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A B S T R A C T

This study investigates the effects of press channel length on the quality of wood pellets, focusing on key aspects
such as density, radial porosity distribution, and mechanical stability, both at the time of delivery and during
storage. Wood pellets were produced using press channels with diameter-to-length (D/L) ratios of 1:3, 1:4, and
1:5 to evaluate how variations in die geometry influence pellet quality. Micro-computed tomography (μCT)
analysis indicates that the D/L ratio of the press channel significantly impacts the porosity within the pellets.
Short press channels are associated with great variability in the radial porosity distribution of the wood pellets,
while longer press channels lead to uniformly low porosity over the radius. Furthermore, pellets produced with
longer press channels exhibit a smoother surface with fewer cracks and greater resistance to structural degra-
dation under varying humidity conditions. Although high-density pellets show improved mechanical strength
and recovery potential in humid environments, remaining damage in the form of cracks and alterations in radial
porosity distribution lead to reduced strength compared to their initial state.

1. Introduction

Wood pellets are a climate-friendly alternative to fossil fuels,
providing a high energy density and emitting lower levels of carbon
dioxide [1]. They offer advantages such as easier handling and lower
risks of dust explosion compared to loose wood shavings [2–5].

To ensure resistance to the mechanical loads encountered during
transportation, wood pellets must exhibit high mechanical durability.
Pellets with low mechanical durability tend to break more easily,
resulting in a higher proportion of fines within the bulk. This negatively
impacts their energy density, flow properties, and storage capacity
[6–8]. The durability of wood pellets is typically determined using a
pellet tumbler test, which simulates the mechanical loads during pellet
conveying. According to the DIN EN ISO 17225-2 standard [9], wood
pellets must achieve a durability of 97.5 % to be certified as EN Plus A1,
i.e. they are of the highest quality. Even high-quality pellets can expe-
rience structural and stability changes during extended storage with
fluctuating humidity. Therefore, in this paper correlations between
pelleting conditions, mechanical properties of wood pellets and their
storage stability are established.

1.1. Pelleting process

Previous studies have identified several parameters during the pel-
leting process that affect the quality of wood pellets. Water content and
die temperature during the densification step have a greater impact on
pellet density and durability than wood shaving size [6,8,10–14].
However, an optimal size distribution can also contribute to pellet sta-
bility, whereby the mechanical properties of raw materials and their
particle size distribution play an interrelated role [15,16]. Therefore,
different size distributions are found to be suitable for pelleting of
different biomass sources [4,6,17–19]. A study on wood pellets made
from four different size fractions of pine wood shavings with a maximum
shaving size of 8 mm showed similar energy consumption and similar
pellet density, though pellets from smaller size fractions had a higher
compressive strength [20]. However, some studies report a high pellet
density and pellet stability by setting smaller size ranges. It is assumed to
enable an increased contact area between the particles and improved
binding properties [6,17–19].

Lignin is one of the binding components responsible for maintaining
the final pellet structure and thus final pellet stability [10,21–24]. The
concentration depends on the biomass type used for the pellets.
Increased water content or high die temperature transitions lignin from
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a glassy to a rubbery state, enhancing the flowability of the wood
shavings during pelleting [12,24–26] and leading to reduced energy
consumption and high pellet density. Carone et al. [7] observed that a
high process temperature of about 150 ◦C, a water content of 10 wt.-%
and reduced particle sizes of olive tree pruning residues allow obtaining
pellets with high density during single pelleting tests. The pelleting
pressure was set at 170–180 MPa. The predominant role of temperature
was evident as high density pellets were also obtained with a reduced
pelleting pressure of 70 MPa, while the temperature was maintained at
150 ◦C. Also other studies [27–29] attribute a greater influence of the
temperature than of the pelleting pressure on the final stability of
biomass pellets.

An investigation of wheat and barley straw, corn stover and
switchgrass pellets revealed that a water content of 12 wt.-% and a
reduced hammer mill screen size of 0.8 mm for the raw materials
increased the density of pellets [17]. Stelte et al. [21] found for beech,
spruce and straw pellets that the best stability was achieved at a water
content in the range between 10 and 15 wt.-% and that a water content
of more than 20 wt.-% did not result in stable pellets. The authors
explained this by the possibility that many hydrogen bonds between the
wood polymers are replaced by bonds to water molecules, which re-
duces the strength of the pellet.

In summary, the lubrication effect due to high die temperature and
suitable water content as well as a higher adhesion between smaller
particle have been shown to be crucial for high density and durability
pellets.

These factors and the design of the die determine the required
backpressure in the press channel for continuous pelleting. The back-
pressure is caused in particular by the accumulation of biomass in the
press channel and thus by the friction between the wood shavings and
the die wall leading to higher die temperature [2,6,15,21,30,31]. The
longer the press channel, i.e. the smaller the ratio of diameter-to-length
(D/L) of the press channel, the exponentially higher the back pressure
that must be overcome [15,16]. In another study [32], cattle feed pellets
were produced with dies of different D/L ratios (D/L 1:3, 1:6, and 1:8)
and compared for their stability with a pellet hardness tester. The press
channel with the lowest D/L ratio led to a high specific energy con-
sumption and pellets of high density and hardness.

Pellets that are produced in large-scale flat or ring die presses, where
wood shavings are pressed through an open die with conical inlet
channels, exhibit conically shaped layers. They have higher mechanical
strength compared to pellets from closed die single pelleting tests, which
have transverse layers [33]. Hu et al. [34] studied specific energy con-
sumption during rice straw pelleting using an open die setup, focusing
on countersink angle β, compaction rate, moisture content, and the D/L
ratio of the press channel. They found the lowest energy consumption at
β = 60.5◦, with minimal impact from β compared to other parameters.
Nielsen et al. [30] emphasized that inlet depth (h) and inactive areas in
the press channel must be considered to compare results with large-scale
pelleting plants. Deeper inlets were associated with higher pelleting
force and energy consumption [35]. Additionally, Nielsen et al. [36]
introduced the AR design parameter, relating active, transition, and
inactive areas in the press channel, influencing the steepness of pellet
layer profiles. Layer shape variation was observed, likely due to the non-
continuum behavior of feedstock particles of different sizes.

Using a 3D reconstruction of commercial spruce and mixed pellets
from μCT measurements, Sadeq et al. [37] confirmed that the gaps be-
tween wood shavings in a pellet follow the layer shape. By dis-
tinguishing between total porosity, which takes all pores into account,
and gap porosity, which is the ratio between the volume of the gaps and
the volume of the pellet, the predominant influence of gap porosity on
the stability of the pellet was shown [38]. The higher the gap porosity,
the lower the mechanical strength of the pellets. In the study of Tenorio
et al. [39], variations of the density were shown at the internal level of
pellets made from empty fruit bunches and oil palm fruit mesocarp.
Density variations in radial direction within pellets might occur due to

the radial stress distribution in the press channel, caused by the occur-
ring frictional forces and variations of temperature [14,31].

After biomass shavings have been pressed, it is often observed that
the resulting pellets begin to expand in the opposite direction to the
previous loading direction until a constant volume is reached. This is
known as the spring-back effect and, as a result, the relaxed density of
the pellets is significantly lower than immediately after pressing
[10,17,24,40–45]. This is attributed to the rheological behavior of the
polymer components. The elasticity of polymers such as cellulose,
hemicellulose and lignin causes them to return to their original, unde-
formed structure after compression. If the bond between the particles is
weak, the pellets expand, resulting in a decrease in density [46].
Therefore, an optimum setting of parameters such as a temperature
above the glass transition temperature of the binding components, a
moderate water content, small particle size ranges and high pressing
pressure can help to limit the springback effect. In the case of closed die
single pelleting tests, holding the punch at high pressure for 60 s can also
lead to a reduction in the spring-back effect [17,40,41,47]. As this is not
possible in open-die setups, the pellets are usually cooled after emerging
from the die. The binding components can quickly transition from their
rubbery state back to their glassy state and the pellet structure is
retained [2,48,49]. In summary, previous studies investigated the in-
fluence of process and material conditions with regard to pellet apparent
density and stability. However, to the best of the authors’ knowledge, a
variation of the radial pellet density or porosity obtained by different D/
L ratios of the press channel and its effect on pellet stability has not yet
been investigated.

1.2. Storage effects

During long-term storage or overseas transport, wood pellets are
exposed to fluctuating humidity levels, leading to changes in their water
content. The sorption of water vapor follows the type II isotherms ac-
cording to the van der Waals classification. After the subsequent
desorption of water vapor, a hysteresis is formed, which is assumed to be
a result of the “ink bottle effect” [37,50–54]. Studies have shown that
increased humidity leads to swelling of wood pellets and an increased
surface roughness due to a rising number of surface cracks [37,55–57].
While Hartley and Wood [58] described the relationship between
volumetric swelling and water content with a power law function, others
[59,60] described it with a polynomial of degree 5 or [37] for spruce and
mixed pellets with an initially linear curve and a subsequent exponential
increase when higher water contents are achieved above the saturation
vapor pressure. This shows how strongly wood pellets of different ori-
gins differ from each other in terms of their interaction with water. The
swelling of wood pellets can be attributed to the swelling of the indi-
vidual wood shavings, which occurs as their cell walls absorb water and
consequently increase in volume [37,61,62]. The extent to which pellet
swelling occurs seems to depend on the type of exposure and the cor-
responding water adsorption rate. Setting a relative humidity of over 95
% in a humidity chamber to increase the water content in a shorter time
leads to greater swelling than exposing wood pellets to salt solutions in a
desiccator. Here, the water content increases gently over a longer period
of time, during which the pellet matrix can relax during volumetric
expansion [37,59,60,63].

Deng et al. [55] showed that changes in single pellet density are
associated with a corresponding change in the density and durability of
the pellet bulk.

High humidity can significantly reduce the stability of wood pellets
by softening lignin, with effects intensified at temperatures around 30 ◦C
[10,24–26,38,64]. Compression and bending tests show that pellets with
water content above 10 wt.-% experience decreased strength
[38,56,64–66]. Axial and diametrical compression tests reveal that after
exceeding the proportional stress limit, continuous loading leads to
plastic deformation and failure, though yield points are less clear in
diametrical tests due to ongoing densification [38].
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Wet wood pellets can partially recover their stability upon re-drying,
but often retain increased porosity and gaps between shavings [37,38].
Long-term storage with constantly fluctuating water content increases
porosity and decreases stability, particularly when the saturation vapor
pressure is exceeded.

Controlling environmental conditions such as temperature and hu-
midity during storage is both difficult and ecologically unreasonable. As
a result, the critical water content of 10 wt.-% specified in DIN EN ISO
17225-2 can be exceeded multiple times, leading to significant varia-
tions in the mechanical properties of wood pellets from their initial state.
It is necessary to investigate whether optimizing conditions during the
pelleting process can positively influence the storage stability of wood
pellets. Therefore, in this study, wood shavings of the same origin with
similar water content and size distribution were prepared and densified
with a flat die press using different die geometries with a D/L ratio of 1:3
(diameter 6 mm, length 18 mm), 1:4 (diameter 6 mm, length 24 mm)
and 1:5 (diameter 6 mm, length 30 mm). Subsequently, the obtained
pellets of different densities were analyzed for their mechanical prop-
erties in their initial state and during storage with cyclic humidity
changes.

2. Materials and methods

2.1. Preparation of the wood shavings

The spruce wood shavings were provided by the company Pfeifer
Holz GmbH (Uelzen, Germany). Following a drying process in a belt
dryer, the wood shavings exhibited a water content of 4.5 wt.-%. The
wood shavings had maximum dimensions of 30 mm in length and 8 mm
in width, and a bulk density of 140 kg/m3. The bulk density ρBulk was
derived from the ratio of specimen to the volume it occupies in a cy-
lindrical vessel.

The wood shavings were further processed in cooperation with the
Amandus Kahl GmbH & Co. KG (Reinbek, Germany). Initially, their size
were reduced using a roller mill of type 33–390 equipped with two
rollers, operating at 166 rpm with a roller speed set at 2.28 m/s. After
milling, the wood shavings attained an x50 size of 1218 μm. As their
water content was low at a process temperature of 71 ◦C, the milled
wood shavings were moistened and soaked for 12 h. Before pelleting, the
wood shavings were mixed with water in an MIT turbomixer for 30 s to
achieve the desired water content of approximately 9 wt.-%.

To determine the particle size distribution of the raw wood shav-
ings, sieving was performed for 5 min at 60 % of the maximum ampli-
tude using the Retsch AS200 Control (Retsch Technology, Germany).
For this purpose, sieves with mesh sizes of: 5.6, 4, 2.8, 2.0, 1.6, 1.0, 0.45

and 0.25 mm were selected. Furthermore, the size distribution was
assessed optically using the Camsizer XT (Retsch Technology, Germany)
by analyzing the xc,min, as it correlates with the relevant width for
sieving. The median particle size x50 was obtained by linear interpo-
lation from the particle size distributions. To compare the size of raw
wood shavings with the size of wood shavings in wood pellets, 300 g of
wood pellets were disintegrated in 2 l of distilled water at a temperature
of 80 ◦C and then dried in an oven at 60 ◦C until a water content of about
7 wt.-% was reached. The size of these wood shavings were analyzed
analogously.

The water content (wc) of both wood shavings and pellets was
determined as the percentage of themass of evaporated water (mwater) to
the total mass (mwater + mdry) after subjecting at least 2 g of moist
material to drying at 105 ◦C in a drying oven for 12 h.

wc [wt. − %] =
mwater

mdry +mwater
• 100% (1)

The measurement of the water content was performed in triplicate.

2.2. Pelleting process

The pelleting process was carried out with two rotating steel rollers
in a flat die press of type 14–175 from Amandus Kahl GmbH & Co. KG
(Germany). With a pressure of up to 13 bar, this press can continuously
produce up to 50 kg/h of pellets. At 112 rpm, a roller speed of 0.73 m/s
was set to densify the manually fed wood shavings into pellets. To cut
the pellets emerging from the die, the distance between the cutting blade
and the exit of the die was adjusted to 37 mm.

In order to obtain pellets of different densities, dies that have press
channels with a diameter of 6 mm and differ in their length were chosen
resulting in different diameter (D) to length (L) ratios as illustrated in
Fig. 1. For example, for a D/L ratio of 1:3 (diameter of 6 mm, length of
18 mm), the die type 122,997 was used. For a ratio of 1:4 (diameter of 6
mm, length of 24 mm) and 1:5 (diameter of 6 mm, length of 30 mm), die
types 12,299 and 121,543 respectively were chosen. All press channels
of the dies are cylindrical with an identical conical shaped inlet. The
conical inlets have a countersink angle of 30◦ with a depth of 3.7 mm.
The wood pellets produced accordingly are referred to in this study as
1:3, 1:4 and 1:5 wood pellets.

The die temperature [◦C] was measured with a thermocouple
located in the outer part of the flat die. During the pelleting process, the
average power of the electrical current consumed by the pellet press was
determined. From the difference between the average power during
pelleting and the idle power, the net power was calculated. The specific
energy consumption [kWh/kg] was calculated as the product of the
net power and the process time, normalized by the total mass of wood

Fig. 1. Cross section of press channels of different dimensions used for pelleting 1:3, 1:4 and 1:5 wood pellets.
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shavings used. The throughput [kg/h] was obtained from the mass of
wood pellets exiting the flat die press over time. After pelleting, the
pellets were cooled to ambient temperature.

2.3. Dynamic vapor sorption

Sorption isotherms were determined with the Dynamic Vapor Sorp-
tion (DVS) Resolution apparatus (Surface Measurement Systems Ltd.,
United Kingdom). Wood pellet fractions of about 80 mg were used for
measurement. After an initial drying stage at 20 ◦C at 0 % relative hu-
midity (rh), the rh was increased stepwise by 10 %, when an equilibrium
(dm/dt ≤ 0.001 %/min) was reached. Once the sorption had been
determined at a max. rh of 90 %, a 10 % stepwise decrease of the rh was
performed to investigate desorption behavior. The equilibrium water
content was calculated from the obtained mass at each level of rh using
the eq. (1).

2.4. Conditioning

To enable a good comparison with the findings from literature,
pellets were conditioned in a similar way as described in [37,38]. Prior
to investigation of the mechanical properties of single pellets, their
irregular shaped cut ends were sanded using the Disc Sander BTS700
(Scheppach, Germany) with a sandpaper of a grit size of 80 μm. A
standardized pellet length of 18 ± 2 mm was set to reduce the scatter in
the results of the mechanical tests. During preparation of the wood
pellets, it was observed that compared to 1:4 and 1:5, the 1:3 wood
pellets were difficult to handle due to their tendency to break easily.

Besides the pellet shape, different water contents were adjusted. To
reach a water content of approximately 0.5 wt.-%, wood pellets were
subjected to drying in an oven at 105 ◦C for 24 h. Water contents ranging
between 4 and 12 wt.-% were attained by exposing the pellets to the
desired humidity for seven days in the climate chamber ICH110
(Memmert GmbH& Co. KG, Germany). Values exceeding 12 wt.-% were
obtained by using a self-made climate chamber with an ultrasonic hu-
midifier and fans providing a uniform distribution of the humid air. In
this setup, pellets were conditioned above the saturation vapor pressure
at 20 ◦C. Throughout the process, temperature and humidity were
monitored using two DKRF400 sensors placed in the lower and upper
part of the climate chamber. After conditioning, the pellets were sealed
in separate reaction tubes for seven days to ensure uniform water dis-
tribution within each pellet and to prevent subsequent alterations.
Measurement of the water content at each state was performed as
described in section 2.1.

2.5. Structural properties

The pellet’s apparent density ρapp. was determined by dividing the
mass by its cylindrical volume (VPellet). The volume of the cylindrical
pellet was calculated using the known dimensions (length and diameter)
measured with an outside micrometer according do DIN 863–1 [67]:

VPellet = l⋅
π
4
d2 (2)

The true density ρtrue was obtained by using the helium pycnometer
AccuPyc 1130 (Micromeritics Instrument Corporation, USA).

The total porosity εtotal was calculated by dividing the total void
volume (Vtv) by the volume of the pellet (VPellet), using the following
equation:

εtotal [− ] =
Vtv

VPellet
, (3)

whereby the total void volume of a pellet was determined from sub-
tracting the volume of the pellet from the theoretical volume occupied
by the wood shavings (Vsolids). Vsolids was derived from the ratio of the

pellet mass in its initial dry state and its true density.
In order to characterize wood pellets during storage, the swelling

behavior, changes in density and porosity as well as the degree of
saturation were investigated. 210 wood pellets, consisting of 70 of each
pellet type, were used for this part of the study. The 70 pellets of each
type were divided into seven batches of ten wood pellets. After an initial
drying process in the oven, they were humidified to attain a defined
water content. Different water contents ranging between 0.5 and 15 wt.-
% were set for each batch. Following this, they underwent a re-drying
process as described in section 2.4. After each conditioning step, indi-
vidual wood pellets were evaluated for their diameter and length in
accordance with DIN 863–1 [67], and its mass was measured with an
analytic balance.

Volumetric changes, e.g. volumetric swelling,was then determined
from the ratio of the volume of a conditioned pellet to the volume of its
initial dry state. To assess changes in radial in longitudinal direction,
the pellet diameter and length were used, respectively. The same pro-
cedure was employed for changes in apparent density and total
porosity.

The degree of saturation (S) was calculated by dividing the volume
of water-filled voids by the total void volume (Vtv).

S =
Vwfv

VPellet − Vsolid
=
Vwfv

Vtv
(4)

The volume of water-filled voids (Vwfv) can be approximated theo-
retically by dividing the calculated water mass within the wood pellet,
derived from its water content, from the density of water (998 kg/m3). A
degree of saturation value of 1 signifies that the total void volume is
entirely filled with water, whereas a value of 0 indicates that the total
void volume contains no water.

2.6. Image processing

For determination of the internal pellet structure, x-Ray micro-
computed tomography (μCT) was performed using the μCT 35 from
SCANCO Medical AG (Switzerland). The measurement was run at 177
mA and 45 keV and the spatial resolution of the acquired images was 6
μm. Wood pellets were inserted into separate x-ray-tubes and sealed to
prevent interactions with the ambient air. The measurements were
conducted with wood pellets in their initial dry, wet and re-dried states.

To process the image data, Avizo software (Thermofisher Scientific,
version 2022.1) was used. With that software the gap porosity, i.e. the
ratio between the volume of the detected voids and the volume of the
pellet, could be determined by the following procedure:

In a pre-processing step, unused areas of the image were cropped to
reduce the data size. The orientation of the image was then rotated to
align the longitudinal direction of the pellet with the z-axis. In this way,
the geometry-dependent properties of wood pellets can be analyzed in
the subsequent steps.

To reduce the apparent noise and improve the contrast of the image,
non-local mean filtering was performed (Filtered, Fig. 2). The two ma-
terial phases, wood and air, could be identified as two distributions in
the resulting histogram. The peak with a gray value of approximately
155 represents the wood phase due to the higher density and thus higher
attenuation, the peak with a gray value of approximately 65 represents
the air. Despite non-local mean filtering, the two distributions partially
overlap, which is due to the image noise and the partial volume effect.
To separate the specimen from the background, a threshold was set at
120 to allow a pre-assumption of the wood phase. All gray values below
the threshold were assigned the value zero (air) and all gray values
above the threshold were assigned the value one (wood), resulting in a
binary image (Binarized, Fig. 2). It should be noted that with this
threshold approach, some gray values can be assigned to the wrong
material phase to a certain extent due to the superposition. A systematic
error is therefore correspondingly present. In the next step, a morpho-
logical image processing procedure described by [68] was used. This is
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based on a sequence of “dilatation” and “erosion” steps with an inter-
mediate “remove holes” step to close the voids inside the pellet. This
allows to calculate the total volume of the pellet, as the resulting binary
images show the outline of the wood (Mask, Fig. 2). By differentiating
the binarized image from the pellet mask using the “arithmetic module”,
the outer air was separated from the inner air and the binary image of
the gaps was obtained (Gaps, Fig. 2).

The gap porosity (εgaps) was then calculated from the ratio of the
pores (Vgaps) within the pellet to the volume of the pellet (Vmask):

εgaps [− ] =
Vgaps

Vmask
(5)

It should be noted that due to the limited spatial resolution, pores
smaller than 6 μm are not considered in the gap porosity. To analyze the
radial distribution of the gap porosity, another binary image of a grid
containing subvolumes was created (Grid, Fig. 2). The size of the sub-
volumes within the grid should be as small as possible without affecting
the estimation of the radial porosity. If the subvolumes are too small,
they may contain only wood or pores, resulting in porosity values of
either one or zero, leading to high scattered data. Too large subvolumes
however would mask the local changes, especially the distinction be-
tween cracks on the surface and gaps between wood shavings. To ensure
an adequate amount of data, while avoiding these issues, a size of
70x70x466 was selected for the suvolumes of the grid. The size was
suitable for comparing pellets of great differences in their porosity. The
length of 466 voxels in z direction was selected as it corresponds to the
pellet length and leads to an additional reduction in the scatter, espe-
cially when considering smaller subvolumes at the periphery of the
pellet.

The subtraction of the grid from the mask and the gaps results in the
binary images “gaps subvolumes” and “mask subvolumes”, respectively.
In the next step, all subvolumes of the pellet mask were assigned sepa-
rate labels. Consequently, the gaps within each subvolume were
assigned identical labels. By subtracting the “gaps subvolumes” from the

“mask subvolumes”, subvolumes containing only labels representing
wood phase was obtained (labelled subvolumes, Fig. 2). The porosity of
each wood pellet subvolume εSV can then be determined as follows:

εSV [− ] = 1 −
VLabelled subvolume

VMask subvolume
(6)

With the information about the barycenter x and barycenter y of each
subvolume and the x coordinate (xc) and y coordinate (yc) of the pellet
center, the radial distance (rd) of the subvolumes was determined:

rd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xc)2 + (y − yc)
2

√

(7)

In the analysis of the radial distribution of the gap porosity, the
average porosity within subvolumes located at comparable radial dis-
tances from the center was employed.

One way to estimate the orientation of the gaps is to examine the
curvature of the two ends of the pellets. Such fracture ends are primarily
caused by stresses on the wood pellets and are found at their weakest
points with large gaps between wood shavings. For the μCT measure-
ments, influencing factors such as additional stress and thus changes in
the fracture ends due to transport must be excluded. Therefore, tensile
stress was applied on seven unconditioned wood pellets to divide each of
them into two halves obtaining 14 newly formed fracture ends. Subse-
quently, μCT measurements with a spatial resolution of 18 μm were
performed on the 14 fracture ends (Fig. 3, left). Post-processing was
carried out as previously described. The binarized fracture ends could be
excised from the pellets by performing a line dilation of 10 px in the axial
direction and differentiating the resulting image from the image before
line dilation. In the next step, a binary image of a grid was used to divide
each pellet end into subvolumes, as already done for the determination
of the radial porosity distribution. Each subvolume of the grid had a
voxel size of 70x70x466. To assess the radial change of the height, the
radial distance of each subvolume was determined using their bary-
center x and barycenter y according to eq. (7). The height of the indi-
vidual subvolumes (barycenter z) was normalized to the height of the

Fig. 2. Pellet section after non-local means filter (pellet filtered), binarization (binarized), masking (mask), binarization of the gaps (gaps), partitioning mask (mask
subvolumes) and gaps (gaps subvolume) into subvolumes and creating pellet subvolumes (labelled subvolumes).
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lowest subvolume. As the concave end and the convex end of the two
halves of a pellet are identical, the average value of the height above the
radius was determined from seven distinct convex ends.

2.7. Compression tests

2.7.1. Single wood pellet test
A total of 840 wood pellets (280 wood pellets of each type) were

sanded to a uniform length as previously described. The 280 pellets of
each type were divided into seven batches of 40 wood pellets. One batch
represents the untreated wood pellets with a water content of 6–7 wt.-%.
Three batches were humidified to water contents of approximately 10,
12 and 15 wt.-%, respectively. The remaining three batches were hu-
midified to the same water contents and then re-dried to 6–7 w.-%. Each
batch was further divided into 20 wood pellets for the axial compression
test and 20 wood pellets for the diametrical compression test.

The compression tests were realized by using the Universal Testing
Machine Series 1600 (ATS, USA) and the test speed was set at 0.5 mm/s.
Before compression, the diameter and length of each pellet were
measured according to DIN 863–1 [32]. The proportional stress limit
(σP), strain (ε) and Young’s modulus (E) were determined from the

obtained force-displacement curves.
The proportional stress limit represents the stress at the end of the

linear, elastic region and can be obtained from the corresponding force
(FP) and the load cross-section area (S0) of the pellet as follows:

σP =
FP
S0

(8)

with S0,a = π
4 • d

2
0 for compression in axial direction and S0,d = d0

2 • l0
assumed for compression in diametrical direction. Here, l0 is the length
and d0 is the diameter of the pellet, respectively. The strain was calcu-
lated from the following equation:

εa =
l
l0

(9)

εd =
d
d0

(10)

with εa/d for axial/diametrical compressive strain, l/d as length/diam-
eter of the pellet at the corresponding force and l0/d0 as original length/
diameter of the pellet. The Young’s modulus E can be evaluated as the
slope of the linear part of the stress-strain curve:

E =
Δσ
Δε (11)

3. Results and discussion

3.1. Effect on pelleting parameters

Figure 4 illustrates the process conditions during the pelletization of
pellets produced with press channel D/L ratios of 1:3, 1:4, and 1:5. With
a channel diameter-to-length ratio of 1:3 (diameter = 6 mm / length =

18 mm), a specific energy consumption of 32 kWh/t, a temperature of
88 ◦C and a throughput of 50 kg/h were measured (Table 1). With a
channel length up to 30 mm, a higher specific energy consumption of
104 kWh/t and a temperature of 103 ◦C resulted, while the throughput
decreased to 25 kg/h. Here, the respective process parameters show a
linear relationship with the channel length with R2 = 0.97 for specific
energy consumption, R2 = 0.96 for temperature and R2 = 0.96 for
throughput.

Previous studies have shown that increasing the press channel length
by keeping the diameter constant results in higher friction forces and
higher back pressure towards the die inlet. Therefore, a greater energy

Fig. 3. Image of the binarized pellet ends (top) and illustration of the labelled
subvolumes of a pellet end (bottom).

Fig. 4. Measured process parameters during the pelletization process of 1:3, 1:4
and 1:5 wood pellets.
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input by the roller is required to overcome the back pressure. Conse-
quently, specific energy consumption rises and temperature increases,
while the throughput is reduced with a longer press channel length
(Table 1).

3.2. Effect on pellet structure and stability

The different process parameters resulting from the choice of die
geometry also had a visual effect on the structure of the pellets. It can be
seen that the 1:3 wood pellets retain their cylindrical shape but contain
many cracks on the surface (Fig. 5). A shiny lignin layer, normally
observed on the surface of pellets, was only partially present. During
pelleting, it was also observed that some of the pellets had already
broken off before reaching the cutting blade.

In contrast, the 1:4 pellets did not break off before the cutting blade
and consist of significantly fewer cracks on their surface. The glossy
lignin layer was observed on the surface of all of these pellets. The 1:5
pellets appear to have no visible cracks on their glossy surface. The first
observations show that the choice of a die with a diameter (6 mm) to
length (18 mm) ratio of 1:3 does not result in highly stable wood pellets.
As the water content and particle size distribution of the wood shavings
before pelleting were similar, they can be excluded as a possible reason
for such differences. Since some of the raw wood shavings consisted of
several smaller fragments that are held together by fine wood fibers, a
reduction in wood shaving size during pelleting due to high mechanical
loads was observed. However, the respective pellets 1:3, 1:4 and 1:5
consist of wood shavings with similar sizes (Fig. 6), i.e. the press channel
length has no influence on the extent of comminution. Before pelleting,
the wood shavings had a size of x50.3 = 1218 μm (measured with the
CamsizerXT) and after pelleting it decreased to 460–524 μm for wood

shavings within the pellets 1:3, 1:4 and 1:5.
Since the wood shavings of all three pellet types were identical and

pellets are known to have an open pore network, their true density does
not differ significantly, too (Table 2). The apparent density ρapp. of
1.116 g/cm3 and bulk density ρBulk of 0.62 kg/dm3 of 1:3 pellets are
below the values required for the certificate A1 and B2 according to the
standard DIN EN ISO 17225-2 (Table 2). In terms of these two param-
eters, both 1:4 and 1:5 pellets comply with the EN plus A1 certificate.
Corresponding to a linearly increasing density with a longer press
channel from 18 to 30 mm with R2 = 0.988, the total porosity decreases
linearly with R2 = 0.986. Here, 1:3 pellets have a total porosity of about
25 %, while 1:4 and 1:5 pellets show a total porosity of 22 % and 16 %,
respectively. All the pellet types appear to be heterogeneous and show
large deviations regarding their structural properties. The gap porosity
of 1:4 pellets and 1:5 pellets do not differ to a high extent from each
other, while the measured gap porosity of 1:3 are much higher. The gap
porosity was determined using μCT data from three different wood
pellets of each type (hereinafter referred to as M1, M2 and M3).

Table 1
Measured data from the pelleting process.

Pellet
type

Channel
length

Througput Temperature Specific energy
consumption

[mm] [kg/h] [◦C] [kWh/t]

1:3 18 50 88 32
1:4 24 33 93 78.8
1:5 30 25 103 104

Fig. 5. Images of wood pellets 1:3, 1:4 and 1:5 after pelletization.

Fig. 6. Wood shaving size distribution before pelleting compared to wood
shaving size distribution within pellets 1:3, 1:4 and 1:5 after pelletization.
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Since the wood shavings in all pellets have the same size distribution
and the 1:5 pellets exhibit the highest apparent density, it can be
assumed that 1:5 pellets consist of a higher number of accumulated
wood shavings. Accordingly, a higher number of smaller gaps would
result. However, some of the gaps are not visually apparent in the μCT
images because of their smaller size than the spatial resolution of 6 μm
(Fig. 7). In addition, the 1:5 pellets have a smaller diameter than the 1:4
and 1:3 pellets. It can be concluded that pellets produced under high

stresses and thus higher die temperatures are less prone to relaxation
after the cooling step leading to more gaps remaining in their small sizes.
Nevertheless, it is the larger gaps that represent the greatest weak points
for a pellet during mechanical stress. Sadeq et al. [38] showed that
during a long-term storage under cyclic water content changes, a change
in gap porosity (pores >6 μm) correlates very well with a change in
mechanical strength. In this study, both the distribution of the gap
porosity in the radial direction of a pellet and the U-shape form of the
gaps resulting from the conical inlet during pelleting appear to change as
a function of the press channel length. In the case of 1:3 pellets made
with a channel length of 18 mm, the wood shavings and thus the gaps
seem to be more aligned in the longitudinal direction compared to 1:4
and 1:5 wood pellets (Fig. 7).

The alignment of the gaps was approximated from the analysis of the
alignment of the fracture end of a pellet as described in section 2.4. The
fracture ends result from mechanical stress, especially at the points of a
pellet with larger gaps [38]. From the 3D representation of the convex
fracture ends in Fig. 8, it becomes clear that the lowest point is not al-
ways located in the center of the pellet. The points along the circum-
ference of the pellet vary in their height, too. Compared to studies in
which the shape of the layers was examined using a 2D image, the
analysis of the height over the radius from 3D data results in a larger
standard deviation. These large deviations can be explained by a broad
size distribution of the wood shavings and the dynamic conditions
during pelleting leading to uneven fracture ends.

Despite the large deviation, however, the height over the normalized

Table 2
Physical properties of wood pellets 1:3, 1:4 and 1:5.

Pellet type – 1:3 1:4 1:5

Pellet diameter [mm] 6.25 ± 0.07 6.2 ± 0.09 6.10 ± 0.03
Wood shavings x50,3 [μm] 516 524 460
Water content [wt.-%] 6.41 6.33 6.09
Gap porosity εgaps
M1

[%] 11.68 5.98 5.01

Gap porosity εgaps
M2

[%] 17.87 8.18 4.04

Gap porosity εgaps
M3

[%] 13.16 6.46 3.99

Total porosity εtotal [%] 25.35 ± 2.13 21.81 ± 3.11 16.47 ± 1.57
Apparent density

ρapp.
[g/cm3] 1.160 ±

0.327
1.214 ±

0.484
1.293 ±

0.233

True density ρtrue [g/cm3] 1.456 ±

0.002
1.461 ±

0.002
1.447 ±

0.001

Bulk density ρBulk
[kg/
dm3] 0.62 0.68 0.71

Fig. 7. Longitudinal cross cut of a section of 1:3, 1:4 and 1:5 wood pellet from μCT measurements.

Fig. 8. 3D representation of 1:3 pellet convex end (a) and 1:5 pellet convex end (b).
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radius can be described with a polynomial of second degree (Fig. 9a).
Here, a clearer difference in the height between 1:3, 1:4 and 1:5 pellets
can be observed near the pellet surface.

Dies with a longer press channel are known to lead to a higher wall
friction resulting in higher die temperature and adhesion forces.
Reaching a required minimum temperature in the entire press channel
could also lead to uniform softening of wood and binding components
enabling a better compactibility and thus a more uniform back pressure.
The reduced relaxation of pellets after the cooling step leads to 1:4 and
1:5 pellets exhibiting a uniform density and porosity distribution along
the pellet radius (Fig. 9c and d). In contrast, a high gap porosity in the
center of 1:3 wood pellets can be explained by low accumulation of
particles within the press channel of a length of 18 mm (Fig. 9). Here, a
low temperature in the center of the press channel as described in the
literature [14] may not ensure sufficient softening of the wood compo-
nents resulting in bigger pellets with lower relaxed density. From the
μCT image of the longitudinal cross cut of the 1:3 pellet (black lines in

Fig. 7), it can be seen that higher gap porosity near the pellet surface is
due to cracks propagating towards the center. The wood shavings are
shown in light gray due to their higher density than the gaps consisting
of air (black). A dark gray region in the center of the pellet results from
more single pores between the wood shavings explaining the higher
value of gap porosity in Fig. 9b. In contrast, the 1:4 pellet shows a
smaller difference in gray values along the radial direction, and no dif-
ference can be observed visually for the 1:5 pellet (Fig. 7), which is in
accordance to their uniform gap porosity distribution shown in Fig. 9c,
d. While there are distinct variations in the gap porosity profile across
the radius between different pellet types, there are also noticeable dis-
crepancies in porosity levels among the three measurements of the same
pellet type, likely due to inherent heterogeneity.

After pelleting, high density pellets show a high proportional stress
limit (PSL) σP (Table 3). From the force-displacement data, an initial
longer compression phase was observed for the porous 1:3 pellets than
for the less porous 1:4 and 1:5 pellets. However, the lower proportional

Normalized Radius [-]

Fig. 9. Height of the pellet convex end along the normalized pellet radius (a) and radial distribution of the gap porosity of wood pellet type 1:3 (b), 1:4 (c) and 1:5 (d)
pellets measured three times (M1-M3).
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stress limit in both load directions indicates that the 1:3 pellets are
significantly less stable. In comparison, the stiffness and PSL of 1:4 and
1:5 wood pellets are significantly higher. A linear relationship was found
when considering PSL and the press channel length of the dies used for
the production of the respective pellet types (Table 3). This applies to
both the axial PSL (R2 = 0.987) and the diametrical PSL (R2 = 1). While
diametrical PSL was found to be higher than axial PSL in other studies
[38], only minor difference were observed here. Many influencing fac-
tors, such as the size distribution of the shavings and whether they are
arranged more in the longitudinal or radial direction of the pellets can
lead to these strong differences in the PSL.

The extent to which mechanical properties of the pellets change
during storage with fluctuating relative humidity is discussed in the
following.

3.3. Structure and stability at wet state

The sorption isotherms of wood pellets investigated in this study
follow a sigmoidal shape and correspond to type II isotherms according
to van der Waal, which agrees to the literature. Since the pellets consist
of the same raw material, there are only slight differences in their
sorption isotherms and in the maximum water content. These slight
differences may arise due to the heterogeneity of the wood pellets. A
comparison with sorption isotherms from literature [37,50–54] shows
that the maximum water content of wood pellets from different tree
species can vary greatly. For example, [37] showed that commercial
wood pellets made from spruce and a mixture of softwood and hard-
wood have a water content of around 12 wt.-% at 90 % relative hu-
midity, while the maximum water content of the wood pellets examined
in this study is about 15 wt.-% (Fig. 10). After the subsequent desorption
of water vapor, a hysteresis, which is assumed to be the result of the “ink
bottle effect”, is formed.

It has been reported that spruce and mixed pellets swell only
moderately in the longitudinal direction with increasing water content.

In comparison, a larger percentage increase in pellet length and there-
fore pellet volume was observed for the wood pellets in this study. The
higher swelling in the longitudinal and radial direction at a water con-
tent of 12.5 wt.-% leads to a volume increase of about 20–30 % (Fig. 10),
while in [37] a volume increase of about 15 % was reported for spruce
and mixed pellets. Additionally, in contrast to their linear increase in
volume up to a water content of 12 wt.-%, an exponential trend can be
seen for 1:3, 1:4 and 1:5 wood pellets.

Although the initial density and stability of the wood pellets in this
study are within the range of some untreated wood pellets from litera-
ture, they can undergo a significantly greater change in structure during
storage at high humidity. The varying behavior of the wood pellets may
be attributed to the origin of the wood shavings as well as material and
process conditions during pelleting. The wood pellets in this study were
produced using a flat die press, while the commercial spruce and mixed
pellets from [37] were produced with a ring die press. Further infor-
mation about their pelleting conditions were not available in the liter-
ature. However, a common characteristic of wood pellets is their
excessive volume enlargement when the saturation vapor pressure is
exceeded by using the ultrasonic humidifier in the climate chamber.
Here, a resulting higher water absorption rate leads to a water content of
>12 wt.-% and greater structural damage to the wood pellets. The
greater damage showed up in a visibly higher number of wider and
deeper cracks on the pellet surface. Thus, the change in apparent pellet
density, degree of saturation (Fig. 11) and total porosity (Fig. 13a) is
consistent with the findings of previous studies. An initial increase in
pellet density and degree of saturation occurs as water is adsorbed by the
wood shavings. However, exceeding the saturation vapor pressure and
the associated excessive swelling of the pellet results in smaller pro-
portion of voids filled with water. As a consequence, the apparent pellet
density and degree of saturation drop from a water content of >12 wt.-
%. On the other hand, the total porosity increases continuously due to
the enlarged pores of the swollen wood shavings and the growing cracks
(Fig. 13a). The degree of saturation shows a distinct contrast between

Fig. 10. Sorption isotherms (a) and swelling characteristics (b) of wood pellets 1:3, 1:4 and 1:5 with increasing water content.

Table 3
Mechanical stability of wood pellets 1:3, 1:4 and 1:5.

Wood pellet Axial PSL σP Young’s Modulus E (axial) Diametral PSL σP Young’s Modulus E (diametral)

[MPa] [MPa] [MPa] [MPa]

1:3 7.40 ± 0.98 101 ± 35 7.91 ± 1.34 108 ± 81
1:4 17.42 ± 3.87 321 ± 113 14.15 ± 2.66 164 ± 34
1:5 24.17 ± 4.21 561 ± 116 20.49 ± 2.32 261 ± 75
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high-density and low-density pellets as the high density 1:5 pellets
exhibit a more pronounced increase, reaching a higher maximum value.
Despite the swelling of the pellets and expanding of their total void
volume at increasing water content, the proportion of water-filled pores
is much greater in compact pellets with lower initial total void volume.

The total void volume of a pellet considers the gaps and the pores of
the wood shavings. As the water content increases, a change in the in-
ternal structure can be observed (Fig. 12).

Here, images of the longitudinal cross cut obtained from μCT scans of

a wood pellet (wood pellet 1:4, M2, Fig. 9) in its initial dry state and
subsequently ranging different water contents are shown. Humidifica-
tion and re-drying to achieve the desired water contents were carried out
one after the other. It can be seen, that, with an increase of the water
content from 0.5 to 6 wt.-%, the average size of the gaps become smaller
as the wood shavings swell and fill the gaps. Some visible gaps in the
initial dry state (marked in red, Fig. 12) that decreased to a size below
the spatial resolution of 6 μm, are absent in the image at a water content
of 6 wt.-%. This was also the case with the 1:3 and 1:5 pellets. Although

Fig. 12. Images of the longitudinal cross cut of gaps (dark colored) of a 1:4 wood pellet at its initial dry state, wet state and re-dried state.

Fig. 11. Degree of saturation (a) and changes in the apparent density (b) of wood pellets at higher water content.
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Fig. 13. Changes in total porosity at higher water content (a) and changes in the gap porosity over the normalized pellet radius of 1:3 (b), 1:4 (c) and 1:5 (d) wood
pellets at increasing water content.

Fig. 14. Changes in gap porosity at increasing water content (a) and ratio of the gap porosity of wet pellets and initial dry pellets (b).
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the radial gap porosity distribution shifts to smaller values (Fig. 13b-d),
the total porosity (Fig. 13a) rises due to increased bigger pores of the
swollen wood shavings and the overall enlarged pellet volume. How-
ever, the shape of the distribution curve of the radial gap porosity at a
water content of about 6 wt.-% does not exhibit significant differences
compared to the distribution curve of the pellet’s initial dry state. In
contrast, at water contents exceeding 12 wt.-%, the distribution of the
gap porosity becomes less homogeneous. This is primarily attributed to a
greater number of larger cracks on the pellet surface, resulting in a
locally higher gap porosity. In addition, uneven changes occurring at
regions with the same radial distance from the pellet center, lead to large
deviations. The structural degradation of wood pellets appears to
continue inwards as the water content increases. Thus, for all wood
pellets at a water content of >15 wt.-%, a significant rise of the gap
porosity can be observed in the pellet center.

Although 1:3 wood pellets consist of bigger pores at higher water
contents, a larger percentage change in the gap porosity can be observed
for high density 1:4 and 1:5 wood pellets (Fig. 14b). Accordingly, the
ratio of the total porosity (Fig. 13a) in the wet state to the untreated state
(6–7 wt.-%) is greater for 1:4 and 1:5 pellets than for low density 1:3
pellets. The extent to which wood pellets change during humidification
can be related to the conditions set during the pelleting process. With
longer press channels, a temperature of >90 ◦C (Table 1) during pel-
leting lead to uniform softening of the wood components throughout the
press channel resulting in homogeneous compaction of wood shavings
and thus a uniform radial porosity distribution, as with 1:4 and 1:5
pellets (Fig. 13).

During cooling, the binding components can quickly transition back
to their glassy state. The springback effect is reduced and the pellets do
not expand as much as would be the case without the cooling step.
However, this preserved structure cannot be maintained throughout, as
the binding components like lignin begin to soften again during storage
at high humidity. With an increase of the molecular mobility of lignin,
high-density wood pellets may undergo a greater proportionate struc-
tural change (Fig. 13, Fig. 14b). In contrast, the high radial porosity of
untreated 1:3 pellets (Fig. 9) and a die temperature of <90 ◦C (Table 1)
indicate lower adhesion forces between the wood shavings during pel-
leting and a stronger springback effect. Therefore, due to the greater

surface contact between the wood shavings in 1:4 and 1:5 wood pellets,
the expected higher adhesion can show up in a higher mechanical sta-
bility. This can be seen in the PSL despite the humidification of wood
pellets from a water content of 7 to a critical water content of 10 wt.-%
as defined by the DIN standard. Here, the 1:4 and 1:5 wood pellets are
significantly more stable in their axial and diametral PSL compared to
the 1:3 wood pellets (Fig. 15). This also shows that both the softening of
the binding components and a required minimum level of structural
damage are responsible for the reduction in stability. It is noteworthy
that the PSLs of the different pellet types approach each other as the
water content increases. The higher stability of the 1:4 and 1:5 even at
high water contents is attributed to increased adhesion forces resulting
from a larger contact area between the wood shavings. However, it is
expected that this difference diminishes when the water content exceeds
15 wt.-% and structural damage to the wood pellets 1:4 and 1:5 becomes
more pronounced.

Despite the decrease of mechanical strength and structural damage
at high water contents, wood pellets have the potential to recover when
desorbing water at subsequent low humidity.

In comparison to the wet state (Fig. 13a), after re-drying, the total
porosity has decreased due to the shrinkage of the shavings (Fig. 16a).
Accordingly, the volume and density of re-dried wood pellets are smaller
compared to their previous wet state. Although the pellets appear to
have recovered in their structure to some extent, there are still major
differences to their initial dry state. Shrinkage of the wood shavings
resulted in larger gaps and slightly higher radial gap porosity (Fig. 16b-
c) when comparing to their initial dry state. Here, the pattern of radial
gap porosity resembles that of the respective pellets in their wet state,
indicating that large cracks formed in the wet state persist in the re-dried
state. Therefore, wood pellets cannot recover fully as remaining dam-
ages after one humidification and re-drying cycle are present in the form
of these larger gaps.

The expanded gaps between the wood shavings result in pellets with
a higher diameter and length compared to their initial dry state and
prevent the wood pellet from regaining its original volume or density
(Fig. 17).

By reducing the water content, lignin transitions from its rubbery
state back to its glassy state and wood pellet stability will rise again. To

Fig. 15. Axial PSL (a) and diametral PSL (b) of wood pellets 1:3, 1:4, 1:5 at increasing water content.
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Fig. 16. Changes in total porosity (a) and radial gap porosity of 1:3 (b), 1:4 (c) and 1:5 (d) pellets.

Fig. 17. Comparison of the volume (a) and density (b) of re-dried pellets with their initial dry state.
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investigate this, wet pellets were re-dried to the same water content as in
the case of their untreated state (approx. 6–7 wt.-%). Here the extent to
which the wood pellets can recover in their stability seems to depend on
their initial properties and their water content in the wet state (Fig. 18).

For example, re-dried 1:5 wood pellets with a previous water content
of 15 wt.-% appear to have recovered the most by 47% in their axial PSL
and 44 % in their diametral PSL. This is due to the fact that the 1:5
pellets at 15 wt% exhibited significantly lower gap porosity and
consequently less structural damage compared to the other pellet types
(Fig. 16). As a result, the higher stability of re-dried 1:5 wood pellets
arises from an increased contact area between the wood shavings.

4. Conclusions

The study highlights the significant role of press channel geometry,
providing valuable insights into interacting parameters such as tem-
perature and back pressure, which affect wood pellet quality at delivery
state and during storage. The wood pellet quality was evaluated,
focusing on density, structural integrity, and radial porosity distribution
and mechanical stability. Key findings include:

- Process efficiency: Longer press channels (1:4 and 1:5 D/L ratios)
require more energy and result in higher die temperatures but lower
production throughput compared to shorter channels (1:3 ratio).

- Pellet quality: Wood pellets from longer press channels exhibit
higher density and fewer surface cracks, indicating better compac-
tion and structural stability.

- Radial porosity: Wood pellets from longer press channels show more
uniform radial porosity and lower gap porosity, suggesting more
consistent compaction and reduced internal gaps.

- Mechanical stability: Higher strength and stiffness are observed in
wood pellets from longer press channels, reflecting improved me-
chanical properties and better resistance to structural damage.

- Humidity resistance: Wood pellets from longer press channels
maintain better structural integrity and exhibit less swelling and gap
increase under high humidity conditions compared to those from
shorter press channels. Structural damages due to high humidity due
to surface crack propagating inwards.

- Recovery: High-density pellets recover more effectively in mechan-
ical strength and structural integrity after re-drying compared to
low-density pellets. Remaining damages are present in the form of
bigger gaps between wood shavings in the wood pellets.

In summary, wood pellets produced with a longer press channel
exhibit enhanced resistance to mechanical loads, resulting in reduced
fines generation during transport. Additionally, high-density pellets
demonstrate reduced structural damage when subjected to humidity
fluctuations, indicating improved storage stability. Future research
should investigate the long-term effects of multiple humidity cycles on
pellet stability and evaluate the associated cost implications.
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