in the range of 112–160 kg/m3 (Atchison and
Hettenhaus, 2004), whereas wood after harvesting and chip-
ping has density of about 265 kg/m3 (Tumuluru et al., 2015a).
According Tumuluru et al. (2016a) advanced biomass feed-
stock commodity supply system concept transforms different

raw biomass resources from a highly variable, aerobically
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unstable, low density form into a fairly uniform, aerobically
stable, high density, tradable, and aggregatable commodity.
Densifying the biomass using compression systems such as
pellet mill or briquette press, the bulk density is increased
by a factor of 4–7 and makes it as a commodity type product
(Tumuluru et al., 2011). The common densification systems
used for increasing the bulk density of biomass are pellet
mill, briquette press, and screw extruder (Tumuluru et al.,
2011). Among the densified products produced using different
densification systems, the biomass pellets produced using
thermochemical conversion applications, such as co-firing,

ier B.V. All rights reserved.
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Nomenclature

ANOVA analysis of variance
b0 intercept
BD bulk density (kg m-3)
bi, bj bij coefficients of regression equations
D durability (%)
DS die speed (Hz)
ER expansion ratio
ε random error
HMPP high moisture pelleting process
Hz hertz
LPP lodgepole pine
MC of LPP moisture content of lodgepole grind
N number of independent variables
P statistical significance
PHT preheating temperature
PMC  pellet moisture content
R2 coefficient of determination
RSM response surface methodology
SD standard deviation
SEM scanning electron microscopy
TD tapped density (kg m−3)
UD unit density (kg m−3)
w.b. wet  basis
x1 moisture content of lodgepole pine grind
x2 die speed
x3 preheating temperature
y dependent variable
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asification, and pyrolysis (Tumuluru et al., 2012; Sarkar
t al., 2014; Yang et al., 2014), and for biochemical conversion
pplications to produce liquid fuels (Ray et al., 2013). Typically
ood pellets have a bulk density in the range of 700–750 kg/m3

Tumuluru et al., 2010a), whereas wood briquettes have a
ange of 400–450 kg/m3 (Tumuluru et al., 2015b, 2016a). Several
dvantages of densified products such as pellet are (1) biomass
ecomes a uniform commodity-type product, (2) properties
re better for handling and transportation, (3) reduces the
torage footprint, (4) no recalcitrance during biochemical
onversion (Ray et al., 2013), and (5) pellets have moisture in
he range of 5–7% (w.b.) (Tumuluru et al., 2010a) and are less
usceptible to biological degradation during storage.

.1.  Conventional  pelleting  process

earcy et al. (2015) in their report on validation of advanced
eedstock supply system indicated that one of the major limi-
ation in using high moisture woody and herbaceous biomass
y biorefineries for biofuels production is high preprocess-
ng (size reduction, drying and densification) costs. Various
nit operations associated with the conventional pelleting
rocess include a stage-1 and stage-2 grinder, a dryer, and

 pellet mill (Fig. 1). In the conventional pelleting process,
he high-moisture woody and herbaceous biomass, typically
t 30% (w.b.), is conveyed through a stage-1 grinder, which
s typically a hammermill fitted with a screen size in the
ange of 25.4–50.8 mm (Yancey et al., 2013). Next, the ground
iomass is dried in rotary drier to about 10% (w.b.) and is
assed through a stage-2 grinder, a hammermill fitted with a

.8 mm screen (Yancey et al., 2013). The dried ground biomass
s further steam conditioned and pelleted (Yancey et al., 2013).
The schematic of biomass pelleting process is given in Fig. 2.
The cost of pelleting is mainly dependent on the energy
consumption, throughput, and capital costs associated with
these unit operations (Fig. 1). Technoeconomic analysis indi-
cated efficient moisture management is critical for reducing
the preproccessing costs of biomass (Tumuluru et al., 2014).
Sakkampang and Wongwuttanasatian (2014) in their study on
glycerin-biomass briquettes indicated that drying takes about
2.25 MJ/kg, whereas briquetting takes about 0.05–0.10 MJ/kg for
different feedstocks (saw dust, sugarcane bagasse, sugarcane
leaf, and rice husk). Yancey et al. (2013) indicated that the type
of biomass has an impact on the drying, and pelleting costs.
In case of lodgepole biomass, it takes about 350 kW h/ton to
dry biomass from 30 to 10% (w.b.) moisture content and euca-
lyptus takes about 401 kW h/ton, whereas pelleting lodgepole
pine takes about 48.94 kW h/ton and eucalyptus takes about
125 kW h/ton. Pirraglia et al. (2010) indicated that in commer-
cial scale wood pellet production drying requires about 70% of
energy. Fig. 1 indicates the energy associated with the various
unit operations in wood pellet production (Yancey et al., 2013).
In addition to high drying energy, another major limitation of
high temperature drying is the emission of volatile organic
compounds (VOC) and extractives. According to Granström
(2005) and Johansson and Rasmuson (1998) drying of woody
biomass at higher temperature to make it aerobically stable,
as well as for pelleting results in emission of wood extractives
and volatile organic compounds (VOC). These emissions are
serious concern for humans and the environment. According
to (Granström, 2005) these emissions result in formation of
photo-oxidants, which are harmful to humans if they inhale
(impact sensitive parts of the lungs) as well as disturb photo-
synthesis, thereby damaging forests and crops.

One way to reduce the high drying costs in pellet produc-
tion process is to pellet biomass at high moisture contents and
then dry the high-moisture pellets using low capital and low
temperature drying methods like grain or belt dryer. Studies on
pelleting corn stover, ammonia fiber explosion pretreated corn
stover, and municipal solid waste at high-moisture content of
about >20% (w.b.) in a flat die and ring die pellet mill indicated
that good quality pellets, in terms of density and durability,
can be produced (Tumuluru, 2014, 2015; Bonner et al., 2016).
The high-moisture pelleting process (Fig. 3) replaces rotary
dryer at the front end by using grain or belt dryer at the back
end. Steam conditioning of biomass in conventional process
is replaced with short preheating step in the high-moisture
pelleting process. Some of the moisture in the biomass is lost
due to frictional heat developed in the die due to compres-
sion and extrusion. According to Tumuluru (2014, 2015) and
Tumuluru et al. (2016b) the biomass moisture content reduces
by about 5–10% (w.b.) based on the process conditions selected.
The high-moisture pellets can be dried more  efficiently using
grain or belt dryers, which operate at a lower temperature
of <90 ◦C (Hellevang, 2013). Techno-economic analysis con-
ducted by Lamers et al. (2015) indicated that in high-moisture
pelleting the energy consumption decreases by about 40%
compared to the conventional method. According to Lamers
et al. (2015), one of the main reasons for reduction of energy is
due to replacing the rotary dryer with a gain dryer. The require-
ment of ultra-high air temperature in rotary dryers keeps the
drying cost higher when compared to crossflow or mixed flow
grain dryers. Grain dryers, which are used to dry the agricul-
tural products, operate between 32 and 90 ◦C, where the drying

temperature is selected based on the material that is dried
(Hellevang, 2013).
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Biomass Moisture 
content (30, w.b.) 

Stage-1 grinder  (5 0.8 
mm scree n si ze) 

(Energy consumption: 
94.11 kWh/ton) 

Stage-II  gri nder  (4 .8 
mm screen  size) 

(Energy con sumptio n: 
43.21 kWh/ton) 

Pellet  mill   
(Ener gy con sumptio n: 

48.94 kWh/ ton) 

Steam con ditionin g  
(Ener gy con sumptio n: 

30 kWh/ton) 

Rotary dryer (Initi al moisture conte nt 30%, 
(w.b.) to final moisture content 10% (w.b.) 
(Ener gy con sumption:  340.77 kWh/ton) 

Fig. 1 – Energy consumption of various unit operations in conventional wood pelleting process.

Fig. 2 – Schematic of the pelleting process (FAO, 1980).
1.2.  Pelleting  process  variables

The wood pellet physical properties (density and durability)
are dependent on the process variables, that include biomass
feedstock process variables, such as moisture content, parti-
cle size, and composition, and pellet mill process variables,

such as die speed, length-to-diameter ratio of the die, die
diameter, preheating temperature, and steam conditioning.

Fig. 3 – Schematic of a high moisture pelleting p
These variables will influence not only the quality, but also
the specific energy consumption of the pelleting process.
Moisture content of the biomass lowers the glass-transition
temperature, promotes solid-bridge formation, and increases
the contact surface area (Tumuluru et al., 2011). Significant
research has been conducted on pelleting of woody and herba-

ceous biomass at different moisture contents (Stelte, 2011).
In some of the recent studies on pelleting of municipal solid

rocess (adapted from Lamers et al., 2015).
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aste, compost, corn stover and ammonia fibre explosion
retreated corn stover, and woody biomass, higher biomass
oisture content of >25% (w.b.) has been used (Tumuluru,

014; Poddar et al., 2014; Zafari and Kianmehr, 2013; Hoover
t al., 2014). Steam conditioning and preheating of biomass
elps to activate some of the biomass binding components,
uch as lignin, starch, protein, and water soluble carbohy-
rates, which assist in producing good durable pellets. Smith
t al. (1977) indicated increasing the preheating temperature
f the die to 110 ◦C results in reduction in density. Tumuluru

2015) observed similar results, where increasing the moisture
ontent of the ground corn stover and preheating tempera-
ure decreased the density due to expansion of the pellet as
t extrudes the die. Higher preheating temperatures >90 ◦C are
uitable for biomass that have higher protein and starch con-
ent. At these temperatures starch undergoes gelatinization
nd protein denaturation resulting in forming protein starch
omplexes (Hermansson, 1979). The die dimensions (diameter
nd length) affect several components, such as, the amount of
aterial that can be pelleted, the quality of the pelleted mate-

ial, and the energy required for compression and extrusion.

.3.  Pellet  physical  properties  and  specific  energy
onsumption

hysical properties of raw biomass and pellets are impor-
ant to design processing, storage, and handling equipment
sed in biorefineries. Moisture content, density (unit, bulk
nd tapped), and durability are key quality attributes for fuel
ellets. Moisture content of the pellets is important for safe
torage and efficient transportation. Higher moisture content
>15%, w.b.) in the pellets can lead to spoilage during storage
ue to microbial decomposition, adversely very low moisture
f <3% results in low durability and leads to producing more
ellet crumbles. These pellet crumbles generate more  fines
uring storage and transportation (Tumuluru et al., 2010a).
oth scenarios will result in loss of revenue for the pellet man-
facturers. Unit, bulk, and tapped densities are important for
torage and transportation. For long-distance transportation,
ellets with higher packing density is preferred. Expansion
atio is an important index measured for extrudates pre-
ared from high-moisture biomass. It is the ratio of diameter
f the pellet extruded to diameter of the die. There is an

nverse relationship between the expansion ratio to density of
he extruded pellet (Tumuluru, 2015). Durability indicates the
ntegrity of the pellets during storage and transportation. In
ddition, it can be defined as the ability of the pellets to with-
tand the abrasive, impact, and frictional resistances during
andling, storage, and transportation. The higher the durabil-

ty of pellets, the greater resistance the pellets have to impact
nd shear forces. Higher pellet durability is desirable as it helps
he pellets to retain size and shape without any breakage dur-
ng storage and transportation.

According to Reed et al. (1980) specific energy consump-
ion of the pelleting process depends on pellet mill process
arameters (length to diameter ratio of the die, die diam-
ter, rotational speed of the die, and feed rate), processing
arameters (temperature and pressure), feedstock parame-
ers (moisture content, particle size, and distribution), and
iomass chemical composition (starch, protein, lignin fat,
axes, and other lignocellulosic components). In general,

ow-moisture materials require smaller die diameters and

ower rotational speeds, whereas for wet and sticky biomass,
arger pellet dies and higher die speeds are desirable. Biomass
composition contributes significantly to the quality of den-
sified materials (Tumuluru, 2015). The natural binding of
biomass particles during pelleting is due to presence of
biomass components, such as, protein, starch, and lignin.

Biomass has micro (organics and inorganics) and macro-
molecular (cellulose, hemicellulose, protein, starch and lignin)
composition. During pelleting the process heat developed in
the die and pressure bring changes in biomass composition,
such as protein, starch, and lignin. Also, the presence of
moisture and heat during pelleting makes some of the water
soluble carbohydrates act as binder. Lignocellulosic biomass,
such as woody biomass has higher lignin (about 25–30%)
compared to agricultural straws and crop residues (14–17%).
Commercial binders are generally used in pelleting if the
biomass has lower binding components. Typically for pellet-
ing woody biomass, binders are not needed as they are high in
lignin content. During pelleting, glass transition temperature
of biomass components, such as, lignin, waxes, protein, and
starch, change due to temperature and pressure experienced
by the biomass. The change in glass transition temperature
of these biomass components make them take an active part
in the binding process. Natural and commercial binders, such
as starch and lignosulphonate or bentonites are used when
biomasses have lower binding components and also to reduce
the pelleting energy. Adding 2 and 4% corn starch binder
to high-moisture corn stover grind resulted in reduction of
specific energy consumption by about 30–40% and increased
the durability of the pellets to >99% (Tumuluru et al., 2016b).
The specific energy reduction by approximately 20–40% using
binder can outweigh the cost of the binder, which is used in
small quantities and in turn can have a significant impact on
the cost of pellet production process. In addition, corn starch is
less costly compared to other commercial pellet binders. Also,
these authors have suggested starch based by-products from
food processing industries can also be used for pellet produc-
tion process. Scanning electron microscope is commonly used
to understand the structural changes and composition mod-
ifications due to temperature and pressure experienced by
the biomass during pelleting (Tumuluru, 2014). This results in
some of the biomass components, such as protein and starch
to become plasticized and the lignin to soften.

1.4.  Objective

Numerous studies were conducted by researchers to under-
stand the effect of feedstock variables, such as, biomass
moisture content, particle size, and densification process vari-
ables, such as, die rotational speed, preheating temperature,
die diameter, length-to-diameter ratio of the die, and steam
conditioning on the quality of the densified products (Holm
et al., 2006; Tabil and Sokhansanj, 1996; Mani et al., 2006; Li and
Liu, 2000; Tumuluru et al., 2010b, 2015b, 2015c; Ndiema et al.,
2002; Zafari and Kianmehr, 2013; Tumuluru, 2014; Poddar et al.,
2014; Hoover et al., 2014; Pace, 2015; Kaliyan and Morey, 2009;
Stelte, 2011; Winter, 1981; Yancey et al., 2013; Zhang and Guo,
2014; Mani et al., 2002, 2004; Al-Widyan et al., 2002; Tumuluru,
2015). To understand the effect of moisture content of the
biomass on the quality (density and durability) of the pel-
lets or briquettes, the researchers have adjusted the moisture
content of the ground woody and herbaceous and chemically
pre-treated biomass over a wide range (10–45%, w.b.) by adding
additional moisture.
Aim of the research is to see the technical feasibility
of pelleting lodgepole pine (LPP) grind biomass at higher
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Fig. 4 – Flat-die pellet mill developed at Idaho National Laboratory (adapted from Tumuluru, 2014; Hoover et al., 2014).
moisture content of ≥33% (w.b.). In the present study 4.8-
mm dried ground woody biomass was pelleted by adjusting
the moisture content between 33–39% (w.b), die speed of
40–60 Hz, and preheating temperatures of 30–90 ◦C. Experi-
ments were conducted based on Box–Behnken experimental
design. The pellets produced at different experimental con-
ditions were evaluated for quality attributes, such as, pellet
moisture content, unit, bulk and tapped density, expansion
ratio, and durability. Also, the power data was recorded for
each experimental run to calculate the specific energy con-
sumption of the process. Response surface models and plots
were developed using the experimental data to understand
the interactive effect of process variable on the pellet quality
and specific energy consumption.

2.  Materials  and  methods

2.1.  Biomass

Lodgepole pine was harvested from Fremont County, Idaho –
Island Park Area. The wood chips were first ground in stage-
1 grinder (Vermmer HG 200 grinder) fitted with a 30.8-mm
screen. The ground material was dried in a rotary drum dryer
to 10% (w.b.) moisture content. The dried material was further
ground using Bliss Hammermill (Bliss Eliminator Hammer
mill, Model E-4424-TF, manufactured by Bliss Industries, Ponca
City, OK, USA) fitted with a 4.8-mm screen. The ground sam-
ples were measured for moisture content and were further
stored in air-tight containers.

2.2.  Laboratory  scale  pellet  mill

Tumuluru (2014, 2015), Hoover et al. (2014) and Tumuluru et al.
(2016b) have discussed in detail the ECO-10 pellet mill configu-
ration used in the present research (Fig. 4). The pellet mill was
equipped with a 10-HP, 460-volt, 3-phase motor. The pellet mill

was also provided with a hopper for holding the biomass and a
screw feeder for feeding it into the pellet mill. The hopper and
screw feeder are provided with flexible tape heaters, temper-
ature controllers, and thermocouples to preheat the biomass
to desired temperatures. The pellet mill die and feeder are
equipped with a variable frequency drive to control the rota-
tional speed die and regulate the feed rate to the pellet mill. A
horizontal pellet cooler was furnished to cool the warm pel-
lets coming out of the pellet die. Pellet mill motor RPM was
1750 at 60 Hz and with an 98.04-mm-diameter motor pulley.
The diameter of the pulley provided for the pellet mill die was
450.85 mm.  The revolutions per minute (RPM) calculated for
the pellet mill die using Eq. (1) is 380 at 60 Hz.

D1N1 = D2N2 (1)

where D1 is the diameter of the motor pulley, N1 is the rpm
of the pellet mill motor, D2 is the diameter of the pellet mill
pulley, and N2 is the rpm of the pellet mill die. Power meter was
provided to the pellet mill to record the power consumption
during pelleting.

2.3.  Experimental  conditions

The process variables tested in the present study are mois-
ture content of the lodgepole pine grind (33–39%, w.b.),
die rotational speed (40–60 Hz), and preheating temperature
(30–90 ◦C). All pelleting experiments were conducted using 4.8-
mm screen size grind lodgepole pine (LPP) material using an
8-mm pellet mill die with a length to diameter (L/D) ratio of 2.6.
Box and Behnken design was used to generate the experimen-
tal data for the physical properties of the pellets produced and
energy consumption. The lower and upper limits and coded
levels of the process variables are given in Table 1.

2.4.  High-moisture  pelleting  process  (HMPP)
The process flow diagram for making pellets using mois-
ture adjusted 4.8-mm lodgepole pine (LPP) grind is given
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Table 1 – Experimental conditions tested for pelleting
high moisture lodgepole pine grind.

Pelleting process
variables

Experimental limits

Coded levels

−1 0 +1

Moisture content of
lodgepole pine grind
(%, w.b.) (x1)

33  36 39

Die speed (Hz) (x2) 40 50 60
Preheating temperature

(◦C) (x3)
30  60 90
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Fig. 6 – Diametrical and longitudinal section of the single
pellet.
ig. 5. About 2 kg of ground LPP with calculated amounts of
ater was mixed in a ribbon blender (Model: RB 500, Col-
rado Mill Equipment, Canon City, CO, USA), to adjust the
oisture content to desired levels based on the experimen-

al design (Table 1). The moisture-adjusted LPP grind biomass
as stored in a cooler set at 4 ◦C to allow moisture to equi-

ibrate so that it attains stable moisture level. In the present
tudy, a lower storage temperature was selected to prevent
ny material degradation during storage due to high mois-
ure in the biomass. On the day of pelleting, the material was
eft at room temperature for a couple of hours to allow the
iomass to reach room temperature. This material was loaded

nto the feeder hopper of the pellet mill where it was pre-
eated at different temperatures (30, 60, and 90 ◦C) for very
hort durations (about 2–3 min). The preheated biomass was
ontinuously fed further into the pellet mill using the screw
eeder (Tumuluru, 2014, 2015). The high-moisture pellets pro-
uced were further cooled using the horizontal cooler. The
oisture content of the high-moisture pellets were measured

fter cooling to determine how much moisture was lost dur-
ng compression and extrusion process in a pellet mill and
uring cooling. As the moisture content of the cooled pellets
ere found to be high, the pellets were dried in a mechanical

ven at 70 ◦C for about 3–4 h to reduce the moisture content
o about 7–9% (w.b.) (Tumuluru, 2015). These dried LPP pellets
ere immediately analyzed for physical properties, including
ellet diameter, unit, bulk, and tapped density, and durability

ased on standard procedures.

Fig. 5 – Process flow diagram for making pellets
2.5.  Procedures  for  pellet  properties  measurement

American Society of Agricultural and Biological Engineers
(ASABE, 2007) Standard S269.4 is used to measure the pellet
moisture content, density, and durability. A small quantity
of high-moisture pellet sample (about 25 g) was dried in a
mechanical oven at 105 ◦C for 24 h to measure the moisture
content of the pellet sample. Moisture measurements were
performed in triplicates on both high-moisture and dried pel-
lets.

Unit density of the dried pellet was measured by mea-
suring the length, diameter, and weight of individual pellets.
Ten dried pellets from the sample were selected randomly.
The two ends of dried single pellet were smoothed with
sand paper. Pellet length and diameter were measured using
Vernier Calipers (Fig. 6). The mass of the pellet was measured
on a balance with 0.001 g precision. Unit density is measured
by dividing mass of an individual pellet by its volume. The
reported values are an average of 10 measurements.

Bulk density and durability of dried pellets produced
was determined based on ASABE Standard S269.4 (2007). A
cylindrical container with an H/D (155 mm/120 mm)  ratio of
1.29 was used in this study. The dried pellet samples were
poured into the cylindrical container. The excess material was
removed  by striking a straight edge across the top and then the
container is weighed again. In the case of tapped density, the
loosely filled container was tapped on the laboratory bench
five times and was filled again with biomass and then weighed.
Bulk and tapped density was calculated by dividing the weight
of the pellets over the container volume. The reported values

are an average of four measurements.

 using high moisture lodgepole pine grind.
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pelle
Fig. 7 – Schematic showing expansion of the high moisture 

Expansion ratio of the pellets is the ratio of diameter of
the pellet to diameter of the die. It is calculated using Eq. (2).
Schematic of the expansion of the pellet during compression
and extrusion in a flat die pellet mill is indicated in Fig. 7.

Expansion ratio (ER) = D2

d2
(2)

where D is the diameter of the pellet (mm)  and d is the diam-
eter of the die (mm).  The reported values are an average of 10
measurements.

Durability of pellets was determined by tumbling the pellet
sample at 50 rpm for 10 min  in a dust-tight enclosure. About
500 g of pellets produced were sieved and placed in each com-
partment of the tumbler. After tumbling for 10 min, the sample
was removed and sieved using 6.7-mm screen (ASABE, 2007).
Pellet durability is calculated using Eq. (3). The data presented
is an average of three measurements.

Durability = Mass of pellets after tumbling
Mass of pellets before tumbling

× 100 (3)

Scanning electron microscope of the pellets was taken
using JEOL JCM-5000 NeoScope in a high-vacuum mode (JEOL;
Arvada, CO, USA). The LPP pellet samples were dried to low-
moisture contents (w.b.) in a laboratory oven set at 40 ◦C
for 24 h. Micrographs were taken for the pelleted samples to
understand the structural changes in the biomass (Ray et al.,
2013; Tumuluru, 2014).

The APT power monitor meter was connected to the pel-
let mill to record the power in kilowatts. The power data was
logged into the computer using LabVIEW software. Specific
energy consumption is calculated by subtracting the no-load
kW from the full-load power Eq. (4). The no-load power at dif-

ferent die rotational speeds (40, 50, and 60 Hz) was recorded
by running the pellet mill empty. Specific energy for pelleting
was calculated for steady-state pellet production, where the
initial pellet mill start up time was avoided.
t during compression and extrusion in a flat die pellet mill.

Specific energy consumption

= (Full load power (kW) − No load power (kW)) × time (h)
Weight of biomass processed (kg)

= kW h
kg

(4)

2.6.  Data  analysis

Experimental data collected based on Box–Behnken experi-
mental design was used to develop the second-order response
model Eq. (5). Where xi and xj are the coded independent
variables, y is the dependent variable, b0, bi, bj are equation
constants, n is the number of independent variables, and ∈ is
an unobservable error. Response surface models were further
used to develop the surface plots to understand interaction
effect of the process variables (moisture content of the LPP
grind (x1), die speed (x2), and preheating temperature (x3))
on the quality attributes (pellet moisture content, unit, bulk
and tapped density, durability, expansion ratio) and specific
energy consumption. Analysis of variance (ANOVA) is con-
ducted to understand the significance of the linear, quadratic
and interactive terms. Experimental data collected based on
Box–Behnken was further analyzed using Dell Statistica soft-
ware,  version 9.1 (Dell Inc., 2010).

y = b0 +
n∑

i=1

bixi +
n∑

i=1

biix
2
i +

n∑

i=1

n∑

j=1

bijxixj + ε (5)

3.  Results  and  discussion

3.1.  Experimental  results

The initial moisture content of the lodgepole pine (LPP) grind
samples was about 7.54% (w.b.). The bulk density of the sam-

ples at this moisture content is about 240 kg/m3. Table 2
indicates the experimental data generated for the different
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process conditions using Box–Behnken design. Fig. 8 shows
the LPP pellets produced at different process conditions.

The moisture content of the high-moisture pellets pro-
duced was in the range of 19–28% for the different process
conditions tested. Pelleting the LPP grind biomass at both 33
and 39% (w.b.) resulted in decreased moisture in the biomass
by about 8–11% (w.b.) after pelleting and cooling. These find-
ings have corroborated with earlier published literature on
high-moisture pelleting of corn stover (Tumuluru, 2014, 2015;
Tumuluru et al., 2016b).

Unit and bulk density of the pellets is lower at a higher
LPP grind moisture content of 39% (w.b.) and a preheating
temperature of 90 ◦C. Also, lower die speed of 40 Hz resulted
in lowering the density values of the pellets produced. The
observed lower unit, bulk, and tapped density values were
<900, <410, and <476 kg/m3. At moisture content of 33–36%
(w.b.) and a die speed of 50–60 Hz (the maximum unit), bulk
and tapped density observed was >950, >510, and >559 kg/m3.

Lower durability values <95% were observed at lower die
speed of 40 Hz and at different moisture content (33, 36, and
39%, w.b.) of the LPP grind. Durability values of >95% were
observed at die speed >50 Hz, higher preheating temperature
of 90 ◦C, and lower-to-medium moisture content (33–35%, w.b.)
of the LPP grind.

Diameter of the pellet produced was in the range of
8.02–8.05 mm when the moisture content of the LPP grind was
<36%, (w.b.). Highest expansion ratio of 1.12 is observed at
moisture content of 39% (w.b), die speed of 40 Hz, and pre-
heating temperature of >60 ◦C.

In the case of specific energy consumption, higher moisture
content of 39% (w.b.) of the LPP grind and lower die speed of
40 Hz resulted in higher specific energy consumption values
of >180 kW h/ton. Lowering the ground LPP biomass moisture
content to 33% while increasing the die speed to 60 Hz and
preheating temperature to 90 ◦C lowered the specific energy
consumption values to <110 kW h/ton.

Analysis of variance (ANOVA) of the experimental data
indicated that pellet moisture content is influenced by
biomass moisture content of ground LPP at P < 0.001. The
unit, bulk, and tapped density were influence by the mois-
ture content of the LPP grind and die speed at P < 0.01 and
P < 0.05. Durability was influenced by the moisture content of
the ground LPP at P < 0.05, whereas the die speed was the most
significant variables at P < 0.05 influencing the specific energy
consumption.

Response surface models (RSM) developed using the exper-
imental data are given in Table 3. Based on the coefficient to
determination values the models have adequately described
the process with respect to the process variables. Analysis
of the model coefficients indicated that linear and quadratic
terms (x1 and x2

1) of the moisture content of the LPP grind is
highest for pellet moisture content, unit, bulk and tapped den-
sity, durability and specific energy consumption. However, in
the case of expansion ratio, linear term (x1) of the die speed
and the quadratic term (x2

1) of the moisture content of the
LPP grind have the highest coefficient value. In the case of
interactive terms, moisture content of the LPP grind and die
speed (x1x2) have the highest impact on the pellet moisture
content, unit, bulk and tapped density, durability, and spe-
cific energy consumption. However, the interactive terms of
the die speed and preheating temperatures (x2x3) have higher
coefficient values for the expansion ratio. These models were

further used to draw the surface plots to understand the inter-
action effect of the process variables on the quality (pellet
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cond
Fig. 8 – Pellets produced at different process 

moisture content, unit, bulk and tapped density, durability,
expansion ratio) and the specific energy consumption. Using
the response surface models, surface plots were developed
for the different process conditions studied. In this study, the
plots for the statistical significant process variables were pre-
sented to understand the interaction effect of these process
variables on the quality attributes (pellet moisture content,
unit, bulk and tapped density, expansion ratio and durability)
and specific energy consumption.

3.2.  Pellet  moisture  content  (%,  w.b.)

Results from the present study indicated that moisture con-
tent of the lodgepole pine (LPP) grind is reduced by about
8–13% (w.b.) after pelleting and cooling. The resulting pellets
had moisture contents in the range of about 20–28% (w.b.).
At a LPP grind moisture content of 33% (w.b.), die speed of

40 Hz, and preheating temperature of 110 ◦C, the LPP pel-
let moisture content observed is 23–25% (w.b.). By increasing

Table 3 – Response surface models developed for lodgepole pin

Physical property Model 

Bulk density (kg/m3) −3804.57 + 189.4891x1 + 40.948
0.0019917x2

3 − 0.59658x1x2 − 0.1
Durability (%) 25.31375 + 5.02583x1 − 0.521541

0.0005675x2
3 + 0.007417x1x2 + 0.

Pellet moisture content (%, w.b.) 304.5375 − 17.4642x1 + 1.0747x2

0.0100x1x2 + 0.0141x1x3 + 0.002
Unit density (kg/m3) −6482.39 + 354.72x1 + 60.60x2 −

0.4446x1x2 + 0.11756x1x3 + 0.04
Tapped density (kg/m3) −4188.41675 + 205.19666x1 + 46

0.0029540x2
3 − 0.7319166x1x2 − 0

SEC (kW h/ton)-steady state 375.96 − 31.18x1 + 7.73x2 + 4.21
0.061x1x3 − 0.044x2x3

Expansion ratio 1.222 + 0.0055x1 − 0.0217x2 + 0.

0.000050x1x2 − 0.000079x1x3 − 0
itions using high moisture lodgepole grind.

the die speed to 60 Hz, the change in pellet moisture content
is marginal. At a higher LPP grind moisture content of 39%
(w.b.) and preheating temperature of 110 ◦C, the pellet mois-
ture observed is about 28–30% (w.b.). A surface plot (Fig. 9)
was drawn for pellet moisture content, with respect to mois-
ture content of the LPP grind and preheating temperature.
Plot indicated that higher preheating temperature and lower
moisture of the LPP grind reduced LPP pellet moisture. There
is about 8–13% (w.b.) reduction in pellet moisture content for
the different conditions tested. The reduction is mainly due to
frictional heat developed in the die, preheating temperatures,
and further cooling, which results in removal of most of the
surface moisture. The moisture loss during pelleting has cor-
roborated with the earlier observations on high-moisture corn
stover pelleting, where about 5–10% (w.b.) biomass moisture
reduction is observed (Tumuluru, 2014, 2015; Tumuluru et al.,
2016b). These authors reasoned that frictional heat developed

in the die and pressure of extrusion results in moisture flash-
off as the pellets extrude out of the die. In general, moisture

e (LPP) pellet properties and specific energy consumption.

(R2)

12x2 + 3.36945x3 − 2.36944x2
1 − 0.15647x2

2 +
0358x1x3 − 0.0082333x2x3

0.84

6x2 − 0.0994305x3 − 0.080370x2
1 + 0.0021916x2

2 −
002305x1x3 + 0.00136x2x3

0.72

− 0.4174x3 + 0.2540x2
1 − 0.0066x2

2 − 0.0005x2
3 −

9x2x3

0.91

 4.94x3 − 4.938x2
1 − 0.4530x2

2 − 0.0149x2
3 −

367x2x3

0.66

.44579x2 + 3.509813x3 − 2.46046x2
1 − 0.17776866x2

2 −
.12575x1x3 + 0.01727x2x3

0.81

x3 + 0.30x2
1 − 0.193x2

2 − 0.0031x2
3 + 0.357x1x2 − 0.85

0041x3 + 0.000145x2
1 + 0.000272x2

2 + 0.000021x2
3 −

.000072x2x3

0.89
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Fig. 9 – Effect of preheating temperature and moisture
content of lodgepole pine (LPP) grind on pellet moisture
content.
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Fig. 10 – Effect of die speed and moisture content of
lodgepole pine (LPP) grind on unit density.

Fig. 11 – Effect of die speed and moisture content of
lodgepole pine (LPP) grind on bulk density.

Fig. 12 – Effect of die speed and moisture content of
vaporation from surface is more  rapid compared to moisture
iffusion from the granules of the biomass. This might be one
f the reasons for higher moisture loss observed during the
igh-moisture pelleting process. This type of partially dried
roduct (typically called half product) needs to be further dried
o lower moisture using slow air-drying methods. Rapid air-
rying methods can lead to the formation of hard skin (case
ardening), which traps moisture in the center, thus leading
o microbial degradation of the product during storage.

.3.  Unit  bulk  and  tapped  density  (kg/m3)

he highest unit density recorded is about 1050 kg/m3 at a
ower biomass moisture content of 33% (w.b.) with higher
ie speeds of 60 Hz, whereas bulk density values were about
50–560 kg/m3. The changes in unit and bulk density with
espect to preheating, die speed, and moisture content of the
PP grind are significant. Lower to medium moisture content
f the LPP grind and higher die rotational speed maximized
hese properties. Commercial wood pellets have unit and bulk
ensity in the range of 1100 to 1300 kg/m3, and 700–800 kg/m3

Tumuluru et al., 2010a, 2011). Surface plots (Figs. 10–12) drawn
or moisture content of the LPP grind and die speed indi-
ated that higher unit density >1020 kg/m3, bulk density >540,
nd tapped density >600 kg/m3 are observed when the mois-
ure content of the LPP grind is 33% (w.b.) at 60 Hz die speed.
ncreasing the moisture content of the LPP grind to 39% (w.b.)
nd reducing the die speed to 40 Hz significantly reduced the
nit, bulk, and tapped densities to <876, <388, and <452 kg/m3.
hese results have corroborated with our earlier studies on
elleting of high-moisture corn stover (Tumuluru, 2014, 2015),
here higher moisture content (38%, w.b.) of corn stover and

ower die speed reduced the unit, bulk, and tapped density
alues of the corn stover pellets. Preheating temperature also
nfluenced the unit, bulk, and tapped density. Increasing the
reheating temperature to 90 ◦C and moisture content of the
PP grind to 39% (w.b) and decreasing the die speed of 40 Hz

ecreased the unit, bulk, and tapped density values (sur-
ace plots not shown). Many  researchers (Hall and Hall 1968; lodgepole pine (LPP) grind on tapped density.
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values of the pellets are >95%. Increasing the moisture con-
Zhang and Guo, 2014; Mani et al., 2002; Tumuluru et al.,
2015b,c; Tumuluru, 2014, 2015) have indicated that high mois-
ture of the biomass and temperature and pressure associated
with the pelleting and briquetting process results in lateral
and diametrical expansion of the product. This expansion
consequently results in reduced density. Tumuluru (2015)
indicated that bulk density is directly related to diametrical
expansion of the pellet. Biomass composition is also an impor-
tant variable that influences the bulk density of the extruded
pellets. Biomass with higher amounts of protein can results
in more  durable and denser pellets. In cases of lignocellulosic
biomass, the binding during pelleting is mainly due to lignin
mobility. Higher moisture content of the LPP grind, as used in
the present study, might have resulted in the mobility of lignin
molecules (reduce the glass transition temperature) and might
have helped in binding of biomass particles. The lower density
values observed at high-moisture content of ground biomass
can be improved by adding protein and starch-based binders.
Tumuluru et al. (2013) and Shankar and Bandyopadhyay (2004)
in their studies on extrusion of fish and rice flour, indicated
that when protein and starch is extruded at temperature of
100–200 ◦C it undergoes denaturation and gelatinization and
increases the hardness of the extrudates by forming protein-
starch complexes.

3.4.  Expansion  ratio

Expansion ratio is defined as ratio of pellet diameter to die
diameter. In general, food and feed when extruded at low
moisture result in a minimal expansion ratio (Shankar and
Bandyopadhyay, 2005; Oke et al., 2013; Filli et al., 2013). Typ-
ically, pellets made at biomass moisture content of 10–12%
(w.b.) have lower expansion ratio values (≤1.0). In the present
study, LPP pellets made at a higher moisture content of ≥33%
(w.b.) resulted in expansion ratio values of >1.0. At 33% (w.b.) of
the moisture content of the LPP grind and a die speed of 40 Hz,
the expansion ratio values observed were >1.06, whereas
increasing the moisture content to 39% (w.b.) increased the
expansion ratio to 1.12. Another important variable that influ-
enced the expansion ratio was preheating temperature. Fig. 13
is the surface plot drawn for preheating temperature to mois-

ture content of the LPP grind. At 33% (w.b.) moisture content of
the grind and a 30 ◦C preheating temperature, the expansion

Fig. 13 – Effect of preheating temperature and moisture
content of lodgepole pine (LPP) grind on expansion ratio.
ratio is about 1.03. However, increasing both the preheating
temperature to 90 ◦C and the moisture content of the LPP
grinds to 39% (w.b.) increased the expansion ratio to >1.09.
The additional two surface plots (not shown) were drawn for
the die speed and the moisture content of the LPP grind, and
for the die speed and the preheating temperature. These sur-
face plots indicated the same trend, where expansion ratio
values were maximized at a lower die speed, a higher pre-
heating and higher moisture content of the LPP grind. The
main reason for a higher expansion ratio at a higher moisture
content of the LPP grind and higher preheating temperature
can be attributed to moisture flash-off as the pellet extrudes
out of the die. This can be due to material under high pres-
sure and temperature when expelled through a constricted die
expands when it comes in contact with ambient pressure and
temperature and cool rapidly through water flash-off (Fellows,
2009).

3.5.  Durability  (%)

Durability values are measured to understand the strength
of the pellets to withstand impact and shear resistances
during storage, handling, and transportation (Tumuluru et al.,
2010a). The needed durability value for pellets is based on
the distance it has to be transported. Pellets that have to be
transported to longer distances need to have higher durability
values of >97.5%, whereas for short distance transportation
lower durability values of <95% and <90% may be sufficient.
Pellet Fuel Institute (PFI), USA has graded the pellets into
premium, standard, and utility based on the durability and
density values (Tumuluru et al., 2010a). According to Euro-
pean standard (CEN) for international transport the expected
durability value is >97.5. Lower durability pellets break during
storage and transportation and create fines that can result in
safety issues, such as, spontaneous combustion and higher
off-gas emissions, and can also result in revenue loss for the
pellet producers (Tumuluru et al., 2010a). The surface plot
in Fig. 14, drawn for the durability values, indicated that at
a moisture content of the LPP grind in the range of 33–35%
(w.b.) and preheating temperatures of 30–60 ◦C, the durability
tent of the LPP grind to >37% (w.b.) significantly reduced the

Fig. 14 – Effect of preheating temperature and moisture
content of lodgepole pine (LPP) grind on durability.
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Fig. 15 – Effect of die speed and preheating temperature on
specific energy consumption.
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urability values to <93.6%. Many  researchers have observed
hat increasing the preheating temperature and reducing the

oisture of the biomass can increase the durability values
f the densified products, such as, pellets and briquettes

Tumuluru, 2014, 2015; Koullas and Koukios, 1987; Zhang
nd Guo, 2014). Typically, higher temperatures and moisture
ontents associated with the pelleting process activate some
f the biomass components, such as, lignin (glass transition),
rotein (denaturation), and starch (gelatinization), these act
s natural binders to bind the biomass grinds.

.6.  Specific  energy  consumption  (kW  h/ton)

he process variables, such as moisture content of the ground
iomass, die dimensions, biomass composition, feeding rate,
nd die rotational speed have a great impact on the pelleting
nergy consumption (Tumuluru et al., 2011). A surface plot
Fig. 15) for the specific energy consumption was drawn for
reheating temperature and die speed. It is clear from the
lot that increasing the die speed to 60 Hz and the preheating
emperature to 90 ◦C reduced the specific energy consump-
ion to <116 kW h/ton. At 39% (w.b.) moisture content of the
PP grind, die speed of 40 Hz, and preheating temperature
f <70 ◦C the specific energy consumption increased to about
25 kW h/ton (figure not shown). At 39% (w.b.) moisture con-
ent of the LPP grind, to produce good pellets with less fines,
he feeding rate was lowered. However, lowering the feed-
ng rate at higher moisture content resulted in a reduced
hroughput and increased the specific energy consumption.
ne way to increase the throughput of the pellet mill at
igher biomass moisture contents can be the addition of
inders to help improve the pellet properties, the through-
ut and to reduce specific energy consumption. Recent studies
y Tumuluru et al. (2016b) on the pelleting of high-moisture
orn stover using a cornstarch binder (2 and 4% by weight)
esulted in increasing the throughput and lowering the spe-
ific energy consumption by 20–40%. The surface plot drawn
etween the die speed and the preheating temperature for
pecific energy consumption indicated that lower die speed
nd higher preheating temperature increased the specific
nergy consumption values to >200 kW h/ton, whereas higher
ie speed and higher preheating temperatures reduced the

pecific energy consumption values to <116 kW h/ton.
3.7.  Scanning  electron  microscope

The scanning electron microscope photograph was used to
understand the structural changes in the LPP pellets produced
at 33 and 39% (w.b.) moisture content of LPP grind (Fig. 16a
and b). Lignin distribution is clearly visible in both the pho-
tographs. Cross-linking and agglomerating the lignin due to
lowering the glass transition temperature at higher moisture
content of the LPP grind might be one of the reasons for
lignin distribution. In general, higher moisture content in the
biomass results in higher mobility of the lignin molecules.
Also, temperature and pressure associated in the pelleting
process helps lignin to take active part in the cross-linking
with the other biomass components. Furthermore, in Fig. 16(a
and b) it indicates a network of holes after solidification at
ambient temperature that might explain the expansion of the
LPP pellet as it extrudes the die. The sudden drop of pressure
and vaporization of entrapped water results in porous and
fibrous product. The number of holes observed are higher at
a moisture content of 39% (w.b.) compared to 33% (w.b.). Also,
when pellet extrudes out of the die, lignin embedded in the
hemicellulose matrix quickly solidifies and retains a partially
open-celled structure. The temperature and pressure associ-
ated with pelleting might have resulted in getting the fiber
strands cemented with lignin material, which could lead to
cross-linking.

3.8.  Comparison  of  pellets  physical  properties  with
international  pellet  quality  standards

Table 4 indicates the comparison of the physical properties
of the pellets produced with respect to European wood pel-
let standards. It is clear from Table 4 that the pellet produced
using lower moisture or conventional pelleting process met
the highest durability and bulk density standards (>97.5%
and >700 kg/m3), established by Pellet Fuel Institute and CEN
(European Standard). In the case of pellets produced by the
high-moisture pelleting process, there are process conditions,
such as, the LPP grind moisture content (33–36% (w.b.), die
speed of 50–60 Hz and preheating temperature of 60–90 ◦C that
can help to meet the different durability standard (>95% and
>90%) established by PFI and CEN. According to CEN, it is rec-
ommended to state the bulk density values when trading in
volume basis, whereas PFI has established the values needed
to meet the different grades. For utility grade, the bulk density
values established should be in the range of 576–736 kg/m3.
Some of the process conditions (moisture content of the LPP
grind (33%, w.b.), die speed of 50–60 Hz and preheating tem-
perature of 60–90 ◦C) resulted in bulk density in the range
of 552–562 kg/m3. These values are very close to lower limits
of bulk density value established by PFI for utility grade pel-
lets. These bulk density values can be influenced by changing
the length-to-diameter ratio (L/D) of the pellet die. The pellet
diameter and length produced using this process has met  the
CEN standards established. However, in the case of PFI stan-
dards the diameter of the pellet did not match due to using
an 8-mm die in this current study, but this diameter standard
can be met  using a 6-mm die in the flat pellet mill.

This study has helped to produce pellets with various den-
sities and durability’s that can be suitable for short-distance
transportation scenarios. The pellets that need to be trans-
ported for shorter distances do not need to meet the highest

standard established for international transport. Also, the cur-
rent transportation cost savings by using pellets produced
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Fig. 16 – (a and b) Scanning electron microscope photograph

by the conventional process does not totally offset the costs
associated with the conventional pelleting process (size reduc-
tion, drying, and densification) for all transportation distances
(Schill, 2014). The high-moisture pelleting process that was
tested in this present study can reduce the pelleting cost and
can make pelleting of woody and herbaceous biomass a viable
option for different transportation distances.

According to Schill (2014) the cost of pelleting may be
favourable if additional advantages are quantified, such as,
handling and storage benefits. Additionally, as the pellets
pack the same weight in less than 1/4th of the volume, it

reduces the storage footprint. Compared to high-moisture
wood chips and herbaceous biomass bales, pellets that are
ellets made from high moisture lodgepole pine (LPP) grind.

low in moisture can be stored for longer durations without any
microbial degradation and spontaneous combustion issues.

Tumuluru et al. (2011) indicated that densification of
biomass is critical to improving the handling and convey-
ing efficiencies throughout the supply system and biorefinery
infeed. Currently, biorefineries are experiencing challenges
in storage, feeding, handling, and transportation of ground
raw biomass. Also, variable moisture (high and low moisture)
and less flowable formats of biomass aggravate these limita-
tions. Some of the common problems associated with the raw
biomass are bridging of the particles, which leads to uneven

discharge from the silos and jamming of the conveyors, result-
ing in inconsistent feeding to reactors. These issues are greatly



chemical engineering research and design 1 1 0 ( 2 0 1 6 ) 82–97 95

Table 4 – Comparison of pellet properties made from conventional and high moisture pelleting process with European
Solid Fuel Standard (CEN) and Pellet Fuel Institute (PFI).

Physical property Normative Informative

Moisture content
(%, w.b.)

Durability (%) Diameter (mm) Bulk density (kg/m3) Unit density
(kg/m3)

CEN standard (Tumuluru
et al., 2010a)

M10 ≤10% DU97.5 ≥97.5
DU95.0 ≥95.0
DU90.0 ≥90.0

D06: < 6 ± 0.5 mm and L < 5 D
D08: < 8 ± 0.5 mm and L < 4 D
D10: < 10 ± 0.5 mm and L < 4 D
D12: < 12 ± 0.5 mm and L < 4 D
D25: < 25 ± 0.5 mm and L < 4 D

Recommended to be
stated if traded by
volume basis

Pellet Fuel Institute (utility
standard) Tumuluru et al.
(2010a)

≤10 >95 6.35–7.25 576–736

Conventional wood pellets
(Yancey et al., 2013;
Tumuluru et al., 2010a)

<8 ≥97.5 6 700–750 1150–1200

High moisture lodgepole pine <8  ≥90.0 8.12–8.45 368–562 887–1092
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wood pellets (this study) ≥95.0

ependent on the feedstock moisture content and particle
ize. Also, high-moisture woody and herbaceous biomass are
ot considered by biorefineries for fuel production mainly
ue to high preprocessing costs (Searcy et al., 2015). Pellets
roduced using the high-moisture pelleting process can help
vercome the cost and quality issues as they have an uni-
orm size and shape characteristics and low-moisture content.
ellets can also be stored more  efficiently (storage footprint
educes by about 2–4 times compared to baled herbaceous
iomass or wood chips), and low moisture in the pellets helps
o reduce the storage issues that are typically seen in bale and
ood chip storage.

.  Conclusions

rying of woody biomass is the major energy consumer in
ood pellet production process (takes about 70% of the total

nergy). Pelleting woody biomass at high-moisture content of
33% (w.b.) helps to reduce the drying cost, and in turn, the

otal pellet production cost. At a 33% (w.b.) moisture content of
he LPP grind, die speed of 60 Hz and preheating temperature
f (90 ◦C), pellets with the density of 544 kg/m3 and durabil-

ty of 95.69% are produced at a specific energy consumption
f <116 kW h/ton. Increasing the moisture content of the LPP
rind to >36% (w.b.) and preheating temperatures to >60 ◦C
ignificantly decreased the unit, bulk, and tapped density.
oisture content of the LPP grind in the range of 33 to 35%

nd higher die speeds >50 Hz maximized durability of the pel-
ets, whereas at the same moisture content increasing the die
peed to 60 Hz and preheating temperature to 90 ◦C reduced
he specific energy consumption. At higher preheating tem-
eratures of 90 ◦C, some of the woody biomass components

lignin, protein, water soluble carbohydrates, waxes and fatty
cids) may have been activated. This results in stronger bind-
ng and better flow of material in the die, leading to higher
ensity and durability and lowering the specific energy con-
umption. Scanning electron microscope studies indicated
hat lignin mobility resulted in binding at high-moisture
ontent and moisture flash-off during pelleting produced a
etwork of holes, which resulted in a porous product.
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