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a  b  s  t  r  a  c  t

The  change  in physical  properties  of  wood  pellets,  with  a  focus  on  particle  size  distributions  due to pellet
breakage  and  attrition,  was  studied  in a large-scale  (∼450 ton/h)  transportation  system.  Critical  locations
with  a high  probability  of  breakage  through  the whole  transportation  system  were  chosen  and  sampled
to  study  the  effect  of transportation  system  design  and  operation  on  the  mechanical  properties  of  pellets.
Bulk  density,  mechanical  durability,  moisture  content,  and  particle  size  distribution  of  pellets  were  char-
acterized  for  each  sample.  Analysis  of  variance  showed  that there  were  significant  differences  between
the  percentages  of  small  particles  (< 5.6 mm)  in  the  samples  taken  at different  locations,  especially  at  one
with  a vertical  free  fall  of 7.8 m.  On  average,  this  relatively  long  drop  increased  the  proportion  of  parti-
cles  < 5.6  mm  in the  samples  from  8.73%  to 14.09%,  and  that  of  particles  <  3.15  mm  from  4.82%  to  9.01%.
Durability
Fines and dust
Breakage
Mechanical degradation

Moreover,  the  measurements  showed  a wide  deviation  in the  mechanical  durability  values,  between  a
minimum  of 90.8%  and  a  maximum  of  98.7%,  which  were  not  correlated  to the  sampling  points  but  related
to  pellet  properties.  It  can  be  concluded  that  pellet  transportation  systems  require  more  dedicated  design
strategies  to  prevent  breakage  and  attrition.

©  2021  Chinese  Society  of  Particuology  and  Institute  of Process  Engineering,  Chinese  Academy  of
Sciences.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the CC BY  license  (http://
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Introduction

Worldwide use of wood pellets as a renewable energy carrier
has increased sharply, from ∼12 million metric tons in 2008 to
56 million metric tons in 2018 (Calderón, Gauthier, & Jossart, 2019).
More than 27 million metric tons of wood pellets were consumed
in Europe in 2018, more than 45% of them for industrial purposes.
However, not all pellets consumed in Europe are produced by Euro-
pean countries. Approximately one-third are imported from the
United States and Canada (Calderón et al., 2019).

Due to its inherently high moisture content and its low bulk
and energy densities, biomass is usually densified to improve these

properties; a process that is advantageous for transportation and
handling steps (Tumuluru, Wright, Hess, & Kenney, 2011). Pel-
lets are normally produced under high temperature and pressure

∗ Corresponding author.
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onditions in a so-called pelletization process, which involves the
lastic and plastic deformation of particles and the softening of nat-
ral binders such as starch, protein, lignin, fat, and fibers to help
gglomerate particles (de Souza et al., 2020; Kaliyan & Vance Morey,
009; Mani, Tabil, & Sokhansanj, 2008; Nanou, Huijgen, Carbo, &
iel, 2018).

The fragile nature of pellets causes their attrition and breakage
hroughout the entire logistic chain (Oveisi et al., 2013). As a result,
verage pellet length may  decrease and the amount of generated
mall particles can increase (Boac, Casada, & Maghirang, 2008). This
as consequences for pellet transportation, handling, and storage,
uch as an elevated risk of dust explosion, fire, segregation, arch-
ng and equipment fouling, health issues for people inhaling the
ust, and losing a notable portion of the material (Aarseth, 2004;

lic, Williams, Farnish, Webb, & Liu, 2018; Ramírez-Gómez, 2016).

oreover, pellet breakage and the generation of small particles

ndermine the pelletization effort by decreasing the bulk density
Sjöström & Blomqvist, 2014).
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The ability of biomass pellets to remain intact during loading,
unloading, feeding, and transport is called “mechanical durability”
(ISO, 2014). From the definition itself, the mechanical durability
can give an indication of the extent to which the material can keep
its initial shape. In practice, however, durability is characterized
by measuring the amount of pre-defined small-size particles cre-
ated in laboratory tests. This small size may  be different in some of
the literature, but a size of between 3 and 5 mm is usually consid-
ered (Graham et al., 2016; ISO, 2015). According to the literature,
mechanical durability depends on the characteristics of the raw
material; specifically, factors such as particle size and moisture
content, pelletization process parameters, and storage conditions
(Gilvari, de Jong, & Schott, 2019; Shui et al., 2020; Stelte et al., 2012;
Whittaker & Shield, 2017).

Undoubtedly, the extent of pellet breakage and attrition very
much depends on the type of pellet; the higher the pellet’s strength,
the lower its breakage and attrition rates are. However, pellets may
undergo mechanical degradation due to high impacts and compres-
sion forces caused by, for instance, long drops, increased number
of handling steps, and poor equipment design (Ilic et al., 2018;
Ramírez-Gómez, 2016).

Different breakage mechanisms have been proposed for
biomass pellets during transportation and handling, namely break-
age into two or more pellets while practically keeping the
cylindrical shapes, attrition of pellet surfaces and ends, and crush-
ing of the whole pellet (Boac et al., 2008; Thomas, 1998).

In industry, various equipment is used for the transportation,
handling, and storage of pellets. Of these, grabs, belt conveyors,
pneumatic conveyors, pipe conveyors, hoppers, transfer chutes,
silos, and bins are the most common (Dafnomilis, Lodewijks,
Junginger, & Schott, 2018; Larsson, Lestander, Crompton, Melin, &
Sokhansanj, 2012). Each of these types of equipment may degrade
the pellets mechanically, due to attrition, compression, or impact.
Recently, research has been underway to characterize the breakage
and attrition of pellets (Boac et al., 2008; Gilvari, de Jong, & Schott,
2020; Murtala, Zigan, Michael, & Torbjörn, 2020; Ochkin-König,
Heinrich, & Dosta, 2018). For instance, research on pneumatic con-
veyors has shown that pellet attrition increases with the increase in
particle velocity, which is induced by increasing the air inlet veloc-
ity and decreasing the mass flow of pellets. Moreover, a shorter
bend radius increases the breakage of pellets (Aarseth, 2004; Jägers,
Wirtz, Scherer, & Behr, 2020).

It is known from previous studies that the magnitude of impact
force, number of handling steps, and amount of bulk material
directly influence the breakage and attrition of pellets (Boac et al.,
2008; Kotzur, Berry, Bradley, Dias, & Silva, 2016; Oveisi et al., 2013)
investigated the effect of drop height, pellet mass, and repeated
handling steps on the degradation of wood pellets during free fall
while they placed the pellets in a bag made of synthetic mate-
rials. They also studied the effect of pellet mass per bag and of
repeated handling steps, concluding that greater drop heights and
an elevated number of handling steps increase the amount of fines.
Moreover, pellet mass shows a linear correlation with the gener-
ated mass of fines as long as the initial mass is kept lower than
1 kg.

Looking at corn-based animal feed pellets, Boac et al. (2008)
studied the effect of the number of handling steps on the quantity
of broken pellets (particles passing a sieve with a 5.6 mm mesh)
and dust particles (< 0.125 mm)  generated. The feed pellets con-
tained 13.2% moisture and had a nominal diameter of 6.4 mm and
a durability of 92.9%, according to the tumbling box method. Their
test setup included a bucket elevator with a height of 54.9 m,  which

cycled the pellets from the bottom of storage bins to their top and
from a first bin to a second one, then vice versa, with an average
flow rate of 59.4 metric tons per hour. They repeated the discharge
and loading of the bins eight times and observed a notable increase
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n the proportion of particles < 5.6 mm,  from 17.5% to 50.2%. The
verage dust generation was 0.069% per transfer.

As shown above, existing literature regarding the mechanical
trength, breakage behavior, and generation of fines and dust of
iomass pellets is limited mainly to laboratory or pilot-scale stud-

es. The objective of this paper, therefore, is to quantify small
articles at different positions in a large-scale “real world” trans-
ortation system (∼450 ton/h). This should allow us to determine
he major transport steps in which pellet breakage and attrition
ccur and one can use it as a benchmark for investigating the
hanges in pellet properties in any other pellet transport system. In
ddition, the changes in other pellet properties — such as mechani-
al durability, bulk density, and moisture content — due to multiple
ransportation steps are studied. For that purpose, a pellet-fired
ower plant in the Netherlands was chosen as a case study to inves-
igate the breakage and attrition of wood pellets. The transportation
ystem in this power plant consists of a grab unloading system, belt
onveyors, and storage in a silo.

aterials and methods

The material for this case study originated with an anonymous
ompany in the USA. A wide range of woody feedstock was used
o produce the pellets, including both soft and hard woods. No
nformation about the densification process was disclosed. After
heir production and local storage in the USA, the pellets were
ransported in bulk to a local port and loaded into an ocean-going
essel with a capacity of 28,000 metric tons, then shipped across
he Atlantic Ocean to the port of Antwerp, Belgium. Here they were
ransshipped to barges holding ∼2,500 metric tons each. Twelve
arges were thus required for the entire transatlantic cargo. No

nformation was disclosed regarding changes to the particle size
istribution of the pellets up to this stage. The twelve barges pro-
eeded to the port of Rotterdam, where they berthed next to the
nd user’s plant at a rate of one barge per day. The cargo comprised

 mixture of seven different types of wood pellets, which differed
y color, diameter, and length as shown in Table 1.

Physical properties of the pellets, including their moisture con-
ent, bulk density, diameter, length, and mechanical durability,
ere measured as follows. Moisture content was measured accord-

ng to EN standard 14774-2 (EN, 2009), using 300 g of pellets that
ere placed in an oven at 105 ◦C for 24 h. The moisture content
as  then calculated based on the difference between the mass of

he pellets before and after the test. Bulk density was  measured
ccording to EN standard 15103 (EN, 2010) by means of a 5 L steel
ylinder using the tap method. The bulk density was calculated
rom the mass of pellets divided by the volume of the cylinder. Pel-
et diameters were measured according to EN standard 16127 (EN,
012) by means of a digital caliper. Twenty-eight pellets were mea-
ured in this way: four per pellet type, chosen at random (Table 1).
ellet length distributions were measured according to EN stan-
ard 16127 (EN, 2012), using an in-house image processing tool;
etails of this can be found in our previous publication (Gilvari, De

ong, & Schott, 2020). Mechanical durability was  measured accord-
ng to ISO standard 17831-1 (ISO, 2015), which is a common global

ethod for durability measurement of biomass pellets and is used
xtensively by researchers in this field (Brunerová, Müller, Šleger,
mbarita, & Valášek, 2018; Dyjakon & Noszczyk, 2019; Gilvari, Cutz
t al., 2020; Larsson & Samuelsson, 2017; Stelte et al., 2012; Thrän
t al., 2016). The mechanical durability was determined by plac-
ng 500 ± 10 g of sieved pellets (round-holed sieve with a screen

ize of 3.15 mm)  in a tumbling can. This was rotated at a speed
f 50 rpm for 10 min. After the test, the sample was sieved again
sing the same sieve, then weighed. Its mechanical durability was
alculated by dividing the mass of the material remaining in the
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Fig. 1. A 2-dimensional overview of the transportation system. The numbers show the sampling locations. A detailed overview of the automatic sampler is shown in Fig. 2.
The  size of the equipment may  not represent the real case.

Table 1
Different types of wood pellets shipped from the USA to the port of Rotterdam.

Row Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7

1

2

3

o
fi
d
p

4

sieve by the mass of the initial sample multiplied by 100. The mois-
ture content, bulk density, and mechanical durability experiments
were repeated twice; the reported values are thus the mean values
of duplicate measurements.
To determine the change in particle size distributions of the
samples, three different sieves with screen sizes of 5.6 mm  (square
holes), 3.15 mm (round holes), and 1 mm (square holes) were used.
The sieve with the smallest screen size determined the amount

l
a
p

148
f dust (< 1 mm),  the medium one determined the amount of
nes (1 mm < fines < 3.15 mm),  and the largest one was chosen to
etermine the amount of lumps (3.15 mm  < lumps < 5.6 mm). All
articles longer than 5.6 mm were considered to be “whole pel-
ets”. Hereafter, all particles smaller than 3.15 mm are referred to
s “fines and dust”, and all those smaller than 5.6 mm as “small
articles”.
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To characterize the classified particles, every sample was  first
weighed and then sieved manually using the three screen sizes. The
masses of dust, fines, and lumps were then weighed and recorded.
The percentage of each category was calculated using Eq. (1):

Pi =
mi
mt

× 100% (1)

where Pi is the percentage of category i in a sample, mi is the mass
of category i in the sample, and mt is the total mass of the sample.
The percentage of “whole pellets” was calculated by subtracting the
percentage of small particles (< 5.6 mm)  from 100.

Sampling locations and methods

Once the pellets had arrived in Rotterdam, they were unloaded
by a clamshell grab into a hopper (see Fig. 1). This fed the incoming
material onto a covered belt conveyor (hereafter referred to as the
first conveyor). The grab’s capacity is 10 metric tons and the height
of the hopper is 4 m.  A dust filter is installed just after the hop-
per to collect airborne dust before the material is loaded onto the
first conveyor. This transported the pellets on an upward incline to
the top of a transfer tower with a height of 24.0 m,  at a speed of
1.7 m/s. The length and width of the first conveyor are 150.0 and
1.4 m,  respectively. It, therefore, has an angle of inclination of 9.2◦.
At the top of the transfer tower, the pellets were dropped from the
first conveyor onto a second one by means of a free fall with a ver-
tical drop of 7.8 m.  Between these two conveyors is a chain bucket
sampler, which collected samples at a consistent cross-section of
the material’s stream during its free fall. This is an automatic sam-
pler, already installed in the system for on-site sampling purposes.
The samples it took were transferred to a small dosing conveyor
(length 3.0 m,  width 0.2 m),  which in turn fed a rotary tube divider
as shown in Fig. 2. The role of the rotary tube divider was  to divide
a small portion of the samples by rotating the materials in such a
way that, eventually, 2 kg of samples were collected every 11 min.

The second conveyor has a length of 500 m and transferred the
pellets at a speed of 2.6 m/s  to the top of the silo, into which they
were dropped via a free fall. Whenever required, pellets are dis-
charged from the bottom of the silo for further processing. The
samples for this study were taken on three consecutive non-rainy
days in the winter of 2019. Every day, a barge carrying 2500 metric
tons of pellets was unloaded into the system. Six different locations
throughout the entire transportation system, from the barge to the
silo, were identified for the sampling used in this study. Samples
were taken at different increments from different sampling loca-
tions, and all were analyzed in terms of particle size distribution,

mechanical durability, bulk density, and moisture content. A sum-
mary of the sampling locations, days of sampling, and number of
samples taken at each location is given in Table 2. In total, 77 sam-
ples were collected for this study. All were placed in sealed plastic

s
p
(
f

Fig. 3. Schematic representation of the pile of pellets in the second barge and of the sam
shape.
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ig. 2. Detailed overview of the automatic mechanical sampler system in the trans-
er  tower.

ags to prevent moisture uptake and any further changes to pellet
roperties due to varying environmental conditions. The samples
ere then transported carefully to a laboratory at the Delft Univer-

ity of Technology for further analysis. The sampling locations are
xplained in detail below and they are shown in Fig. 1.

Sampling location 1 was  situated inside the barge. Samples
ere collected from the upper surface of the pellet cargo at dif-

erent time intervals. At this location, the physical properties of the
ood pellets can be characterized just before they enter the end

ser’s transportation system. As mentioned before, the pellets were
nloaded from the barge using a clamshell grab with a capacity of
0 metric tons. Each grab cycle took approximately one minute, so
mptying the entire barge (∼2500 metric tons) took more than 4 h.
o ensure that the samples represent the pellet properties at dif-
erent layers inside the barge, samples were taken every 30 min.
ine were collected on the first day and eight on the second, using

 plastic scoop to gather approximately 6 kg of material per sample.
Sampling location 2 was situated in an extra empty barge

hereafter referred to as the second barge) positioned next to
he pellet-loaded barge. Note that no such second barge is used
n normal plant operations. However, this sampling location was
ntroduced in order to investigate the effect on the pellet properties
f the mechanical forces exerted during grabbing. At this location,
ne grab of the material was  discharged every hour to collect five

ndividual grabs in total. To obtain a representative sample from
very discharged grab, the grab contents were dumped onto a flat

urface in the second barge, creating a pile of wood pellets. Sam-
ling was  then performed according to EN/TS standard 14778-1
EN/TS, 2005) by taking nine samples of approximately 0.5 kg each
rom different locations within the pile (Fig. 3), using a plastic scoop.

ples taken it (cyan markers). Note that the real pile deviated from a perfect cone
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Table  2
Summary of sampling locations, days of sampling, and number of increments per location.

Sampling location Location number Day of sampling Number of increments

Barge 1
1 8
2 9

Second barge 2 1 5

First  conveyor 3
1 8
2 9

Rotary  divider 4 3 17

Second conveyor 5
1 8
2 9

Silo  6 3 4
Total  – – 77

3
o
f
c
a

s
c
p
i
E
a
t

Fig. 4. Isolation of the samples on the conveyor using the stopped-belt method.

These nine samples were collected from the top (one sample), mid-
dle (three samples), and bottom of the pile (five samples), and were
combined to create one single sample. Sampling at this location was
undertaken only on the first day.

Sampling location 3 was situated inside the transfer tower at
the end of the first conveyor, which brings the pellets from the hop-
per to the transfer tower. This sampling location is situated just
before the pellets were discharged onto the second conveyor (see
Fig. 1). This location was used to estimate the effect on the material’s
properties of grabbing and of a vertical free fall of 4 m (the hopper’s
height). Note that in each grabbing cycle, the pellets were dumped
at the center of the hopper, and so the effect on them of hopper wall
impacts can be considered negligible. This sampling location is use-
ful as a benchmark to check the reliability of the properties of the
samples divided by the automatic sampler at location 4. At this loca-
tion, samples were taken using the stopped-belt method provided
for in EN/TS standard 14778-1 (EN/TS, 2005). In other words, the
entire transportation system was halted at the sampling times and

the samples were taken from the belt conveyor after being isolated
from the other material on it by means of two steel plates (Fig. 4).
Consequently, all the material on a cross-section of the conveyor
belt was collected and labeled as coming from sampling location

c
S
v
t

150
Fig. 5. The silo and sampling ports.

 at the relevant time. Each sample contained approximately 6 kg
f material. As with location 1, sampling at this location was  per-
ormed on days one and two. Moreover, all the samples here were
ollected at the same time as those from location 1 (the barge). In
ll, 17 samples were thus collected at this location.

Sampling location 4 was  a part of the automatic mechanical
ampler within the transfer tower. Samples taken at this location
an be used to investigate the reliability of the material properties
rovided by the rotary divider with regard to the other locations

n the transportation system, e.g. at the end of the first conveyor.
ach sample was collected automatically, filling a plastic bag with
pproximately 2 kg of material within 11 min. Samples were only
aken at this location on the third day, in 17 increments.

Sampling location 5 was situated at the end of the second
onveyor, just before the material was discharged into the silo.

ampling at this location can demonstrate the effect of a 7.8 m
ertical free fall (between the two conveyors) on pellet proper-
ies. The effect of the conveyor’s vibrations on the pellet properties
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Table  3
Pellet properties at different locations on different days of sampling. Numbers in
parentheses show the standard deviations.

Property Location Day of sampling Average value

Moisture content (%) All All 5.9 (0.3)
Bulk density (kg/m3) All All 640 (25)
Mechanical durability (%) All All 97.6 (1.3)
Diameter (mm) 3, 4 2, 3 7.11 (0.59)

Length distributiona 1,
3,

1,
2,

50% < 13.40
99% < 32.70

Fig. 7. Pellet length distributions of different batches of pellets used for mechani-
cal  durability (DU) test (legend: digits from left to right = sampling day - sampling
location - number of increment - repetition number).

a
a
r

o

(mm)
4 3 100% < 42.10

a Based on the pellet length distributions of samples shown in Fig. 7.

was assumed to be negligible. The stopped-belt method with the
same type of steel-plate isolators as at sampling location 3 (Fig. 4)
was used here, too. Samples were taken at this location on days
one and two only, each weighing approximately 6 kg. On average,
these were collected three minutes after each of those at location
3, since that was how long it took for the pellets to be transferred
from there to location 5 on the second conveyor.

Sampling location 6 was situated at the storage silo (with a
height of 31 m and a diameter of 9 m)  and was used on the third day.
Four samples have been collected from the four hatches installed
at the wall because sampling inside the silo was impossible at the
time of the experiments. These hatches were located at two  levels,
and two samples were taken at each level (see Fig. 5).

Results and discussion

Mechanical durability, bulk density, and moisture content

Fig. 6 shows the pellet properties with regard to the sampling
locations and days. Analysis of variance (ANOVA) of all 77 samples
revealed that there was no bias in the results for pellet properties at
different locations or on different days (  ̨ = 0.05, i.e. 95% confidence
interval). From Fig. 6, it can be seen that mechanical durability,
bulk density, and moisture content are independent of the day of
sampling and of the sampling location. Moreover, there was no
correlation between bulk density and moisture content. However,
the mechanical durability varied between 90.8% and 98.7% in all

locations, and this exceeded the 2% repeatability limit set by the
standard (ISO, 2015). The average values of pellet properties mea-
sured at different locations on three different days of sampling can
be found in Table 3. This table implies that although a large devi-

N
i
J
c

Fig. 6. Pellet properties measured at different sampling locations and on d

151
Fig. 8. Size-classified particles after sieving.

tion in durability, only a few samples widely diverge from the
verage value and that the average durability can be considered as
eliable data in our study.

No correlation was found between the mechanical durability
f the pellets and the number of handling steps they underwent.
evertheless, there are two  explanations for the variation we found
n mechanical durability. First, in our previous study (Gilvari, De
ong et al., 2020) we showed that pellet length distributions (PLDs)
an be a contributing factor in the measured mechanical durability

ifferent sampling days. The error bars show the standard deviations.
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Fig. 9. Sieving analysis at locations 1 (first barge), 3 (end of the first conveyor), and 5 (end of the second conveyor). The sample numbers correspond to the sampling order.

P

c
r

l
c
1
n
p

value, which increases with greater pellet lengths. To study this
effect, the PLDs of ten samples (five out of 77 samples, with two
replications each) were determined before durability tests (Fig. 7)
using our self-developed in-house image processing tool (Gilvari,
De Jong et al., 2020). As can be seen in Fig. 7, a sample containing the
highest quantity of small particles (< 5.6 mm)  showed the lowest
mechanical durability value. Take, for example, samples 2-3-2-1
and 2-3-2-2 in Fig. 7. These samples were two randomly selected
500 g from the initial 6 kg sample that was taken on day 2 at location
3 as the third increment. However, their durability values differ by
4.7%. This relatively high deviation can confirm the effect of length

distributions. Second, as the share of each pellet type in each sample
was not counted here, it is suspected that other factors such as the
share of pellet type may  cause a bias in the results.

t
s

5

152
article size distributions

Fig. 8 shows a sample image of the classified particles. In this, it
an be seen that all particles longer than 5.6 mm are whole pellets
etaining their cylindrical shape.

As explained in section 2, samples at locations 1 and 3 were col-
ected at the same time and each discrete sample at location 5 was
ollected on average three minutes after each collection at locations

 and 3. Therefore, it is likely that all corresponding samples origi-
ated from the same location in the barge. Hence, the effect on the
article size distributions at these locations of different transporta-

ion units can be investigated with regard to their original particle
ize.

Fig. 9 shows the results of sieving analysis at locations 1, 3, and
 (the main transportation stream) on the first and second days of
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Fig. 10. Percentages of small particles (< 5.6 mm)  at different locations on the first and second days of sampling.

Table 4
Average share of categorized particles at locations 1, 3, and 5 on the first and second days of sampling.

Location Sampling day % of small particles(< 5.6 mm)  % of fines and dust(< 3.15 mm)  % of dust(< 1 mm)

1 (first barge)
1 10.28 6.11 2.50
2  10.40 5.93 2.27

3  (end of first 1 8.61 4.91 1.95
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conveyor) 2  8.87 

5  (end of second
conveyor)

1 14.24 

2  13.93 

sampling. According to these results, on each day the barges contain
a notable amount of small particles at different sampling times prior
to unloading. This also shows that different layers of the barge’s
cargo (from top to bottom) contain different particle size distribu-
tions. However, no evidence was found regarding the accumulation
of small particles in one specific layer or at one specific location in
the barge. The results (Table 4) show that, on average, the share of
each size category on day one is consistent with the results on day
two.

The statistical analysis shows a significant difference between
the amount of fines and dust in the samples collected at differ-
ent locations (  ̨ = 0.05, i.e. 95% confidence interval). The measured
p-value for one-way ANOVA analysis between the sampling loca-
tions and the amount of fines and dust (< 3.15 mm)  was  zero, which
means that there was a significant difference in the average values.
On average, the proportion of fines and dust was  6.02% at location
1 (first barge), 4.82% at location 3 (end of the first conveyor), and
9.01% at location 5 (end of the second conveyor) on the first and
second days.

A similar trend to that for fines and dust (< 3.15 mm)  is observed
for all small particles (< 5.6 mm)  as well, since the ANOVA analy-
sis shows significant differences between the percentages of these
by sampling location. The average proportion of small particles
(< 5.6 mm)  on days one and two was 10.33% at location 1 (first
barge), 8.73% at location 3 (end of the first conveyor), and 14.09% at
location 5 (end of the second conveyor). This indicates that a signif-
icant quantity of small particles (< 5.6 mm)  is generated throughout
the entire transportation system, from the barge to the end of the

second conveyor just before the material enters the silo.

One interesting result is the reduction in the number of small
particles (< 5.6 mm)  after the pellets are grabbed and discharged
onto the first conveyor, i.e. between locations 1 and 3 (Fig. 10). The

a
t
g
t

153
4.73 1.74
9.05 3.81
8.98 3.77

roportion of small particles decreased relatively between these
wo  locations by up to 16.24% on the first day and 14.71% on the
econd day. There are two explanations for this. Firstly, a number
f small particles escaped from the grab into the air while the grab
as  loading in the barge and shifting upwards towards the hop-

er. Secondly, the dust filters at the beginning of the first conveyor
emoved some dust; however, the accumulated dust in those filters
as  not measured in this study. On the other hand, by comparison
ith location 3 (end of the first conveyor), the average proportion

f small particles (< 5.6 mm)  at location 5 (end of the second con-
eyor) increased from 8.61% to 14.24% on the first day and from
.87% to 13.93% on the second day, showing a relative increase of
5.74% and 57.04%, respectively. Assuming that the effect of con-
eyor vibrations on the generation of small particles (< 5.6 mm)  is
egligible, all of these extra ones must have been generated due
o the vertical free fall of 7.8 m at the transfer point between the
wo  conveyors. Boac et al. (Boac et al. (2008)) observed an average
ncrease of 3.83% in the number of particles smaller than 5.6 mm in
ne transportation cycle of feed pellets in a bucket elevator and silo
eeding system for pellets with the durability of 92.9% and a nom-
nal pellet diameter of 6.4 mm.  In this study, however, an average
.36% increase in the number of particles smaller than 5.6 mm was
bserved solely due to a free fall of 7.8 m.  This is probably related
o the compression and impact forces associated with the amount
f material being transported, which was around 450 ton/h in the
resent study and 54.9 ton/h in the work of Boac et al. (Boac et al.
2008)).

The results show that the average proportion of small particles

t location 2 (second barge) was 6.56%, with a 1.51% standard devia-
ion. This was  lower than the figure for location 1 (10.34%). During
rabbing from the first barge to the second one, it was observed
hat a portion of small particles was  released from the grab due to
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rticle
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Fig. 11. Share of small pa

leakage. Because of this, the measured small particles are not rep-
resentative for the whole particles and the effect of grabbing on the

generation of small particles remains unclear.

Fig. 11 shows that the percentage of small particles at location
4 (automatic sampler) on the third day was 6.05%, with a stan-
dard deviation of 2.04%. As discussed earlier in this section, the

t
c
t
3

154
s at locations 2, 4, and 6.

esults from the first two  days show a high repeatability in terms
f generating small particles at each sampling location. Therefore,

he share of small particles at each location on days one and two
an be postulated to be similar to that on the third day. Based on
his assumption, the results for the first and second days at location

 (end of the first conveyor) can be compared to the results for the
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Fig. 12. Correlations between classified small particles.

third day at location 4 (automatic sampler). The average propor-
tion of small particles at location 3 on the first and second days was
8.73%, while at location 4 it was 6.05%. Thus, on average, the number
of small particles decreased between these two locations by 2.68%,
showing that the automatic sampler (location 4) does not produce
similar particle size distributions when compared to location 3. A
possible reason for this is the segregation of bigger particles due
to the rotation of particles in the rotary divider, which separates
larger particles from the smaller ones in such a way that the latter
are rejected as residue (see Fig. 2).

The average percentage of small particles (<5.6 mm)  at location
6 (silo) is shown in Fig. 11. On average, these made up 4.00% of
the samples taken from the silo hatches. Comparing the proportion
of small particles here with that at location 5 (end of the second
conveyor), it can be concluded that the whole pellets accumulated
at the silo walls. This can be explained by percolation segregation,
whereby the smaller particles are captured in the voids and bigger
ones move down the slope towards the walls.

Thomas (Thomas (1998)) showed that pellet fragmentation and
attrition are the two major mechanisms for physical degradation
of pellets. Fig. 12 shows the share of lumps, fines, and dust in all
the samples taken from different locations and includes a surface
fit that is the best fit for all the samples. Although the breakage
mechanism was not studied in this work, Fig. 12 shows that the
shares of dust, fines, and lumps at different locations and on differ-
ent sampling days are correlated to one another with an R2 value
of 0.866. In other words, in all samples, the quantity of each size-
classified particle was increased by increasing the amount of other
size-classified particles.

Conclusions

In this study, we have investigated the change in the physical
properties of commercial wood pellets with a focus on breakage
and attrition behavior during large-scale (∼450 ton/h) transport
and storage in a pellet-fired power plant in the Netherlands. Our
main conclusion is that transferring the wood pellets via a free fall
from a height of 7.8 m (the transfer point between two convey-
ors) increases the proportion of small particles (< 5.6 mm)  from

8.74% to 14.09%, on average, and the amount of fines and dust from
4.82% to 9.01% for pellets with an average mechanical durability of
97.6% (based on ISO standard 17831-1). This emphasizes the impor-
tance of equipment design and operation with respect to material

G
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egradation. The mechanical durability of the samples taken at dif-
erent locations differed by up to 7.9%, while no correlation was
bserved between moisture content, bulk density, sampling loca-
ion, or day of sampling and mechanical durability. This suggests
hat other properties, most probably pellet length distribution, play

 significant role in the measured mechanical durability value.

eclaration of interests

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

cknowledgements

The authors would like to thank Jurgen Visser and Ronald
oomans of Uniper Benelux for their careful planning and coor-
ination, as well as for sharing their sampling expertise. We  thank
ovar van Dijk, Koen Jongste, and Sjoerd Smid of Peterson Rotter-
am for coordinating and executing the sampling onsite. We  also
hank Sjaak van Hurck (ESI/Eurosilo BV), Frank van der Stoep (EBS),
eo Lokker (EMO), Mark Bouwmeester, and Emiel van Dorp (RWE)
or useful discussions in preparing the measurements. We  thank
jibbe Bron and Joris Berendschot (Delft University of Technology)
or their support in analyzing the samples.

This study has received funding from the Top Consortium for
nowledge and Innovation for the Biobased Economy (TKI-BBE),
nder grant number BBE-1713 (Biomassa pellets: Degradatie tij-
ens transport en handling).

eferences

arseth, K. A. (2004). Attrition of feed pellets during pneumatic conveying : The
influence of velocity and bend radius. Biosyst Eng, 89,  197–213.

oac, J. M., Casada, M. E., & Maghirang, R. G. (2008). Feed pellet and corn durability
and  breakage during repeated elevator handling. Applied Engineering in
Agriculture,  24, 637–644.
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