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Abstract 

This study assesses the changes in physical properties (particle size, shape, density) of Austrian 

pine (softwood) and European beech (hardwood), as they are mechanically processed from 

wood chips to pellets and then to milled pellets. A series of semi-industrial hammer mills and 

a semi-industrial pellet mill were used. The specific pelletizing and grinding energy, as well as 

the pellet mill and hammer mill capacity, were determined. Size, shape, and bulk density of the 

wood particles obtained at each processing step were studied. The pellet quality was analyzed 

according to international standards. Results show that the pelletization modifies the internal 

pellet particle shape and length due to the breakage of particles across their longest dimension, 

leading to more circular and less elongated particles. However, the particle width was nearly 

unaffected, indicating a directional fracture behavior for wood particles during pelletization. 

The particle breaking effect was more dominant for beech particles. Beech contained a lower 

amount of extractives than pine that led to higher specific pelletizing energy. In addition, beech 
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pellets had a lower quality concerning durability and density. Relationships between specific 

grinding energies and characteristic product particle sizes were also determined. E.g., the 

specific energy for grinding pine pellets was about 10 kWh/t oven-dry wood for a characteristic 

product size of 0.8 mm, while grinding beech pellets required about 7 kWh/t oven-dry wood 

for a characteristic product size of 0.6 mm. The study concludes that less energy is needed to 

pelletize pine than beech under the same processing conditions, but more energy is needed to 

mill pine than beech.  
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Wood pellet; wood chip; hammer mill; pellet mill; specific energy; particle size. 

1. Introduction 

Denmark has a long history of encouraging the use of biomass in heat and power production. 

In 1993, a binding biomass agreement led to the use of biomass in several combined heat and 

power plants [1]. Today, wood pellets play an important role in the conversion of Danish coal 

suspension-fired power plants into biomass operation. The use of biomass has the potential to 

reduce life-cycle greenhouse gas (GHG) emissions from fossil fuel-derived electricity and 

heat [2]. To reduce the GHG emissions in Denmark, the largest Danish energy company, 

Ørsted, will stop all use of coal at its power stations by 2023 [3]. Biomass consumption for 

energy production in Denmark is hence expected to increase from 137 PJ in 2012 to 173 PJ in 

2020 [4]. Moreover, Danish imports of wood pellets will increase from 2 million metric tons in 

2012 to over 3 million metric tons in 2020 [5].  

In the field of biomass pelletization, size reduction of woody feedstock is an important 

processing step, as it changes the physical properties (e.g., particle size, shape, flowability, bulk 
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density) of biomass. Fig. 1 shows the mechanical size reduction pathway of pellet feedstock, 

which includes several size reduction steps. Hammer mills are commonly used for size 

reduction in a pellet plant. Size reduction increases the total surface-area-to-volume ratio and 

the inter-particle contact points. Smaller particles improve pellet strength properties [6,7]. They 

also lead to more durable [8] and denser pellets due to smaller particles rearranging and flowing 

into void spaces between coarser particles [9]. However, pellet producers will not comminute 

the raw material more than needed, as grinding biomass to smaller particles requires more 

energy.  

Generally, the energy consumption for biomass grinding depends on particle feed size, moisture 

content, fiber length, density, biomass type, material feed rate, and milling equipment [10–13]. 

Temmerman et al. [10] reported higher energy consumptions for grinding wood chips and wood 

pellets with higher moisture levels. For similar moisture levels, pellets needed less grinding 

energy than wood chips. Vasic and Stanzl-Tschegg [14] observed that the total fracture energy 

to split a wood sample into two halves increased with increasing moisture levels, which they 

attributed to a higher wood ductility. Consequently, wood drying results in lower comminution 

energy [11] and provides smaller particles at similar mill settings [15] due to a more brittle 

fracture behavior. 

It has also been well-documented that the chemical structure of biomass influences its 

pelletizing performance and pellet quality. Softwoods with greater extractive amounts require 

less power for pelletizing than hardwoods due to the lubricating effect of extractives that 

reduces the friction in the pellet die channels [16]. However, there has been some disagreement 

regarding the role of extractives in the pellet quality. Nielsen et al. [17] found that biomasses 
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with more extractives decreased the pellet durability, while Filbakk et al. [16] established a 

positive relationship between extractives and pellet durability. In addition, the combining effect 

of lignin and extractives appears not to be well-understood. Ahn et al. [18] observed that 

blending bark into the pelletizing process significantly reduced the durability of larch pellets 

and slightly improved the durability of tulip pellets, while lignin powder steadily increased the 

durability of larch and tulip pellets. In contrast, Wilson [19] concluded that the lignin content 

has no noticeable impact on the durability of pellets, which were produced from pure and mixed 

hardwood and softwood species. During densification at high temperatures, lignin passes from 

a glassy to a rubbery phase, which improves the binding of adjacent particles [20]. The glass 

transition temperature of lignin was found to vary between wood species [21] and for different 

moisture contents [22]. Water acts both as a binder in pellets due to hydrogen bonds between 

adjacent particles [23] and as a friction-reducing lubricant in the die channel [24]. 

For large-scale biomass suspension-firing, wood pellets need to be milled before firing in the 

boiler. It is often believed that wood pellets, after comminution in the existing coal mills, will 

be broken down to the original particle size distribution (PSD) of the feedstock before 

pelletizing [25,26]. To obtain information about the pre-densified PSD of material within fuel 

pellets (i.e., the internal pellet PSD), pellets are disintegrated into their constituents in water 

according to ISO 17830:2016 [26]. Knowledge about the physical properties of fuel particles is 

important for achieving an undisturbed flow inside the pneumatic conveying pipe system, and 

for obtaining a stable flame and high fuel burnout. The internal pellet PSD is hence an important 

fuel specification for industrial end users with respect to the particle combustion properties.  
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The literature shows that the size reduction and pelletization of wood is a complicated process 

affected by the chemical, physical, mechanical, and fracture properties of wood and the 

equipment used. Most of the studies available only focus on one or two steps of the whole 

pelletization process. They mainly try to determine the pelletability of different biomass 

materials, optimize the operation of the pellet mill, or evaluate the resulting pellet quality and 

milling properties. However, to the best of the authors’ knowledge, there are no studies that 

follow the complete mechanical processing pathway of wood. Considering that the internal PSD 

of wood pellets plays an essential role in determining the wood pellet quality, it is important to 

know how the PSD and particle shape is obtained and, furthermore, which steps are crucial in 

determining the particle size and shape of material within pellets. Thus, it is essential to assess 

the effect of each processing step on the wood particle size and shape. To achieve this objective, 

the present study follows the complete mechanical processing pathway of European beech 

(hardwood) and Austrian pine (softwood). All processing steps are included and carefully 

examined to provide knowledge of how pelletization and comminution operations alter the 

physical properties of wood particles. The results of this study will be relevant to pellet 

producers, who want to produce pellets of desirable quality for use in suspension-fired power 

plant boilers. Furthermore, studies focusing on pellet comminution usually lack the process 

history of pellets. Milling studies commonly lack information about the initial feed material 

characteristics. This study hence includes a thorough characterization of the chemical and 

physical properties of the wood chips utilized. 
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2. Materials and methods 

2.1. Wood chip preparation 

About 50-year-old European beech (Fagus sylvatica) trees and ca. 40-year-old Austrian pine 

(Pinus nigra) trees from Central Zealand (Denmark) were used in this work. The composition 

of the raw lignocellulosic materials was analyzed according to the standard analytical 

procedures provided by the National Renewable Energy Laboratory [27,28]. The trees were 

limbed, debarked, and turned into logs of wood (Fig. 2). The bark from the beech stem wood 

was removed nearly completely, while the pine stem wood showed some bark leftovers that 

may have resulted in a higher extractives content [29]. The logwood was chipped using a 

mobile wood chipper (DH 811 L, Doppstadt GmbH, Germany). Chipping represents the first 

size reduction step that turns the logwood into smaller pieces that can be handled easier by 

downstream milling operations. The initial moisture content of the logwoods was about 53 

wt.% for pine and 36 wt.% for beech. 

2.2. Pellet feedstock processing 

The process flow for pelletizing wood at the pellet plant is the same as shown in Fig. 1. First, 

the fresh wood chips underwent coarse milling in a semi-industrial hammer mill (Optimill 500, 

Andritz AG, Austria) powered by a 110 kW motor and equipped with a 15 mm screen (Fig. 3). 

The purpose of coarse milling was to produce a more homogenous material that could be dried 

more evenly. The coarse milling was followed by drying in batch mode on a perforated steel 

floor, with hot air passing through. The coarse grinds were dried to a moisture content of about 

12 wt.%. The dried material was then milled in a hammer mill (Multimill 450, Andritz AG, 

Austria) powered by a 90 kW motor and equipped with a 4 mm screen, which is typically used 
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for the production of 6 mm pellets [30]. The goal of fine milling is to achieve the desired PSD 

required for pelletizing. 

2.3. Pellet production, characterization, and milling 

Before pelletizing, the fine grinds were transported to a cascade mixer, where they were 

conditioned by hot steam to soften the lignin in the wood. The lignin softening enables fine 

grinds pelletization without adding binders, as the lignin serves as a natural binder to form solid 

interparticle bridges due to thermoplastic flow [31]. Pellets from the fine grinds were produced 

using a semi-industrial pellet mill (PM615W, Andritz AG, Austria) powered by a 160 kW 

motor. The pellet mill comprises a stainless steel, rotating perforated ring die with seven rows 

of 6 mm die channels (Fig. 4). Fine grinds are distributed over the inner surface of the ring die. 

Two rotating rollers press the fine grinds through the die channels, where they are compacted 

due to friction between the wood particles and the die wall. For the pelletization of pine, a die 

channel length of 50 mm was used, resulting in a die aspect ratio (ratio of channel length to 

channel diameter) of 8.3. However, to produce beech pellets of acceptable quality, the die aspect 

ratio had to be changed to 5.8 (die channel length of 35 mm). The need for a lower aspect ratio 

when pelletizing hardwoods compared to softwoods was also found in the literature [32]. After 

pelletizing, the hot pellets were cooled by ambient air in an updraft cooler and sieved using a 

3.15 mm screen to remove fines.  

Pine and beech pellets were then characterized in triplicate according to international 

standardized methods, and their quality was assessed by ISO 17225-2:2014 [33], which grades 

wood pellets for industrial use from I1 to I3. Wood pellets of property class I1 are considered 

as pellets of the highest quality, while I3 pellets are considered as pellets of the lowest quality. 
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The mechanical durability of pellets was measured using a rotating tumbling box according to 

EN ISO 17831-1:2015 [34], which predicts the amount of fines produced during handling and 

transportation processes. A sample of 500 g was tumbled at 50 rpm for 500 rotations. The 

durability is then calculated from the mass of sample remaining after separation of abraded 

particles.  

Finally, pellets were comminuted in the hammer mill using a 4 mm screen that was also used 

for fine milling. The feeder motor frequency was lowered from 55 Hz to 20 Hz, which had the 

effect of reducing the feed rate to 64 % of the previous value in order to avoid overloading the 

mill. 

2.4. Measurement of specific grinding and pelletizing energy consumption 

The milling and pelletizing equipment include a wattmeter to measure the instantaneous power 

consumption (W). The operating time (h), current (A) and feeding amount (kg) were recorded. 

A balance under the screw feeder measured the wood feed amount. From these parameters, the 

capacity in kg/h and total specific energy consumption (SEC) in kWh/t for grinding and 

pelletizing operations were calculated. The SEC was expressed as follows:  

SEC = ∫
𝑃

𝑚𝑓𝑒𝑒𝑑
𝑑𝑡

𝑡

𝑜
         (1) 

Where P represents the total, instantaneous power (W) consumed by the mill or pelletizer. mfeed 

is the amount of wood to be milled (or pelleted). SEC was corrected to a dry wood basis (DW) 

to allow the comparison among woods with different moisture contents. The idle power 

consumption of the hammer mill and pellet mill was not measured, as it was considered 

necessary to operate the milling and pelletizing equipment. Hence, the calculated values for 

SEC also include the energy required to run the mill empty (no load).  
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2.5. Wood characterization 

2.5.1. Moisture analysis 

All moisture contents reported in this study were determined in triplicate by drying the samples 

up to 16 h in a drying oven at 105±2°C according to ISO 18134-1:2015 [35]. The moisture 

content was then calculated based on the mass decrease during drying. 

2.5.2. Bulk density measurements 

The loose-packed bulk density was determined by pouring the sample into a funnel located at 

the top of a calibrated vessel of 5 liters. A known sample mass was added to the vessel, and the 

sample volume measured. This procedure was done in triplicate.  

2.5.3. Wood size and shape characterization 

A vibrating sieve shaker (AS 200 control, Retsch Technology GmbH, Germany) was used to 

analyze the PSD of the different wood samples. The characteristic sieve size (dsieving) is defined 

based on the square-hole sieves as the minimum aperture size in mm through which each wood 

particle can pass. For wood chips, the stack comprised nine square-hole sieves with a diameter 

of 200 mm, and aperture sizes of 1.4, 2.8, 5.6, 7.1, 10, 12.5, 16, 20 and 25 mm, mounted on a 

collecting pan. For coarse grinds, aperture sizes of 0.5, 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 7.1, and 

10 mm were used. The sieve stack for the analysis of fine grinds, disintegrated wood pellets, 

and milled wood pellets included sieves of 0.25, 0.5, 1.0, 1.4, 2.0, 2.8, and 3.15 mm. Samples 

of about 50-150 g were tested. An electronic balance (EW-N, KERN & SOHN GmbH, 

Germany) weighed the individual sieves and pan before and after sieving. This information was 

converted into a cumulative (undersize) weight distribution versus dsieving. dsieving represents the 
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percentage of sample passing through each sieve. Sieve analysis was run for 10 min with 1 mm 

amplitude and performed in triplicate.  

The wood chips were categorized into eight size classes according to the sieve stack used. 

Several runs of sieve analysis were performed to get a representative number of particles in 

each size class. Owing to the various shapes of wood chips, all chip dimensions were reported 

as means of at least a hundred measurements. Assuming that wood chips can be represented by 

flat cuboids (Fig. 5), their three dimensions were manually measured using a digital caliper with 

an accuracy of 0.01 mm. The length represented the longest distance between two parallel 

tangents restricting the particle along the grain direction. The particle width represented the 

second longest distance perpendicular to the length (and thus perpendicular to the grain 

direction). The thickness referred to the third longest distance perpendicular to both length and 

width. Measurements of the dimensions were performed on air-dried samples, as moisture 

differences between pine and beech wood chips would reduce the measurement accuracy. The 

wood chip weight was measured using a precision balance with an accuracy of 0.01 g. The 

specific chip density can then be calculated as the ratio between weight and volume. With the 

measurements of all three particle dimensions, the degree of elongation and flatness of a wood 

chip particle can be classified according to [36]: 

𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 =
𝐶ℎ𝑖𝑝 𝑤𝑖𝑑𝑡ℎ

𝐶ℎ𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ
        (2) 

𝐹𝑙𝑎𝑡𝑛𝑒𝑠𝑠 =
𝐶ℎ𝑖𝑝 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐶ℎ𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ
        (3) 

To complement the sieve analysis, the size and shape of fine grinds, disintegrated pellets, and 

milled pellets were also analyzed using a Camsizer® X2 (Retsch Technology GmbH, Germany) 
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operated in X-Jet mode for air pressure dispersion. Measurements were performed in triplicate. 

The PSD is presented as a cumulative (undersize) volume distribution versus dc,min. dc,min 

represents the narrowest maximum chord length of a 2D particle projection measured from all 

measurement directions. Recent studies [37,38] suggest that dc,min gives close results to sieving 

data. Two shape factors provided by the Camsizer® X2 software were used to characterize the 

particle shape; elongation ratio (width-to-length ratio) and circularity. The elongation ratio (ER) 

is equal to one when particles are circles and squares, and it is defined as follows [39]:  

𝐸𝑅 =
𝑑𝑐,𝑚𝑖𝑛

𝑑𝐹𝑒,𝑚𝑎𝑥
          (4)  

Where dFe,max refers to the maximum Feret diameter or maximum caliper diameter that is close 

to the true particle length [40]. The circularity (C) indicates how closely the 2D particle 

projection resembles a circle. The circularity defined by Cox [41] is described as follows: 

𝐶 = 4 ∙ 𝜋 ∙
𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑃𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2          (5) 

Where AParticle and PParticle refer to the particle projection area and the particle perimeter, 

respectively. An ideal perfect circle has a circularity value of 1.  

2.6. Data analysis 

The Rosin-Rammler-Bennet-Sperling (RRBS) model is used to describe the PSD of wood. It is 

a two-parameter distribution function expressed as a cumulative percent (undersize) 

distribution, which was found to be suitable to describe the PSD of wood pellet feedstock [42]. 

The RRBS equation is [43]: 

𝑅(𝑑) = 100 − 100 ∙ 𝑒−(
𝑑

𝑑∗)
𝑛

          (6) 
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Where R(d) is the cumulative percent (undersize) distribution of material finer than the particle 

size d, d* is the characteristic particle size defined as the size at which 63,21 % of the PSD lies 

below, and n is the distribution parameter. The d* also characterizes the fineness of the wood 

material. The 10th percentile (D10) and the 90th percentile (D90) of the cumulative undersize 

distribution were used to determine the distribution span, (D90-D10).  

Von Rittinger’s comminution law is used to predict the energy consumption for grinding wood. 

Although Von Rittinger’s law was developed for the mineral industry, recent studies [10,37,44] 

suggest its applicability to determine the energy demand for grinding lignocellulosic biomass. 

An advantage of this law is the application of the size reduction ratio to normalize the effect of 

the initial feed particle size. Von Rittinger stated that the energy required for size reduction is 

directly proportional to the new surface area produced [45], and he defined the relationship as 

follows [46]:  

𝑆𝐺𝐸𝐶 = 𝐾𝑅 (
1

𝑑𝑝
−

1

𝑑𝑓
)         (7) 

Where SGEC is the specific grinding energy consumption (in kWh/t), dp (in mm) is the 

characteristic particle size of the milled product, and df (in mm) is the characteristic particle 

size of the feed material. In the case of pellet comminution, df is the characteristic particle size 

of the disintegrated pellet material. KR (in kWh mm t-1) is the material characteristic parameter 

or Von Rittinger constant, which is a measure of the wood grindability. 
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3. Results and discussion 

3.1. Initial wood characterization 

The chemical analysis shows, as it is typical for softwoods [47], that pine has a higher Klason 

lignin amount than beech (Table 1). On the other hand, beech comprises more carbohydrates, 

including glucose, a good indicator of the biomass cellulose content, and hemicelluloses, 

consisting of monomers like xylose, mannose, glucose, galactose, arabinose, rhamnose, and 

uronic acids. Mannose is the most common monomer in softwoods, while xylose is more 

prevalent in hardwoods. Pine also has a much higher content of water- and ethanol-soluble 

extractives than beech. The sum of the chemical composition of beech is lower than 100 % 

unlike pine, probably because beech can contain a fair bit of acetyl groups [48] that are not 

accounted in the chemical analysis.  

The wood chips produced are presented in Fig. 6. On average, sieve analysis showed nearly 

similar size distributions for pine and beech chips. In Fig. 7, the caliper-measured dimensions 

of pine and beech chips in the respective sieve size classes are shown. Similar to the sieve 

analysis, also the caliper-measurements show similar size distributions for pine and beech chips. 

Comparing Fig. 6. and Fig. 7, the sieve size distribution is mainly determined by the wood chip 

width, which confirms previous findings [11,49]. The sieve analysis does not represent the real 

length and thickness of wood chips due to their needle-like shape. The caliper measurements 

show that all three dimensions of pine and beech chips significantly (p<0.05) increase in a linear 

manner with increasing sieve fraction. The chip thickness is significantly smaller than the other 

two chip dimensions, and wood chips in smaller sieves are more regular regarding their 

dimensions than those retained on coarser sieves.  
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The elongation and flatness of wood chips are shown in Supplementary Fig. S1. Smaller chips 

were a little more elongated than coarser wood chips, which was also observed by Lanning et 

al. [50] for chips produced from whole trees. The chip flatness ratio shows that, regardless of 

their length, both wood chips keep nearly the same flat shape. That means a flatness ratio of 

0.23 for pine chips and 0.17 for beech chips. These findings are probably linked to the wood 

fracture mechanism during chipping, which is specific to the individual wood species. The chip 

length is controlled by the feed rate of the conveyor floor and the mesh size of the screening 

basket of the mobile chipper. The thickness and width of the wood chips are more a result of 

how wood fractures due to mechanical stress. As shown in Supplementary Fig. S2, pine chips 

are thicker than beech chips, but beech chips have a higher specific density than pine. 

Regardless of the chip length, beech chips are significantly denser (ca. 390 kg/m3 on average) 

than pine chips (ca. 230 kg/m3). The results are in good agreement with Twaddle’s [51] result, 

who observed that the chip thickness is inversely proportional to the specific density, i.e., 

Douglas fir chips were thicker than denser beech chips.  

3.2. Two-stage size reduction 

The wood chips went through a two-stage milling process, including coarse and fine milling in 

a series of hammer mills. Before fine milling, the fresh coarse grinds were dried. The moisture 

contents and the PSD of milled beech and pine products are shown in Supplementary Fig. S3. 

As expected, fine milling produced smaller particles and a narrower size distribution span than 

coarse milling. The two-stage milling process resulted in a higher size reduction and a greater 

portion of fines for beech than for pine. For instance, the amount of particles below 1 mm 

increased from 27 to 87 % for beech and from 4 to 60 % for pine, from the first to the second 
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milling stage. Drying the coarse grinds can be expected to favor the production of fines for the 

fine milling stage [15].  

Table 2 presents the results for the milling performance of pine and beech in a series of hammer 

mills. The first milling stage produced characteristic particle sizes of 2.5 mm for beech 

compared to 4.0 mm for pine. The second milling stage led to characteristic particle sizes of 

0.6 mm for beech and 1.0 mm for pine. Thus, the second milling stage reduced the characteristic 

particle size by about 75 % and provided a product PSD that can be used in a pellet mill. Fine 

milling caused an additional drying of the material and reduced the initial moisture of coarse 

grinds (12 wt.%) by ca. 30% (Supplementary Fig. S3). The results are in good agreement with 

previous observations [52,53], where it was observed that decreasing the hammer mill screen 

size increased the moisture reduction during milling due to both a longer particle retention time 

in the mill and a larger particle surface area produced [53]. In addition, the friction between 

particles and between particles and the equipment also causes an energy loss by heat dissipation, 

which also results in moisture loss. 

The specific energy consumption for coarse milling was higher for pine (12.6 kWh/t DW) than 

for beech chips (8.1 kWh/t DW), as shown in Table 2. The higher moisture content for pine 

chips probably increased the ductility of wood [14] and thus the grinding energy effort. Pine 

chips were also thicker than beech, which affects the grinding energy, as more energy is 

required to fracture a thicker wood sample [54]. The fine milling increased the grinding energy 

input approximately by a factor of four for pine and a factor of five for beech. On average, fine 

milling beech required about 12 % less energy and led to a 9 % higher mill capacity than pine. 
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The higher specific energy consumption for milling pine compared with beech is in line with 

previous findings [10,12]. 

3.3. Pellet production and pellet characterization 

Table 3 shows the quality parameters of the produced beech and pine pellets, as well as the 

pelletizing performance. Regarding the determination of the internal PSD of pellets, the ISO 

procedure 17830:2016 worked well for pine pellets. For beech pellets, the ISO procedure was 

not able to separate all individual wood particles that constitute a pellet. As a consequence, 

agglomerated particles were observed after the hot water disintegration procedure. This resulted 

in an overestimation of larger particles. Higher attractive forces between smaller particles due 

to van der Waals interactions [55] may explain the greater tendency for beech particles to form 

agglomerated particles during disintegration in hot water. Attempts to break up the 

agglomerated particles by using a sieving amplitude of 3 mm, as suggested by Jensen et al. [56], 

did not lead to a considerably better particle separation (see Supplementary Fig. S4). However, 

adding, again, hot water to the dried disintegrated beech pellet particles was found to be the 

best method to achieve a better particle separation. The pellet disintegration results in Table 3 

indicate that pine pellets contain 20% fewer particles below 1 mm compared to disintegrated 

beech pellets.  

After pelletizing, beech pellets had a lower moisture content than pine pellets. This could be 

explained by higher friction in the pellet die during pelletization of beech due to its lower 

extractive content [17]. Temperature measurements of the steam produced during the pellet 

production process corroborate the observations made. Pelletizing beech led to a higher 

temperature (100 °C) than pelletizing pine (70-75 °C). Also, the higher amount of fines in beech 
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sawdust (ca. 50% below 0.5 mm) can increase the friction in the die [57]. Higher friction 

generates heat that will be quickly transferred to the beech particles causing further drying. This 

can explain the slightly burnt surfaces on beech pellets that were not observed on pine pellets 

(Supplementary Fig. S5). The lack of water in beech pellets probably reduces the binding effect 

of water, which can impact the inter-particle bonding and thus the pellet durability [24].  

The bulk density for pine and beech pellets falls within the range of previously reported values 

(i.e., 498-649 kg/m3) [58]. However, only pine pellets comply with the international standard 

for industrial pellets, ISO 17225-2:2014 [33], that requires a bulk density equal to or above 

600 kg/m3. The lower bulk density of beech pellets can be explained by the longer pellets 

(compared to pine pellets), lower moisture content, and lower specific pellet density.  

Pine pellets showed higher specific pellet densities than beech pellets, probably due to the 

higher die aspect ratio used during their production which caused a higher compaction and 

pressure build-up in the press channels. Thus, pelletizing increased the specific density 

compared to beech and pine wood chips by about 190 % and 400 %, respectively. The specific 

pellet density as a pellet property is not included in ISO 17225-2:2014 [33], but according to 

DIN 51731 the specific pellet density should be between 1000 and 1400 kg/m3 [59]. Judging 

from the results, the pellet density of beech and pine pellets falls within that range.  

Regarding the durability, pine pellets are more durable than beech pellets, indicating a higher 

ability to resist abrasion during handling and transportation and thus a lower risk of fires and 

explosions during handling and shipping [60]. According to the ISO 17225-2:2014 standard 

[33], pine pellets comply with the requirements for class I1, while beech pellets fail to comply 

with the requirements of the lowest pellet class (i.e., I3) due to their lower bulk density. 
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Differences in durability are a result of the combined effect of die aspect ratio, moisture, 

extractives, and lignin content. In a previous study [16], it was observed that higher extractives 

and lignin content resulted in a binding effect, increasing the degree of particle adhesion, and 

thus better durability. Also, the broader distribution of particle sizes for pine may enhance the 

pellet quality [57]. It was shown that finer particles fill in the voids formed among larger 

particles, hence producing denser and more durable pellets [9].  

The capacity and energy demand for pelletizing wood are important measures of the pellet 

production costs. On average, the pellet mill showed higher capacity and significantly lower 

energy requirement for pelletizing fine pine grinds than for fine beech grinds (Table 3). The 

results of the chemical composition for pine showed an eightfold higher amount of extractives 

(such as wood resin) compared to beech (Table 1). Nielsen et al. [61] reported that biomasses 

with a lesser amount of these extractives increased the energy required to compress the fine 

grinds, to force the compressed material into the pellet die channels, and to force the flow of 

compressed material layer through the die channels. Hence, the higher extractive content in 

pine probably lubricated the die channels, leading to higher production capacity and lower 

energy input for pelletization compared to beech. 

3.4. Pellet comminution 

Table 2 also summarizes the milling performance for beech and pine pellets. Compared to fine 

milling, pellet comminution shows a significantly lower SGEC, indicating better grindability 

of the pellets. Hence, during pelletizing, the bond formation between adjacent particles creates 

a densified material that is easier to fracture than the non-densified coarse grinds. However, it 

has to be noted that the higher throughput (capacity) for pellet comminution probably favors 
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lower specific energy compared to fine milling. It is difficult to compare the specific energy 

data with other pellet milling studies, which used lab-scale hammer mills [10,62].  

Similar to fine milling, a lower KR value for milling beech pellets was found, indicating a lower 

milling energy consumption compared to pine pellets. This can be explained by the less durable 

beech pellets or the finer internal beech pellet particles or. Beech particles may have a shorter 

residence time in the milling chamber, as they have a higher probability to pass through the 

4 mm hammer mill screen. However, coarser pine particles probably have a longer residence 

time that increases the possibility of more breaking actions induced by the hammers, entailing 

a higher grinding energy consumption. In addition, the higher moisture level in pine pellets 

probably resulted in a higher ductility [14] and hence the specific energy. The higher extractives 

content in pine may also affect the specific energy. It was reported that extractives could 

interfere with the mechanical processing of wood [11]. For example, resins can build up on 

cutting tools, which will become dull [63].  

The different qualities of beech and pine pellets seemed not to affect the hammer mill capacity, 

as a grinding capacity of ca. 3 t/h was obtained in both cases. Interestingly, the comminution of 

the pellets led to a similar size reduction ratio of about 0.2, regardless of the differences in the 

feed material. During hammer milling of the pellets, a drying effect was observed (cf. Table 3 

and Table 4). The drying effect was slightly higher for milling beech pellets than for milling 

pine pellets probably because of the greater surface area of beech particles, which facilitates 

better moisture evaporation inside the hammer mill chamber. 
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3.5. Physical properties of fine grinds, disintegrated pellets, and milled pellets 

The PSDs of milled pellets, disintegrated pellets, and fine grinds versus the particle width 

(dc,min) and the particle length (dFe,max) determined by digital image analysis are shown in Fig. 

8A and Fig. 8B, respectively. Table 4 summarizes the physical properties of the different wood 

particles. The comminution of beech and pine pellets in a hammer mill shifted the PSD to the 

left in both Fig. 8A and Fig. 8B, indicating a reduced width and length compared to internal 

pellet particles. This final milling step resulted in characteristic particle widths and lengths of 

0.68 mm and 1.47 mm for milled beech pellets and 0.90 mm and 1.94 mm for milled pine 

pellets, respectively. Thus, the final milling step did not only disintegrate pellets into constituent 

internal particles but achieved some size reduction of the particles. This study hence provides 

further evidence for both structural pellet breakdown and size reduction of the internal pellet 

particles during pellet comminution, which Temmerman et al. [10] assumed merely based on 

energy consumption data. Fig. 8A shows that the size reduction in width was larger for pine 

pellet particles than for beech pellet particles. However, beech particles always show a finer 

PSD than pine particles, probably due to the different breakage mechanism of softwoods and 

hardwoods. The latter ones are characterized by the presence of vessel elements (pores), while 

softwoods have none. These vessel elements affect the wood crack path, i.e., the crack may 

enter the vessel element [64] and crack propagation becomes easier [65], thus producing smaller 

particles. Comminuting pellets produced a narrower (uniform) particle size range compared to 

fine grinds and disintegrated pellets. Williams et al. [66] also reported an enhanced uniformity 

for comminuted pellet particle sizes compared to the pre-densified material. It is hence 

concluded that pellet comminution is accompanied by a reduction of the coarse particles to 
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smaller sizes, which leads to a steeper and narrower size distribution curve. Regarding the 

particles length (dFe,max) in Fig. 8B, on average, all beech samples have more particles with a 

length below 1 mm than pine samples, indicating that beech particles are shorter than those 

from pine. Differences can be linked to the wood cell wall structure. The shorter length for 

beech fibers is typical for hardwoods compared to softwoods [67]. 

The 2D derived shape factors are presented in Fig. 9. The changes in particle shape from fine 

grinds to disintegrated pellets to milled pellets reflect changes occurring during fine grinds 

densification in the pellet mill and pellet comminution in the hammer mill, respectively. The 

overall trend is that pine and beech particles become rounder and less elongated with the number 

of processing steps, including pelletization, and pellet comminution. However, the change in 

shape from disintegrated pellet particles to milled pellet particles is smaller than from fine 

grinds to disintegrated pellet particles. Fig. 9 shows that the circularity increases with 

decreasing particle size, indicating that the finer particles are more circular than coarser 

particles. This finding concurs well with Tannous et al.’s study [68], who observed a similar 

trend for milled Douglas fir particles. Due to the anisotropic cell wall structure of wood, beech 

and pine particles show a needle-like shape, indicated by low elongation ratios. On average, 

fine beech grinds have lower elongation ratios (ER=0.38) than fine pine grinds (ER=0.42). As 

mentioned previously, lower elongation ratios were also found for beech chips compared to 

pine chips. For coarser particles, the elongation ratios between the two wood species differ 

largely. For smaller particles, the degree of elongation is more similar, as the structure 

difference between biomasses seems to reduce with decreasing particle size [69].  
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Regarding the effect of the pellet mill on the particles, it was observed that it does not alter the 

particle width, as differences between the characteristic particle size of fine grinds and 

disintegrated pellets are negligible (Fig. 8A). This result concurs well with Trubetskaya et al.’s 

[70] findings. However, it reduces the particle length for both samples, e.g., the amount of 

particles shorter than 1 mm is 23% for fine beech grinds and 30% for disintegrated beech pellet 

particles (Fig. 8B). For pine, the amount of particles shorter than 1 mm increases from 12% for 

fine grinds to 16% for disintegrated pellet particles. The small increase in shorter particles after 

the pellet mill suggests that particles break across their largest dimension in the process of pellet 

formation, indicating a directional particle breakage behavior. During pelletizing, wood 

particles are forced into the die channels by the two rollers that move due to the friction and 

movement of the rotating ring die. Hence, the particle breakage may be explained by shearing 

of wood particles occurring between the rollers and the rotating die. The smaller increase in 

shorter particles was larger for beech during pelletizing. Due to their lower extractives content, 

beech particles will show greater friction in the roller-pellet die contact area, which probably 

favors a more brittle fracture behavior of beech particles. Vasic and Stanzl-Tschegg [14] 

showed that pine has a more ductile fracture response than beech so that the rigid beech is more 

likely to break during stress. The change in particle length inevitably affects the internal pellet 

particle shape (Fig. 9). In particular, the average circularity for pine increases from 0.41 (fine 

grinds) to 0.50 (disintegrated pellets) and from 0.45 (fine grinds) to 0.55 (disintegrated pellets) 

for beech. In the same way, the elongation ratio increases from 0.41 (fine grinds) to 0.48 

(disintegrated pellets) for pine, and from 0.38 (fine grinds) to 0.51 (disintegrated pellets) for 

beech. The final pellet milling step had only a negligible effect on the wood particle shape. 

Thus, changes in circularity and elongation ratio between fine grinds and internal pellet particles 
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are directly related with the length reduction observed on disintegrated pellet particles 

compared to fine grinds. Hence, the pelletizing process modified the elongated wood particle 

shape of fine grinds more than the subsequent pellet milling step in the hammer mill.  

Table 4 presents loose bulk density values for the various wood types. On average, all beech 

samples show higher bulk densities than pine due to a higher particle density and smaller 

particles. Smaller beech particles can be embedded in the voids between larger particles, thus 

favoring a better packing structure. Milling wood pellets leads to a further reduction of the inter-

particle gaps due to the production of finer particles that allow better packing ability [71]. Thus, 

final bulk densities of milled pellet product of ca. 400 kg/m3 for beech and 280 kg/m3 for pine 

were obtained. Differences in bulk density may also be linked to the different particle shape. 

Fine grinds comprise more elongated and less circular particles than milled pellets, which can 

cause mechanical interlocking between particles and an increase in porosity of the bulk solid 

[72]. This leads to less compaction and lower bulk density. Rezaei et al. [62] observed a similar 

trend for needle-like milled chip particles compared to more spherical milled pellet particles.   

3.6. Implications for wood pellet producers and power plant operators  

For pellet producers and power plant operators, the energy for mechanical processes (i.e., size 

reduction and pelletization) has to be minimized to achieve optimal process efficiencies. Fig. 

10A and Fig. 10B plot the SGEC versus the size reduction (comminution) ratio of Von 

Rittinger’s comminution law and the SGEC versus the characteristic product particle size, 

respectively. A strong power law relationship (R2=1.00 for pine and R2=0.90 for beech) was 

found between SGEC and the size reduction ratio. Fine milling represents the most energy-

consuming milling process in both cases. Milling beech requires less energy, leads to a higher 
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size reduction ratio, and produces finer particles than pine. However, higher energy is required 

to pelletize beech than pine. 

To assess how much energy of the actual energy value of the wood is used for milling and 

pelletizing operations, the ratio of the specific energy consumption for milling (or pelletizing) 

to the net calorific value of the oven dry matter (NCVd) was determined (Table 5). It should be 

stated that the energy required for milling and pelletizing is electrical energy, which is 

inherently more valuable than thermal energy (heat). Generally, milling and pelletizing 

represent only a little proportion (between 1.9 and 2.9%) of the NCVd. For beech, pelletizing 

energy represents the highest proportion of NCVd, which is almost three times as much as for 

pine. The lack of extractives can probably explain why beech is more difficult to pelletize than 

pine. Thus, to facilitate the pelletizing process and enhance the pellet quality, pellet producers 

should pelletize beech mixed with pine or use binders such as brewers spent grains [32]. Due 

to the better grindability (i.e., the lower grinding energy) of beech pellets, switching to beech 

pellets will slightly improve the overall power plant efficiency and also provide finer fuel 

particles for suspension-firing.  

4. Conclusions 

This study investigated the physical changes occurring during the mechanical processing of 

beech and pine trees into chips, pellets and milled pellets. The experimental data provide 

valuable new knowledge of how pelletizing and hammer-milling operations modify the 

physical properties (size, shape, density) of beech and pine. The following conclusions can be 

drawn from the experimental study: 
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 The pelletizing process alters the shape and length of the wood particles. There is a 

reduction in the particle length during pelletizing, which results in higher particle 

circularity and elongation (width-to-length) ratio values. The average elongation ratio 

for beech particles increased from 0.38 (fine grinds) to 0.51 (disintegrated pellets) to 

0.52 (milled pellets). In comparison, pine particles increased in elongation from 0.42 

(fine grinds) to 0.48 (disintegrated pellets) to 0.49 (milled pellets). 

 Milling beech produced more fines than pine in all milling steps. For practical milling 

operations, beech wood requires less energy for milling than pine.  

 The relationship between specific grinding energy for grinding wood and the size 

reduction ratio of Von Rittinger’s comminution law followed a power law. Von 

Rittinger’s law can thus be applied to predict the energy required to grind wood chips, 

coarse grinds, and wood pellets. 

 Sieve analysis represents well the width of wood particles, but not the particle length. 

Digital image analysis allows direct size and shape measurements and provides more 

detailed data than traditional sieve analysis.    

 Rosin-Rammler-Bennet-Sperling characteristic particle sizes of the milled wood chips, 

milled coarse grinds, and milled wood pellets are smaller than the hammer mill screen 

opening.  

 Pelletizing beech requires more energy than pine. This behavior is attributed to a lower 

extractives content in beech.  
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 Beech pellets are more difficult to disintegrate in water following the standard procedure 

ISO 17830:2016. In that case, it is recommended to perform the disintegration procedure 

twice. 

 The wood bulk densities are sensitive to the particle size, shape, and moisture content. 

Bulk densities for milled beech pellets featuring finer, more circular, and less elongated 

particles were higher than those of coarser, less circular, and more elongated milled pine 

pellets. 

 

Nomenclature 

AParticle particle projection area (mm2) 

mPellet amount of wood pellets (t) 

PParticle particle perimeter (mm) 

ar as received 

C circularity (dimensionless) 

d particle size (mm) 

D pellet diameter (mm) 

d* RRBS characteristic particle size (mm) 

D90 particle size at 90th percentile of the cumulative undersize distribution (mm) 

dc,min shortest maximum chord (mm) 

df RRBS characteristic particle size (mm) of the feed 

dFe,max  maximum Feret diameter (mm) 
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dp RRBS characteristic particle size (mm) of the product 

DW dry wood basis 

ER particle elongation ratio (dimensionless) 

KR Von Rittinger’s material characteristic parameter (kWh mm t-1) 

L pellet length (mm) 

n RRBS uniformity constant (dimensionless) 

P absorbed mill power (kW) 

PSD particle size distribution 

R(d) cumulative undersize distribution (%) 

RRBS Rosin-Rammler-Bennet-Sperling 

SEC specific energy consumption (kWh/t) 

WB wet wood basis 

wt.% weight percent 
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Figure captions  

Fig. 1: Major processing steps of converting whole trees to pellets for pulverized wood-fired 

power plant boilers. 

Fig. 2: Limbed and debarked beech (left) and pine (right) logwood. 

Fig. 3: Experimental mill setup and the three milling steps performed at the pellet plant. 

Fig. 4: Perforated ring die (left). Operating principle of the ring die pellet mill (right) adapted 

from [73]. 

Fig. 5: Illustration of the length, width, and thickness of a typical wood chip. 

Fig. 6: Average cumulative undersize mass distribution of as-received beech and pine wood 

chips obtained by sieve analysis. Error bars indicate the first standard deviation from the 

mean, and they are displayed when greater than the data symbol. 

Fig. 7: Average dimensions of beech chips (hollow symbols) and pine chips (solid symbols) in 

each sieve fraction compared to the mean sieve mesh size. Error bars indicate the 95% 

confidence internal, and they are displayed when greater than the data symbol. 

Fig. 8: Average cumulative undersize volume PSD versus dc,min (A) and  average cumulative 

undersize volume PSD versus dFe,max (B) analyzed by Camsizer® X2. 

Fig. 9: Average circularity (A) and elongation ratio (B) of fine grinds, disintegrated pellets, 

and milled pellets for beech and pine analyzed by Camsizer® X2. Values for particles wider 

than 1 mm were neglected due to the small number of particles analyzed. 
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Fig. 10: Specific grinding energy consumption vs. Von Rittinger’s size reduction ratio (A) 

and specific grinding energy consumption vs. characteristic product particle size (B).  
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Table captions 

Table 1: Chemical composition of pine and beech wood (% dry matter).  

Table 2: Milling performance of pine and beech in a series of hammer mills. Size parameters 

are analyzed by sieve analysis and presented as means with three replicates. 

Table 3: Quality parameters of the pellet specimens and performance of 6 mm-sized pine 

and beech pellets produced in a ring pellet die. Size parameters are presented as means with 

three replicates. 

Table 4: Physical properties of fine grinds, disintegrated pellets, and milled pellets. Values 

are presented as means with three replicates, and one standard deviation is indicated in 

parentheses.  

Table 5: Estimation of the process energies for milling and pelletizing prior to the combustion 

of wood pellets based on the net calorific value of the oven dry matter (NCVd).  
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Tables and Figures  

Fig. 1:  
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Fig. 2: 
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Fig. 3: 
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Fig. 4:  
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Fig. 5: 
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Fig. 6: 
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Fig. 7:   

 

 

 

  

0

10

20

30

40

50

60

1.4-2.8
mm

2.8-5.6
mm

5.6-7.1
mm

7.1-10
mm

10-12.5
mm

12.5-16
mm

16-20
mm

20-25
mm

D
im

e
n

s
io

n
 (

m
m

)

Sieve fractions (mm)

Chip length (mm)

Chip width (mm)

Chip thickness (mm)

Sieve mean mesh size (mm)



 Masche et al. / Mechanical processing pathway of wood / 48 

 

Fig. 8: 
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Fig. 9: 
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Fig. 10: 

 

 

 

 

  

y = 65.124x1.387

R² = 1.000

y = 26.604x1.133

R² = 0.896

1

10

100

0.10 1.00 10.00

S
G

E
C

 (
k

W
h

/t
 D

W
)

Von Rittinger's size reduction (1/dp-1/df)

Coarse beech milling Coarse pine milling

Fine beech milling Fine pine milling

Beech pellet milling Pine pellet milling

Beech

Pine
(A)

1

10

100

0.10 1.00 10.00

S
G

E
C

 (
k

W
h

/t
 D

W
)

Characteristic product particle size, dp (mm)

Coarse beech milling Coarse pine milling

Fine beech milling Fine pine milling

Beech pellet milling Pine pellet milling

(B)



 Masche et al. / Mechanical processing pathway of wood / 51 

 

Table 1: 

 

 

1 Sum of arabinan, galactan, rhamnan, and uronics. 

 

 

  

Wood Carbohydrates Klason 

lignin 

Acid 

soluble 

lignin 

Extractives Ash Total 

 Total1 Glucan1 Xylan1 Mannan1 Others1 Water-

soluble 

Ethanol-

soluble 

Beech  63.8 39.2 18.0 1.7 4.9 23.4 2.9 0.9 0.9 0.5 92.4 

Pine  59.4 38.1 4.3 11.3 5.8 24.8 0.6  4.5 10.6  0.6 100.6 
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Table 2: 

 

Feed material  

 

Screen  

(mm) 

df
1 

(mm) 

dp
2  

(mm) 

SRR3 

(1/dp-1/df) 

Capacity 

(t DW/h) 

KR
4
 

(kWh mm t-1 DW) 

Total SGEC5 

(kWh/t DW) 

Coarse milling        

Beech chips  

(36 wt.% MC6) 

15 15.46 2.45 0.34 0.54 27.0 

 

8.1 

Pine chips 

(53 wt.% MC) 

15 14.18 3.97 0.18 0.36 62.8 12.6 

Fine milling 

Coarse beech grinds 

(12 wt.% MC) 

4 2.45 0.60 

 

1.26 0.98 33.5 

 

43.6 

Coarse pine grinds 

(12 wt.% MC) 

4 3.97 0.97 0.78 0.90 61.8 

 

49.4 

Pellet milling        

Beech pellets  

(4.2 wt.% MC) 

4 0.657 0.57 0.23 

 

2.87 30.5 6.6 

Pine pellets 

(8.5 wt.% MC) 

4 0.957 0.78 0.22 2.75 41.4 9.5 

1df : characteristic particle size of the feed. 

2dp: characteristic particle size of the product. 

3SRR: Von Rittinger’s size reduction ratio. 

4KR: Von Rittinger’s material characteristic parameter. 

5SGEC: specific grinding energy consumption. 

6MC: moisture content. 

7df: characteristic particle size of the disintegrated pellet material. 
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Table 3: 

 Unit Beech  Pine Analysis method 

Pellet feed properties 

Feed moisture wt.% 8.4 8.8 ISO 18134-1: 2015 

Feed d* mm 0.6 1.0 Sieve analysis 

Feed span mm 1.0 1.4 Sieve analysis 

Feed bulk density kg/m3 215.1 177.6 ISO 17828: 2015 

Pellet quality parameters    

Pellet moisture wt.%, ar 4.2 8.5 ISO 18134-1: 2015 

Pellet diameter (D)  

and length (L)  

mm, ar D, 6.1 

L, 11.8 

D, 6.1  

L, 10.1 

ISO 17829: 2015 

Number of pellets/ 

100g sample of pellets  

 366 350 Counting of pellets screened  

using a 5.0 mm sieve 

Net calorific value MJ/kg, DW 18.4 19.8 ISO 18125:2017 

Bulk density (σB) kg/m3, ar 580.4 603.3 ISO 17828: 2015 

Specific pellet 

density (σP) 

kg/m3, ar 1113.8 1152.6 𝜎𝑃 =
𝑚

𝑉𝑝
  

Interparticle porosity (ε) - 0.48 0.48 ε = 1 −
𝜎𝑃

𝜎𝐵
   

Mechanical durability wt.%, ar 96.7 98.5 ISO 17831-1: 2015 

PSD of disintegrated 

pellets (internal PSD) 

wt.%, DW ≥100%1 

(<3.15mm) 

≥99.3%1 

(<2.0mm) 

≥84.3%1 

(<1.0mm) 

≥100.0% 

(<3.15mm) 

≥97.7% 

(<2.0mm) 

≥62.7% 

(<1.0mm) 

ISO 17830: 2016 

(Sieve analysis) 

 

Pelletizing performance    

Die channel length  mm 35 50  

Capacity t DW/h 0.68 0.69  

Total SEC kWh/t DW 90.3 35.0  

1Values obtained after the second pellet disintegration in hot water. 
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Table 4: 

Wood samples Size and shape parameter analyzed by DIA Moisture 

content 

(wt.%) 

Loose bulk 

density 

(kg/m3) 

d*1  

(mm) 

span1  

(mm) 

d*2  

(mm) 

span2  

(mm) 

ER  

(-) 

C  

(-) 

Fine beech grinds 0.77 

(0.05) 

1.25 

(0.04) 

2.32 

(0.10) 

3.54 

(0.07) 

0.38 

(0.01) 

0.45 

(0.02) 

8.4 

(0.1) 

215.1 

(9.2) 

Disintegrated3 beech pellets 0.79 

(0.12) 

1.41 

(0.14) 

1.81 

(0.13) 

2.88 

(0.19) 

0.51 

(0.04) 

0.55 

(0.03) 

6.2 

(0.1) 

210.5 

(8.7) 

Milled  beech pellets 0.68 

(0.03) 

1.08 

(0.04) 

1.47 

(0.05) 

2.13 

(0.05) 

0.52 

(0.01) 

0.57 

(0.01) 

3.5 

(0.1) 

396.1 

(7.3) 

Fine pine grinds 1.17 

(0.02) 

1.61 

(0.02) 

2.85 

(0.03) 

3.43 

(0.06) 

0.41 

(0.01) 

0.41 

(0.03) 

8.8 

(0.1) 

177.6 

(8.2) 

Disintegrated pine pellets 1.16 

(0.09) 

1.65 

(0.03) 

2.64 

(0.07) 

3.10 

(0.08) 

0.48 

(0.03) 

0.50 

(0.03) 

6.4 

(0.1) 

170.8 

(8.5) 

Milled pine pellets 0.90 

(0.04) 

1.18 

(0.04) 

1.94 

(0.03) 

2.42 

(0.05) 

0.49 

(0.02) 

0.51 

(0.01) 

7.4 

(0.1) 

282.8 

(6.2) 

1Size characteristics calculated based on dc,min. 

2Size characteristics calculated based on dFe,max. 

3Material obtained after the second pellet disintegration in hot water. 
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Table 5: 

 

  Pellet plant Power plant 

SECpellet milling/ 

NCVd (%) 

Total 

(%) Wood NCVd 

(MJ/kg, DW) 

SECcoarse milling/ 

NCVd (%) 

SECfine milling/ 

NCVd (%) 

SECpelletizing/NCVd 

(%) 

Beech 18.4 0.16 0.85 1.77 0.13 2.91 

Pine 19.8 0.23 0.90 0.64 0.17 1.94 

 

  



 Masche et al. / Mechanical processing pathway of wood / 56 

 

Supplementary material  

 

Fig. S1: Average shape factors of beech and pine wood chips as a function of the chip length. Error bars 

indicate the 95% confidence internal, and they are displayed when greater than the data symbol. 
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Fig. S2: Average specific density and thickness of beech and pine wood chips as a function of the chip 

length. Error bars indicate the 95% confidence internal, and they are displayed when greater than the 

data symbol. 
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Fig. S3: Average cumulative undersize mass distribution of coarse and fine grinds of beech and pine 

obtained by sieve analysis. Error bars indicate the first standard deviation from the mean, and they are 

displayed when greater than the data symbol. 
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Fig. S4: Influence of sieving amplitude on the particle size distribution of disintegrated beech pellets. 

Average sieving data are presented.  
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Fig. S5: Appearance of beech pellets (left) and pine pellets (right). 

 

 


