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Abstract: Small-scale wood pellet producers often use a trial-and-error approach for determining 
adequate blending of available wood processing residues and pelletizing parameters. Developing 
general guidelines for optimizing wood pellet quality and meeting market standards would 
facilitate their market entry and profitability. Four types of hardwood residues, including green 
wood chips, dry shavings, and solid and engineered wood sawdust, were investigated to determine 
the optimum blends of feedstocks and pelletizing conditions to produce pellets with low friction 
force, high density and high mechanical strength. The feedstock properties reported in this study 
included particle size distribution, wood moisture content, bulk density, ash content, calorific 
values, hemicelluloses, lignin, cellulose, extractives, ash major and minor elements, and carbon, 
nitrogen, and sulfur. All residues tested could potentially be used for wood pellet production. 
However, high concentrations of metals, such as aluminum, could restrict their use for accessing 
markets for high-quality pellets. Feedstock moisture content and composition (controlled by the 
proportions of the various residue sources within blends) were the most important parameters that 
determined pellet quality, with pelletizing process parameters having less overall influence. 
Residue blends with a moisture content of 9%–13.5% (dry basis), composed of 25%–50% of sawdust 
generated by sawing of wood pieces and a portion of green chips generated by trimming of green 
wood, when combined with a compressive force of 2000 N or more during pelletizing, provided 
optimum results in terms of minimizing friction and increasing pellet density and mechanical 
strength. Developing formal relationships between the type of process that generates residues, the 
properties of residues hence generated, and the quality of wood pellets can contribute to optimize 
pellet production methods. 

Keywords: wood processing residues; hardwoods; pellet production; residue characterization; 
pelletizing process parameters; moisture content.  

 

1. Introduction 

Bioenergy (i.e., energy derived from biomass) is one of the most important renewable energy 
sources today. It is expected to play a major role for replacing fossil fuels in the global energy systems 
and for reducing greenhouse gas (GHG) emissions over the next decades [1]. By 2035, biomass could 
deliver 120 exajoules (EJ) (50% of the world's energy needs) for heat, 15% EJ for transport, and 18 EJ 
(7%) for electricity [2,3]. 
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In temperate and boreal countries, forest biomass, in the form of wood chips and wood pellets, 
is used for power and/or heat production, with boilers of various capacities ranging from small 
community heating systems up to large power plants. Relative to wood chips, pellets have a higher 
energy density per unit of mass and volume, are easier to store and handle in large volumes, and 
show less heterogeneity in physical and chemical properties [4,5]. Whereas wood chips are often 
preferred for small-scale facilities for which feedstock can be sourced over short distances, wood 
pellets can be used in larger-scale installations and/or for transport and trade over long distances 
(e.g., transatlantic and transpacific trade) [6]. 

In the province of Quebec (Canada), the primary and secondary wood processing sectors 
generate large amounts of wood residues annually. In 2013, the hardwood flooring industry 
generated about 400 × 103 metric tons of wood residues including sawdust, wood chips, and wood 
shavings [7]. A share of those residues is traded with other facilities for pulp and paper or fiberboard 
production; a portion is also used internally within facilities for heat or heat-and-power production 
[8]. However, the emergence of a larger market for bioenergy, especially for export, is driving interest 
into the characterization and quantification of these residues as potential feedstock for wood pellet 
production. Hardwood residues are generally considered less suitable for wood pellet production 
than softwood residues because of the greater friction generated during hardwood pelletization and 
lower mechanical durability of hardwood pellets. The high frictional forces in the channels of the die 
when hardwoods are used makes it more difficult to pelletize, potentially causing blockages at the 
pellet mill [9,10]. Nevertheless, studies suggest that with adequate conditioning and pelletizing 
conditions, hardwood residues can still be processed into pellets [11]. 

Quality requirements for wood pellets vary greatly depending on the end-user; as such, different 
wood pellet standards are being developed for various markets (e.g., Pellet Fuels Institute (PFI) 
standard, Austrian Standard International (ÖNORM) M 7135, International Organization for 
Standardization (ISO) 17225, German Institute for Standardization (DIN) 51731, etc.). The physical 
and chemical properties of the feedstocks largely define the characteristics of the wood pellets [12,13]. 
However, properties of residues that are generated by wood processing industries are poorly 
quantified. Uncertainty over the impacts of the variability in feedstock properties on the quality of 
wood pellets and the consequent impact of the ability of wood pellets to meet market standards are 
important hurdles to wood pellet market penetration [14,15]. Small-scale producers often use trial-
and-error methods for determining adequate pelletizing parameters (i.e., temperature and 
compression force) and blending of available wood residues generated along their wood processing 
chains. Developing general guidelines for optimizing pellet quality, by predicting properties of 
residues as a function of the processes that generate them within production lines and choosing 
feedstock composition and pelletizing parameters for meeting standards, would facilitate market 
entry for new players.  

The aim of this study was to develop relationships between characteristics of different kinds of 
residues generated along production chains of wood products and quality of wood pellets, to identify 
optimum feedstock and pelletizing conditions for pellet production. Wood residues from two 
production chains of hardwood flooring were used as a case study. The specific objectives were to: 
(i) characterize chemical and physical properties of wood residues as a function of their origin within 
the production chains of hardwood flooring, (ii) characterize blends of residues (mixing of residues 
of different origins), and (iii) investigate the combined effects of residue characteristics and 
pelletizing parameters on quality of wood pellets.  

2. Materials and Methods  

2.1. Sample Collection and Preparation 

In the autumn of 2015, four types of wood residues were collected from a flooring manufacturer 
in eastern Canada. These residues included green wood chips obtained from the wood chipper based 
in the courtyard of the flooring manufacturer, dry shavings and sawdust from solid hardwood 
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flooring, and dry sawdust from engineered wood flooring. The production lines for the two types of 
flooring are presented in Figure 1, with indications of the sources of residues. 

 

Figure 1. Production lines for the solid and engineered wood flooring. Residues from each process 
are indicated in italics. Residues collected for pelletizing are indicated with *. 

Four samples of about 0.2 m3 of each type of wood residue were collected separately within the 
facilities of the manufacturer. The selected samples were kept in sealed 55 US gallon (208 L) drums 
and transported to the laboratory, where they were kept in a laboratory freezer at −4 °C to avoid 
moisture loss and wood degradation. 

Laboratory samples (approximately 1.5 kg each) of the four single residue sources/origins were 
analyzed for their chemical and physical properties. They were then used to prepare ten 
combinations of residue sources, which were used for pelletizing experiments and pellet quality 
assessments. The samples of mixed residues were prepared by blending different single residue 
sources in various proportions, as presented in Figure 2, until homogeneity was achieved prior to 
pelletizing. Proportions of residue sources within blends were selected to facilitate comparisons 
between residue sources; particle size and abundance of residues were also taken into account. First, 
blends containing either only dry shavings (Blend 1) or green chips (Blend 2) were made. No pure 
blends of either type of sawdust were made, since the very small size of their particles would have 
made the blends difficult to pelletize. Dry shavings, being the most abundant residue type, were 
mixed using three parts of shavings and one part of either solid wood (Blend 4) or engineered wood 
(Blend 5) sawdust. Other blends were made by mixing equal parts of two residue sources (Blends 3, 
6, 7, 8, and 9) or of all four residue sources (Blend 10).  

From each of the ten different blends, three subsamples were created. Two subsamples were 
placed inside conditioning chambers under controlled air temperature and relative humidity 
conditions; two sets of conditions were tested— 20 °C and 60%, and 20 °C and 75%—corresponding 
to measured equilibrium moisture contents in the wood grinds of 12% and 15% on a dry basis, 
respectively. The remaining subsample was kept at its initial moisture content when the blend was 
formed and kept in a sealed plastic bag to avoid moisture loss. All blends were further tested for their 
physical and chemical properties. 
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Figure 2. Proportion of sources of residues within blends (in %). 

2.2. Characterization of Hardwood Flooring Residues 

Characterization of the four single residue sources (green wood chips, dry shavings, solid wood 
sawdust, and engineered wood sawdust) and the ten combinations of mixed residues was performed. 
For single residue sources, the following properties were determined: ash minor and major element 
concentrations; carbon (C), nitrogen (N), and sulfur (S) concentrations; and proportion of 
hemicelluloses, cellulose, lignin, and extractives. For both single residue sources and residue blends, 
the following properties were determined: particle size distribution, wood moisture content, bulk 
density, ash content, and calorific values.  

Particle size distribution of coarse residues (i.e., green wood chips) and smaller size residues 
(i.e., shavings and sawdust) were determined in accordance with British Standards (BS) EN15149-1 
[16] and BS EN15149-2 [17]. These standards recommend that the number of sieves and the aperture 
sizes of the sieves should be chosen according to the size specification of the sample material. In the 
current study, the particle size distributions of shavings and sawdust were analyzed using 3.85, 2.60, 
1.50, 1.00, 0.50, and 0.25 mm sieve sets, while the green wood chips used 45.0, 28.6, 22.2, 15.9, 9.5, and 
4.8 mm sieve sets. More details about the determination of particle size distribution can be found in 
Nguyen et al. [11] and Barrette et al. [18]. The moisture content was determined in accordance with 
the EN ISO 18134-3:2015 standard [19]: a sample of about 5 g was dried in an oven at 105 ± 2 °C for 
24 h. Bulk density was determined in accordance with American Society for Testing and Materials 
(ASTM) D5057-10 standards [20]. Chemical and thermal properties of all residues were then tested 
from sawdust of 0.25 mm.  

The higher heating value (HHV) was determined in accordance with BS EN14918:2009 standards 
[21], where the sample (approximately 0.7 g) was compacted into a tablet and combusted in a Parr 
6400 Automated Isoperibol calorimeter (Parr Instrument Company, Moline, Illinois, USA).  

While not essential to the determination of wood pellet quality based on the ISO standard 17225-
2, the proportions of cellulose, hemicelluloses, and lignin were still determined to investigate their 
links with other properties. They were determined using the global analysis method developed by 
Van Soest et al. [22] and recommended by Godin et al. [23]. These measurements were taken in order 
to better characterize the wood residues used for this experiment. 

The elemental proportions of C, N, and S were analyzed using a Leco (CNS-2000, St. Joseph, 
Michigan, USA). About 100 mg of wood powder was burned at 1350 °C (for about 2 min) under an 
oxygen atmosphere. At this temperature, all forms of C, N, and S were oxidized in CO2, SO2, N2, and 
NOx. After humidity and ash elimination, the concentrations of CO2 and SO2 were determined by 
using an infrared detector, while NO2 and NOx were determined by thermal conductivity. 
Concentrations obtained were assumed to correspond to the total C, N, and S present in the sample. 

The ash content was determined in accordance with ASTM D1102-84 standards [24]. The 
porcelain crucible containing approximately 2.0 g was burnt in muffle furnace at 575 ± 25 °C for 6 h. 

Concentrations of minor (Cu, Mn, and Zn) and major (Al, Ca, Fe, K, Mg, and P) elements in ash 
were determined using inductively coupled plasma (ICP) atomic emission spectrometry 



Forests 2019, 10, 607 5 of 21 

 

(PerkinElmer Optima 7300 Waltham, Massachusetts, USA). Again, although those elements are not 
strictly regulated for pellet quality, they could give important insights about potential sources of 
contamination during the generation of residues. About 500 mg of wood powder was burned at 500 
°C for 2 h in porcelain crucibles. The remaining ashes were then mixed with 10 mL of chloric acid (1 
M) and heated for 20 min. This allowed ash dissolution in the acid. Mixes were later transferred into 
100 mL flasks. After 24 h, ashes were deposited, and the liquid from the flask was transferred for 
analysis for minor and major elements using ICP spectroscopy. 

2.3. Pellet Production and Characterization 

A Pallmann ring refiner (Type PSKM 8, Ludwig Pallmann K.G., Zweibrücken, Germany) was 
used to convert the green wood chips and the dry shavings into ground material with suitable sizes 
for pellet production. Refiner screen sizes of 3.0 and 4.0 mm were used for size reductions of green 
wood chips and shavings, respectively. 

The experimental plan was designed to test the pelletization characteristics of ten different mixes 
of residues (blends) under 12 controlled conditions that represented combinations of feedstock 
moisture content (as is, 12%, and 15%), pelletizing temperature (100 and 125 °C) and compressive 
force (1500 and 2500 N), with a total of 120 independent experiments (or runs). The pelletizing 
temperatures as well as the compressive forces chosen for this experiment were based on a previous 
study [11]. Each run was replicated six times. Three dependent variables including friction force, 
pellet density, and pellet strength were measured. A total of 720 pellets were individually produced 
in a single pelletizer. Details about the single pelletizer used and the pellet production process can be 
found in Nguyen, Cloutier, Achim, and Stevanovic [11], but it is summarized here. The single 
pelletizer with a cylinder of 6.25 mm inner diameter and 150 mm long was first heated to the desired 
temperature. After equilibration, a sample of wood material of about 0.5 g was put into the cylinder 
and compressed by a piston at a speed of 12 mm·min−1 to the desired pressure. After a retention time 
of 10 s at full pressure, the pellet was pressed out of the cylinder by removing the bottom plate. The 
force-displacement data were recorded for the whole cycle of compaction and ejection of pellets. Data 
for friction were measured. Each pellet produced was stored in a sealed vial for further 
measurements. 

The density of each single pellet was calculated by dividing its mass by its volume. The mass 
was measured by using an analytical balance with an accuracy of ±0.0001 g. The volume was 
calculated from the diameter and length of the pellet, assuming a perfectly cylindrical shape. The 
diameter and length of individual pellets were measured using an electronic caliper with an accuracy 
of ±0.01 mm. Pellet density was determined immediately following its ejection from the pelletizer 
and was reported as an average of six measurements per treatment combination. Moisture content 
was measured according to EN ISO 18134-3:2015 [19], and it was reported as an average of two 
measurements per treatment combination.  

The compressive strength of pellets was determined following the procedure described in 
Nguyen, Cloutier, Achim, and Stevanovic [11]. The pellets produced were kept in vials and tested for 
compressive strength after production. A universal MTS testing machine (MTS Systems 
Coroporation, Eden Prairie, Minnesota, USA) was used to measure the peak load in transverse 
compression of the pellets. The pellet specimen was compressed radially between two parallel 
horizontal plates until it broke or showed signs of fracture. The compression speed was set to 6 
mm·min−1. The ratio between the peak load in compression and the pellet length was defined as the 
compressive strength. An average of three measurements was used per treatment combination. 

2.4. Data Analysis 

Analyses of variance (ANOVA) were performed to test the effects of the following factors on 
wood pellet quality: press temperature (2 levels: 100 and 125 °C), press compressive force (2 levels: 
1500 and 2500 N), moisture content of feedstock (3 levels: as is, 12%, and 15%), and composition of 
feedstock (10 levels: each level corresponds to proportions of residues from different origins, see 
Figure 2). The response variables were: pellet friction, density, and mechanical strength. All factors 
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were tested separately and in interactions. A p-value of 0.05 was used as the limit for statistical 
significance using R programming statistical software. 

A classification tree analysis was also performed to explore the structure of the dataset and 
identify decision rules for predicting pelletization characteristics (i.e., friction force) and pellet quality 
(pellet density and strength) based on the independent variables related to feedstock characteristics 
and pelletization parameters (blend composition and moisture content; temperature and 
compressive force). The analysis involved the segregation of different values of classification 
variables through a decision tree composed of progressive binary splits. Every value for each 
predictor variable was considered as a potential split, and the optimal split was selected based on 
how well the split reduced the heterogeneity within the resulting subsets. Each parent node in the 
decision tree produced two child nodes, which in turn could become parent nodes producing 
additional child nodes. This process continued with both tree building and pruning until statistical 
analysis indicated that the tree fit without overfitting the information contained in the dataset. The 
analysis was made using the Rpart package in R programming statistical software v.3.0.1 [25]. 

3. Results  

3.1. Properties of Residues 

The results of particle size distribution analysis and other characteristics of the four single 
residue sources (green wood chips, dry shavings, solid wood sawdust, and engineered wood 
sawdust) are presented in Figure 3 and Table 1. From Figure 3a, it can be seen that both types of 
sawdust contained large proportions of small particles, with about 70% of particles < 0.25 mm. The 
largest proportions of shavings were retained in both 1.5 and 0.5 mm sieve opening sizes (Figure 3a), 
and the largest proportion of green wood chips was retained in the 9.5 mm tray (Figure 3b). 

 
(a) 
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(b) 

Figure 3. (a) Average proportion of shavings and sawdust by sieve opening sizes with their associated 
standard deviations. (b) Mean proportion of wood chips by hole screens size diameters with their 
associated standard deviations. 

Moisture content of feedstock is an important parameter because it influences feedstock 
behavior during storage as well as the calorific value and combustion efficiency of the final product. 
Moreover, in the pelletizing process, too much moisture can make the particles slippery and slide 
through the die holes, resulting in reduced pellet quality. On the other hand, when feedstock is too 
dry, it may plug the die channels if the resistance from the channel exceeds the compression force of 
the roller [26,27]. According to the literature, the critical limits of moisture content that can produce 
good quality pellets is around 10% [28]; raw material with a moisture content higher than 15% has 
been reported for being difficult to pelletize. In the present study, the average moisture contents of 
wood dry shavings, solid wood sawdust, engineered wood sawdust, and green wood chips were, on 
average, 7%, 8%, 10%, and 43% (calculated on a dry basis), respectively (Table 1); variations among 
samples of the same source were not high, yielding relatively low standard deviations. From the 
requirement of moisture content in raw material for the production of pellets mentioned above, the 
primary limitation of green wood chips for the production of wood pellets was its high moisture 
content. Therefore, the use of appropriate proportions of residues from different sources (green wood 
chips, dry wood shavings, solid wood sawdust, and engineered wood sawdust) resulting in an 
optimal moisture content of mixed residues could offer a significant advantage in terms of conversion 
efficiency during the pelletization process. 

Bulk density of the wood particles has also been reported to affect the conversion efficiency 
during the pelletization process. Data in Table 1 indicate that wood chips had an average bulk density 
of 52 kg·m−3, whereas the mean bulk density of solid wood sawdust reached 195 kg·m−3 (i.e., about 
four times denser than wood chips). 

During the analysis of particle size distribution, numerous contaminants coming from the 
engineered wood sawdust were noticed (e.g., cardboard and metal pieces). Manufacturing processes 
of the engineered wood flooring production line and/or poor storage conditions for the sawdust 
might explain these contaminants. 

A high proportion of lignin is often associated with a higher heating value [29]. Lignin also 
contributes to binding the particles during the pelletization process [30]. In this study, the lignin 
proportion varied only slightly among residue sources, from 16.0% to 18.4%. That can explain the 
reason why there were no considerable differences in the HHV among the four types of wood 
residues. Also, the extractive concentration was interesting to monitor because woody biomass with 
high extractive content is more desirable as a fuel since it increases its calorific value [31–33]. In this 
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study, the proportion of extractives was highest in solid wood sawdust and lowest in green wood 
chips. However, proportions of extractives and their variability (5%–8%) were probably not high 
enough as to affect the values of HHV for the four types of wood residues. 

Table 1. Fuel quality related parameters (mean ± standard deviation) of the four residue sources. 
Values represent averages of four samples. d.b. = dry basis, w.b. = wet basis. 

Parameter 
Dry 

shavings 
Solid wood 

sawdust 
Engineered wood 

sawdust 
Green wood 

chips 
Moisture content (%, d.b.) 6.97 ± 0.08 8.21 ± 0.31 10.01 ± 0.21 42.91 ± 2.17 
Moisture content (%, w.b.) 6.52 ± 0.07 7.59 ± 0.27 9.10 ± 0.17 30.02 ± 1.07 

Bulk density (kg m−3) 123 ± 19 195 ± 12 133 ± 8 52 ± 5 
Higher heating value (MJ 

kg−1) 
19.7 ± 0.1 19.7 ± 0.1 19.4 ± 0.1 19.6 ± 0.5 

Chemical composition (%)     
Extractives 6.1 ± 0.1 8.1 ± 0.2 7.0 ± 0.3 5.1 ± 0.4 
Cellulose 51.0 ± 0.8 48.8 ± 1.2 50.1 ± 1.4 51.0 ± 0.3 

Hemicellulose 24.6 ± 0.8 24.5 ± 0.6 27.0 ± 0.3 26.7 ± 0.9 
Lignin 18.4 ± 0.2 18.6 ± 1.0 16.0 ± 1.4 17.2 ± 0.3 

Ash 0.43 ± 0.03 0.69 ± 0.05 0.60 ± 0.04 0.44 ± 0.03 
Ultimate analysis  

(wt %, dry ash free) 
    

Carbon 48.03 ± 0.51 48.01 ± 0.19 47.57 ± 0.59 48.95 ± 0.21 
Nitrogen 0.06 ± 0.02 0.07 ± 0.00 0.05 ± 0.01 0.06 ± 0.00 

Sulfur 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.03 
Major element analysis  

(mg kg−1) 
    

Al 680 ± 129 30 ± 0 110 ± 140 50 ± 10 
Ca 870 ± 80 1480 ± 170 760 ± 100 1200 ± 90 
Fe 0 ± 0 0 ± 0 10 ± 10 10 ± 10 
K 740 ± 120 520 ± 40 680 ± 130 360 ± 40 

Mg 20 ± 70 180 ± 30 290 ± 110 190 ± 10 
P 70 ± 30 40 ± 10 30 ± 10 80 ± 40 

Minor element analysis 
(mg kg−1) 

    

Cu 20 ± 20 10 ± 10 30 ± 10 40 ± 20 
Mn 40 ± 10 40 ± 0 40 ± 20 130 ± 10 
Zn 10 ± 0 10 ± 0 10 ± 0 20 ± 0 

Ash content is another essential fuel property to be monitored because it can have negative 
impacts on combustion and conversion processes [12]. In the current study, the ash contents of dry 
shavings, solid wood sawdust, engineered wood sawdust, and green wood chips were respectively 
0.43%, 0.69%, 0.60%, and 0.44% (Table 1). These values are lower than the limit established by the 
European standards (0.7%) for the production of high-quality solid biofuels such as wood briquettes 
and wood pellets [34]. Furthermore, lower ash content requires less frequent ash cleaning, which is 
important for the automatic operation of biomass boilers or stoves.  

In addition to the ash content, the concentrations of the individual ash elements were measured, 
as they affect the ash-melting point. If the melting point is too low, deposit build-up and corrosion 
problems may arise [28,35]. Wood with high concentrations in K (and also Na) could promote a 
decrease of the ash-melting point [36], while wood with high concentrations in Ca and Mg could 
increase it [12,37]. In this study (Table 1), all average K concentrations fell under the threshold set by 
the BS EN14961-1:2010 for hardwood fuels (800 mg·kg−1) [34,38]. Average concentrations in Mg and 
Ca corresponded more or less to the typical values set by the standard (200 and 1200 mg·kg−1) [34,38]. 
However, the average concentration in Al measured in all residues was higher than the value 
established by the BS EN14961-1:2010 for hardwoods fuels (20 mg·kg−1), especially for dry shavings 
(680 mg·kg−1), which were outside the typical variation observed in hardwoods (10–50 mg·kg−1) 
[34,38].  
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The minor elements (Cu, Mn, Zn) present in ash of the woody residues are also relevant for 
particulate emissions and environmental assessments. The measured average Zn concentrations 
generally fell below the typical value established by the BS EN14961-1:2010 for hardwood fuels, 
except for the green wood chips. The average Cu values for all materials varied between 10–40 
mg·kg−1, that is, they are an order of magnitude higher than the thresholds set by standards (2 
mg·kg−1). The average concentration in Mn in the green wood chips (183 mg·kg−1) was also higher 
than the BS EN14961-1:2010 thresholds (83 mg·kg−1) [34,38] (Table 1). It is not clear if the high levels 
of Al and minor elements originate from machinery and equipment from the hardwood flooring 
production lines, from storage, or from the woody residues themselves. These high concentrations 
may limit the production of high-quality pellets.  

The presence of N and S was also monitored as they can cause gaseous emissions of NOx and 
SOx, one of the main environmental impacts of solid biofuel combustion [39]. In this study, the 
average proportions in nitrogen (N) (0.05%–0.07%) and sulfur (S) (0.01%–0.02%) were rather small 
(Table 1). These values fell below or within the range reported by the BS EN14961-1:2010 for 
hardwood fuels (N < 0.1%–0.5% and S < 0.01%–0.05%) [34,38]. 

3.2. Pelletizing Characteristics and Quality of Pellets 

Results of the particle size distribution of the ten combinations (blends) of mixed residues are 
presented in Table 2 along with other physical properties related to fuel quality. Moisture content of 
the blends varied between 6.8% and 16.8% (Table 2). As expected, blends composed of a larger 
proportion of green wood chips (Blends 2, 3, 7, and 9) were more humid than the ones prepared with 
a larger proportion of sawdust. Blends composed of a large proportion of sawdust at low moisture 
content had the highest bulk densities, while blends composed of a large proportion of green wood 
chips had the lowest bulk densities. The highest ash contents were observed with blends composed 
of a large proportion of sawdust (Table 2). The HHV appeared to be relatively stable throughout the 
blends, varying from 19.55 to 19.79 MJ·kg−1. All studied blends could meet American and European 
standards for high-quality pellets. However, blends 9 and 10 had ash contents close to the upper limit 
set by the standards (0.7%); the amount of sawdust, with its high ash content, would thus need to be 
carefully managed. 

Results of the pelletizing characteristics (i.e., friction force) and pellet properties (density, 
moisture content, and mechanical strength) are presented in Table A1 of the Appendix A. Results of 
the ANOVAs testing the effect of the pelletizing (temperature and compressive force) and blend 
(composition and moisture content) parameters revealed several significant interactions between 
factors on their effects of pellet quality, described by pellet friction (Table 3), density (Table 4), and 
mechanical strength (Table 5). Interactions of blend moisture content and composition with other 
factors were particularly significant in explaining differences in wood pellet quality.  

These interactions were exemplified with the tree regressions. Results from this analysis showed 
that blend moisture content was the parameter that had the greatest influence on pellet friction 
(Figure 4), followed by blend composition. Frictional forces varied from 8.91 (Blend 2, made of wood 
chips only) to 28.08 N·mm-1 (Blend 1, made of dry shavings only). Within a same blend, the variation 
in the frictional force measurements appeared to be larger in blends with lower sawdust content. 
Figure 4 suggests that the lower the moisture content of the blended feedstocks, the higher the friction 
force. For example, a higher proportion of green chips in the blends resulted in higher moisture 
content (9.0% and higher), which lowered the friction force in the press channel of the pelletizer. The 
pelletizing process highly depends on the friction force between the compression channel and the 
densified raw material [12]. A lower friction during pelletizing should translate to a lower energy 
consumption when pelletizing with a large-scale pellet mill [40]. 
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Table 2. Results of the particle size distribution analysis and other physical properties of ten blends (combinations) of residues. Values represent averages of three samples. 
d.b. = dry basis. 

Particle size distribution (% per diameter of hole screen) 
Moisture content 

(%, d.b.) 
Bulk density 

(kg m−3) 
Higher heating value 

(MJ kg−1) 
Ash content 

(%) 
Blend 

# 
3.35 
mm 

2.80 
mm 

1.40 
mm 

1.00 
mm 

0.50 
mm 

0.25 
mm 

<0.25 
mm 

1 0.0 0.0 3.0 10.0 38.0 33.0 16.0 6.8 220 19.79 0.37 
2 0.0 0.0 15.0 23.0 36.0 18.0 8.0 16.8 99 19.69 0.44 
3 0.0 0.0 8.0 19.0 39.0 24.0 11.0 11.0 163 19.78 0.41 
4 0.0 0.0 3.0 9.0 31.0 28.0 28.0 6.9 236 19.72 0.47 
5 0.0 0.0 3.0 10.0 32.0 27.0 28.8 7.2 206 19.55 0.45 
6 0.0 0.0 2.0 5.0 21.0 24.0 47.0 7.5 235 19.79 0.53 
7 0.0 0.0 4.0 9.0 19.0 18.0 49.0 11.7 129 19.56 0.53 
8 0.0 0.0 2.0 7.0 24.0 25.0 42.0 7.8 185 19.69 0.52 
9 0.0 0.0 7.0 11.0 20.0 17.0 44.0 11.0 179 19.69 0.62 
10 0.0 0.0 5.0 10.0 21.0 19.0 45.0 10.0 169 19.74 0.60 
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Table 3. Parameters and p-values from ANOVAs testing the effects of blend composition, moisture content, press compressive force, and temperature on pellet friction. Df 
= Degrees of freedom. Sum sq = Sum of squares. Mean sq = Mean square. 

Factor Df Sum sq Mean sq F-value p-value 
Blend composition 9 4459.4 495.49 109.2242 <0.001 

Blend moisture content 2 1988.2 994.08 219.133 <0.001 
Press compressive force 1 532.3 532.26 117.3301 <0.001 

Press temperature 1 94.2 94.15 20.7551 <0.001 
Press compressive force: Blend composition 9 93.3 10.37 2.2857 0.015 

Press temperature: Blend composition 9 386.6 42.95 9.4686 <0.001 
Blend moisture content: Blend composition 18 2842.9 157.94 34.8159 <0.001 

Press compressive force: Blend moisture content 2 175.6 87.81 19.3562 <0.001 
Press compressive force: Press temperature 1 11 10.96 2.4161 0.121 
Blend moisture content: Press temperature 2 84.9 42.45 9.3569 <0.001 

Press compressive force: Blend moisture content: Press temperature 2 0.3 0.16 0.0356 0.965 
Press compressive force: Blend moisture content: Blend composition 18 255.6 14.2 3.1303 <0.001 

Press compressive force: Press temperature: Blend composition 9 151.3 16.81 3.7055 <0.001 
Blend moisture content: Press temperature: Blend composition 18 351.7 19.54 4.3074 <0.001 

Press compressive force: Blend moisture content: Press temperature: Blend composition 18 115.4 6.41 1.4133 0.118 
Residuals 596 2703.7 4.54     
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Table 4. Parameters and p-values from ANOVAs testing the effects of blend composition, moisture content, press compressive force, and temperature on pellet density. 
Df = Degrees of freedom. Sum sq = Sum of squares. Mean sq = Mean square. 

Factor Df Sum sq Mean sq F-value p-value 
Blend composition 9 679,781 75,531 23.2459 <0.001 

Blend moisture content 2 622,911 311,456 95.8554 <0.001 
Press compressive force 1 439,546 439,546 135.2774 <0.001 

Press temperature 1 232,895 232,895 71.6771 <0.001 
Press compressive force: Blend composition 9 36,322 4036 1.2421 0.266 

Press temperature: Blend composition 9 96,469 10,719 3.2989 <0.001 
Blend moisture content: Blend composition 18 380,266 21,126 6.5018 <0.001 

Press compressive force: Blend moisture content 2 63,947 31,973 9.8404 <0.001 
Press compressive force: Press temperature 1 94 94 0.0289 0.865 
Blend moisture content: Press temperature 2 7466 3733 1.1489 0.317 

Press compressive force: Blend moisture content: Press temperature 2 8885 4443 1.3673 0.255 
Press compressive force: Blend moisture content: Blend composition 18 78,938 4385 1.3497 0.151 

Press compressive force: Press temperature: Blend composition 9 38,329 4259 1.3107 0.228 
Blend moisture content: Press temperature: Blend composition 18 81,155 4509 1.3876 0.131 

Press compressive force: Blend moisture content: Press temperature: Blend composition 18 42,871 2382 0.733 0.778 
Residuals 600 1,949,534 3249     
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Table 5. Parameters and p-values from ANOVAs testing the effects of blend composition, moisture content, press compressive force, and temperature on pellet mechanical 
strength. Df = Degrees of freedom. Sum sq = Sum of squares. Mean sq = Mean square. 

Factor Df Sum sq Mean sq F-value p-value 
Press compressive force 1 3649.4 3649.4 84.4256 <0.001 
Blend moisture content 2 9155.2 4577.6 105.8972 <0.001 

Press temperature 1 13,419.2 13,419.2 310.4363 <0.001 
Blend composition 9 26,164.4 2907.2 67.2535 <0.001 

Press compressive force: Blend composition 9 2005.9 222.9 5.156 <0.001 
Press temperature: Blend composition 9 1994.8 221.6 5.1276 <0.001 

Blend moisture content: Blend composition 18 5842.5 324.6 7.5089 <0.001 
Press compressive force: Blend moisture content 2 855.2 427.6 9.8926 <0.001 

Press compressive force: Press temperature 1 32.5 32.5 0.753 0.386 
Blend moisture content: Press temperature 2 144 72 1.6658 0.191 

Press compressive force: Blend moisture content: Press temperature 2 0.6 0.3 0.0072 0.993 
Press compressive force: Blend moisture content: Blend composition 18 1000.9 55.6 1.2863 0.197 

Press compressive force: Press temperature: Blend composition 9 405.1 45 1.0412 0.408 
Blend moisture content: Press temperature: Blend composition 18 1407.4 78.2 1.8088 0.025 

Press compressive force: Blend moisture content: Press temperature: Blend composition 18 956.9 53.2 1.2298 0.238 
Residuals 240 10,374.4 43.2     
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The average density of pellets varied from 904 (Blend 1; made of dry shavings only) to 1195 
kg·m−3 (Blend 6; made of 50% dry shavings and 50% solid wood sawdust) (Appendix A). The 
regression tree demonstrated that the blend moisture content was again the most important 
parameter, followed by the compressive force (Figure 5). No matter the blend composition, a higher 
moisture content (i.e., ≥13.5%) resulted in a lower pellet density (1019 kg·m−3). When pressed under 
2000 N, the pellet density decreased (1059 kg·m−3) while it increased at a higher compressive force 
(i.e., >2000 N; 1122 kg·m−3). Blends 5, 7, 8, and 10, which contained engineered wood sawdust, yielded 
a higher pellet density, which should translate into a longer burnout time. 

In the present study, the moisture content of pellets varied from 1.0% to about 9.0% (Appendix 
A). The ideal moisture content of wood pellets should be at 10.0% or less [12]. At higher moisture 
content (especially above 20.0%), bacteria may develop and cause degradation for woody biomass 
and pellets [41]. Among the treatment combinations of a same blend, the moisture content varied by 
about 6%. This shows how other parameters not related to the initial feedstock properties can also 
affect the result of the pellets’ properties. In this study, moisture content of pellets tended to decrease 
more importantly when prepared at high temperature (125 °C), but it was only slightly affected by 
the strength of the compressive forces during pelletization. 

The mechanical strength of pellets varied from 24.78 (Blend 1: 100% dry shavings) to 86.88 
N·mm−1 (Blend 8: 50% engineered wood sawdust and 50% dry shavings) (Appendix A). The 
regression tree analysis demonstrated that blend composition was the most important factor affecting 
the mechanical properties of wood pellets (Figure 6). The press temperature and compressive force 
as well as the blend moisture content were of second importance. Data in Figure 6 indicate that pellets 
made of blends without engineered wood sawdust (Blends 1, 2, 3, 4, 6, and 9) had lower mechanical 
strength than other blends containing 25% to 50% of engineered wood sawdust (Blends 5, 7, 8, and 
10). Blends of wood residues without sawdust, when pressed at low temperature (<112.5 °C), resulted 
in pellets with a lower mechanical strength (38.4 N·mm−1) compared to those pressed at higher 
temperature (≥112.5 °C) (49.5 N·mm−1). The blends containing engineered wood sawdust when 
pressed at moisture content of 13.5% or above resulted in pellets produced with a lower mechanical 
strength (47.6 N·mm−1) compared to those made at low moisture content (<13.5%). Results also 
indicated that a compressive force above 2000 N should be employed to press the blends into pellets 
with the best mechanical strength (72.7 N·mm−1), whereas a compressive force less than 2000 N 
resulted in pellets produced with much lower strength (58.3 N mm−1).  

Results are coherent with other studies [11,42] that reported that optimal compression strength 
tends to be lower with an increase in particle size and moisture content. In general, we observed that 
mechanical strength tended to increase with an increase in compressive force and temperature, while 
it decreased with high moisture content (Appendix A). Achieving the right combination of 
temperature and feedstock moisture content can ease the plastic deformation of the particles and help 
promote binding between them to produce high-quality pellets. 
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Figure 4. Regression tree of pellet friction, with averages and number of observations (in parentheses). 

 

Figure 5. Regression tree of pellet density, with averages and number of observations (in parentheses). 
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Figure 6. Regression tree of pellet mechanical strength (n = 360), with averages and number of 
observations (in parentheses). 

4. Discussion  

Overall, our results suggest that the ideal mixture that would optimize pellet friction, density, 
and strength would contain from 25%–50% engineered sawdust and a portion of green chips, and it 
would have a moisture content of 9%–13.5%; it would be need to pelletized using a compressive force 
≥2000 N. The blend’s moisture content and composition were the most important parameters for 
determining pellet quality; pelletizing process parameters (press temperature and compression force) 
appeared to have less influence. As observed in other studies [11,42], the blends composed of a higher 
proportion of sawdust produced pellets with better mechanical properties (mechanical strength and 
density). In our study, sawdust from the engineered flooring line, generated by sawing of wood 
pieces, with its slightly lower bulk density, provided higher-quality pellets than the sawdust from 
solid wood flooring production that is generated by board trimming and edging (which is performed 
by a wider kerf). However, the quantity of sawdust added to the blend must be closely monitored as 
it may increase the ash concentration of the final product and, thus, restrict the uses of the wood 
pellets in power stations. The blends composed of a certain proportion of green chips also allowed to 
reduce the frictional force in the press.  

Most of the parameters tested on the diverse sources of mill residues revealed interesting 
physical and chemical properties for wood pellet production. However, if mill residues were to be 
used for wood pellet production, the ash minor and major elements of residues would require further 
testing, as these were higher than thresholds established by the BS EN14961-1:2010. It is unclear 
whether these concentrations were due to wood inherent characteristics, flooring manufacturing 
processes, or suboptimal storage and handling conditions for the residues. 

5. Conclusions 

This study characterized properties of four different types of residues generated along the 
production lines of hardwood flooring, assessed their suitability for pellet production, and 
determined optimal feedstock and pelletizing conditions for high-quality pellets. It was based on 
small-scale experiments using a single pelletizer; therefore, results might not adequately represent 
industrial-scale operations. Nevertheless, results of this study suggest feedstock moisture content 
and composition, which can be controlled by proper blending of residues from different sources, are 
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the most important parameters determining pellet quality. Pelletizing process parameters (press 
temperature and compression force) appeared to have less influence on the overall pellet quality, 
although settings can be optimized as a function of feedstock properties. The optimal blend of 
residues would contain from 25%–50% sawdust generated by the sawing of wood pieces and a 
portion of green chips (generated by the initial trimming of green wood logs); the ideal moisture 
content of blended feedstock is between 9%–13.5%; it would need to be pelletized using a 
compressive force ≥2000 N. However, residues (especially sawdust) contained high levels of metals 
and contaminants, which may have been brought by manufacturing and/or storage and handling 
processes. This suggests that a higher quality control on supply processes for residues needs to be 
put in place in order to obtain suitable feedstock for profitable production of pellets.  

Progress has been important on technological aspects of woody biomass combustion. However, 
evidence suggests that success of forest bioenergy business cases often hinges on a tight management 
of feedstock quality, an aspect that is often neglected in the bioenergy sector [43], especially when the 
feedstock is a byproduct or residue from other processes. The quality of the bioenergy end-product 
can be significantly improved, and production costs reduced, by close integration of production lines 
of conventional forest products (such as flooring) and bioenergy products [44]. Developing more 
formal relationships between the type of process that generates residues (e.g., planning, trimming, 
sawing), and the physical and chemical properties of residues hence generated (which can then be 
used to predict pellet quality), would greatly contribute to the optimization of pellet production by 
reducing uncertainty associated with the “trial-and-error” method too often used in current pellet 
production. 
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Appendix A 

Table A1. Effect of combinations of feedstock moisture content, pelletizing compressive force, and 
temperature on pellet moisture content, friction force, density, and strength. Values are averages 
(standard deviation) of six replicates. 

Feedstock 
moisture 

content (%) 
12 15 As received 

Compressive 
force (N) 

1500 2500 1500 2500 1500 2500 

Temperature 
(°C) 

100 125 100 125 100 125 100 125 100 125 100 125 

Blend # Pellet moisture content 

1 
6.57 

(0.05) 
2.79 

(0.18) 
7.10 
(.) 

3.15 
(.) 

8.39 
(0.48) 

3.13 
(0.00) 

8.49 
(0.09) 

2.88 
(0.13) 

4.51 
(0.17) 

2.68 
(0.63) 

5.26 
(0.21) 

3.88 
(1.94) 

2 5.94 
(2.68) 

1.42 
(0.93) 

7.28 
(0.14) 

2.16 
(0.11) 

9.16 
(1.91) 

2.92 
(0.13) 

8.07 
(0.51) 

1.88 
(0.61) 

7.31 
(2.54) 

2.76 
(1.04) 

8.03 
(0.00) 

2.39 
(0.26) 

3 6.51 1.78 6.37 2.00 6.07 2.33 6.16 2.57 6.51 1.78 6.37 2.00 
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(0.10) (0.21) (0.14) (0.11) (2.72) (0.34) (0.80) (0.00) (0.10) (0.21) (0.14) (0.11) 

4 
5.64 
(.) 

1.08 
(0.81) 

5.98 
(0.09) 

2.00 
(0.66) 

7.57 
(0.46) 

1.36 
(1.01) 

6.91 
(0.09) 

2.17 
(0.04) 

4.84 
(0.07) 

1.79 
(0.12) 

4.53 
(0.52) 

2.31 
(0.19) 

5 5.34 
(0.39) 

0.99 
(0.96) 

6.05 
(.) 

1.40 
(0.49) 

7.75 
(0.50) 

1.42 
(0.40) 

7.94 
(0.40) 

1.71 
(0.72) 

4.16 
(0.07) 

2.67 
(0.38) 

4.72 
(0.21) 

2.38 
(0.49) 

6 5.78 
(0.29) 

2.12 
(0.57) 

6.77 
(0.06) 

2.78 
(0.02) 

. 
(.) 

3.07 
(0.31) 

8.32 
(0.01) 

3.34 
(0.87) 

4.39 
(0.11) 

1.63 
(0.26) 

4.68 
(0.19) 

2.95 
(0.20) 

7 
7.06 

(0.26) 
2.73 

(0.25) 
7.27 

(0.44) 
2.69 

(0.68) 
9.07 

(0.35) 
3.37 

(0.53) 
8.05 

(1.12) 
3.33 

(0.54) 
7.06 

(0.26) 
2.73 

(0.25) 
7.27 

(0.44) 
2.69 

(0.68) 

8 
6.25 
(.) 

3.05 
(.) 

6.15 
(.) 

2.75 
(.) 

8.38 
(0.19) 

3.01 
(0.79) 

8.69 
(0.07) 

2.91 
(0.21) 

5.05 
(0.09) 

2.52 
(0.37) 

5.34 
(0.45) 

2.48 
(0.39) 

9 
6.84 

(0.19) 
1.76 

(0.10) 
6.18 

(0.21) 
2.08 

(0.51) 
8.45 

(0.54) 
2.48 

(0.14) 
7.98 

(0.37) 
3.37 

(0.40) 
6.48 

(0.19) 
1.76 

(0.10) 
6.18 

(0.20) 
2.08 

(0.51) 

10 5.73 
(0.16) 

1.77 
(0.06) 

6.35 
(0.14) 

1.53 
(0.76) 

8.99 
(0.19) 

2.60 
(0.14) 

8.49 
(0.81) 

2.92 
(0.29) 

5.73 
(0.16) 

1.77 
(0.06) 

6.35 
(0.14) 

1.53 
(0.76) 

 Pellet friction force (N·mm−1)  

1 18.96 
(1.20) 

22.11 
(3.02) 

22.30 
(2.18) 

21.97 
(2.01) 

14.38 
(1.18) 

16.80 
(2.10) 

16.92 
(1.83) 

18.33 
(1.44) 

22.11 
(1.25) 

24.14 
(0.93) 

28.08 
(2.26) 

25.96 
(1.58) 

2 
10.71 
(1.06) 

8.91 
(2.81) 

14.99 
(1.48) 

11.70 
(0.41) 

22.65 
(2.17) 

17.16 
(1.57) 

24.51 
(1.45) 

13.66 
(1.05) 

12.75 
(1.31) 

14.89 
(5.99) 

15.87 
(1.81) 

14.09 
(3.91) 

3 
18.94 
(1.02) 

17.57 
(1.81) 

22.38 
(2.34) 

20.70 
(2.90) 

20.66 
(1.54) 

16.65 
(1.96) 

21.10 
(1.92) 

17.20 
(1.35) 

18.94 
(1.02) 

17.57 
(1.81) 

22.38 
(2.34) 

20.70 
(2.90) 

4 17.65 
(1.20) 

17.56 
(1.75) 

20.22 
(1.77) 

20.85 
(1.47) 

14.09 
(1.97) 

16.29 
(2.28) 

15.90 
(0.82) 

15.45 
(2.01) 

18.06 
(2.61) 

19.11 
(2.12) 

21.01 
(2.56) 

22.59 
(1.53) 

5 19.92 
(2.20) 

19.37 
(2.49) 

22.83 
(1.95) 

18.97 
(2.63) 

15.05 
(1.23) 

12.83 
(2.57) 

14.23 
(0.90) 

13.69 
(1.35) 

20.44 
(1.72) 

23.14 
(1.43) 

24.69 
(1.50) 

23.68 
(1.88) 

6 
16.86 
(1.46) 

15.01 
(1.57) 

17.59 
(1.44) 

15.87 
(2.26) 

16.90 
(7.06) 

15.52 
(2.27) 

15.87 
(1.09) 

14.10 
(2.07) 

16.54 
(2.25) 

17.65 
(2.02) 

18.96 
(1.39) 

26.08 
(2.16) 

7 
19.87 
(2.11) 

18.77 
(3.60) 

19.04 
(2.15) 

19.46 
(2.67) 

11.26 
(0.69) 

10.80 
(0.95) 

12.64 
(1.39) 

13.41 
(2.76) 

19.87 
(2.11) 

18.77 
(3.60) 

19.04 
(2.15) 

19.46 
(2.67) 

8 
21.62 
(3.29) 

22.22 
(2.88) 

21.16 
(1.12) 

21.38 
(3.07) 

15.97 
(1.95) 

15.76 
(2.35) 

17.05 
(0.97) 

16.87 
(2.93) 

20.21 
(0.93) 

23.22 
(1.54) 

24.62 
(1.81) 

25.06 
(3.11) 

9 14.10 
(2.42) 

10.78 
(1.59) 

14.20 
(2.14) 

14.04 
(2.13) 

12.16 
(1.22) 

12.42 
(1.32) 

12.78 
(1.52) 

12.68 
(1.47) 

14.10 
(2.43) 

10.78 
(1.59) 

14.20 
(2.14) 

14.04 
(2.13) 

10 14.11 
(1.14) 

11.83 
(1.39) 

19.14 
(2.08) 

16.05 
(1.74) 

13.62 
(1.11) 

11.49 
(0.83) 

14.83 
(1.42) 

11.88 
(1.02) 

14.11 
(1.14) 

11.83 
(1.39) 

19.14 
(2.08) 

16.05 
(1.74) 

 Pellet density (kg·m−3) 

1 
1000 
(11) 

1063 
(15) 

1070 
(13) 

1127 
(14) 

904 
(20) 

1023 
(28) 

950 
(26) 

1113 
(23) 

1000 
(18) 

1071 
(13) 

1094 
(14) 

1146 
(25) 

2 930 
(17) 

990 
(20) 

969 
(11) 

1023 
(32) 

978 
(20) 

1027 
(13) 

1028 
(14) 

1042 
(26) 

936 
(35) 

990 
(30) 

968 
(18) 

1022 
(43) 

3 
1012 
(16) 

1034 
(15) 

1070 
(17) 

1098 
(13) 

991 
(15) 

1062 
(14) 

1049 
(11) 

1143 
(9) 

1012 
(16) 

1034 
(15) 

1070 
(17) 

1098 
(13) 

4 
1032 
(16) 

1070 
(28) 

1102 
(9) 

1132 
(23) 

938 
(52) 

1018 
(27) 

963 
(15) 

1037 
(43) 

1032 
(16) 

1070 
(12) 

1108 
(11) 

1154 
(13) 

5 1033 
(19) 

1079 
(7) 

1119 
(15) 

1125 
(51) 

966 
(40) 

1012 
(42) 

981 
(17) 

1007 
(40) 

1030 
(9) 

1100 
(10) 

1126 
(9) 

1151 
(39) 

6 
1056 
(10) 

1079 
(23) 

1114 
(9) 

1148 
(44) 

1195 
(513) 

1032 
(49) 

1010 
(18) 

1064 
(45) 

1070 
(14) 

1077 
(17) 

1147 
(12) 

1162 
(13) 

7 
1097 
(24) 

1104 
(20) 

1147 
(15) 

1146 
(33) 

1005 
(14) 

1042 
(35) 

1034 
(10) 

1085 
(47) 

1097 
(24) 

1104 
(20) 

1147 
(15) 

1146 
(33) 

8 
1092 
(44) 

1125 
(9) 

1167 
(14) 

1149 
(34) 

997 
(17) 

1050 
(43) 

1037 
(20) 

1089 
(69) 

1078 
(14) 

1091 
(23) 

1168 
(16) 

1180 
(29) 

9 1057 
(20) 

1094 
(6) 

1121 
(27) 

1138 
(16) 

991 
(26) 

1030 
(37) 

1022 
(41) 

1035 
(32) 

1057 
(20) 

1094 
(6) 

1121 
(27) 

1138 
(16) 

10 
1064 
(30) 

1096 
(5) 

1127 
(12) 

1172 
(26) 

985 
(12) 

1002 
(15) 

1007 
(18) 

1020 
(14) 

1064 
(18) 

1096 
(13) 

1127 
(14) 

1172 
(25) 

 Pellet strength (N·mm−1) 

1 
33.30 
(2.18) 

53.39 
(3.51) 

40.82 
(1.94) 

62.43 
(2.69) 

24.78 
(1.34) 

39.99 
(6.77) 

26.20 
(7.28) 

42.48 
(26.62) 

31.36 
(3.18) 

54.67 
(1.50) 

43.72 
(4.96) 

61.33 
(5.85) 

2 
38.84 
(3.73) 

40.51 
(5.56) 

29.46 
(1.06) 

39.35 
(2.73) 

35.30 
(5.45) 

53.05 
(6.13) 

42.15 
(3.42) 

39.81 
(3.30) 

36.43 
(1.15) 

39.42 
(5.08) 

35.72 
(9.18) 

36.75 
(5.64) 

3 
39.63 
(2.54) 

44.96 
(6.49) 

44.00 
(4.25) 

48.25 
(1.51) 

39.80 
(9.28) 

48.63 
(2.11) 

39.86 
(3.35) 

58.94 
(1.57) 

39.63 
(2.54) 

44.96 
(6.49) 

44.00 
(4.25) 

48.25 
(1.51) 
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4 
34.88 
(4.24) 

54.15 
(11.28) 

45.06 
(6.38) 

55.21 
(7.59) 

28.00 
(7.36) 

36.58 
(5.00) 

28.63 
(2.05) 

45.84 
(4.66) 

35.44 
(1.68) 

50.72 
(3.05) 

45.41 
(4.04) 

64.20 
(3.88) 

5 43.97 
(1.93) 

60.68 
(1.75) 

55.43 
(3.67) 

77.07 
(4.91) 

33.38 
(8.05) 

47.08 
(10.90) 

38.81 
(1.00) 

45.35 
(9.48) 

44.55 
(2.00) 

65.31 
(3.77) 

63.35 
(2.91) 

80.54 
(6.23) 

6 
41.43 
(1.41) 

52.59 
(7.85) 

49.37 
(1.32) 

44.68 
(29.15) 

32.55 
(1.87) 

50.59 
(5.72) 

33.08 
(4.60) 

53.30 
(8.87) 

35.93 
(1.42) 

48.05 
(8.34) 

50.65 
(4.15) 

55.72 
(10.49) 

7 
65.49 
(3.42) 

69.02 
(7.49) 

67.00 
(3.82) 

81.46 
(2.28) 

42.61 
(1.96) 

60.16 
(90.50) 

45.96 
(1.48) 

62.24 
(6.62) 

65.49 
(3.42) 

69.02 
(7.49) 

67.00 
(3.82) 

81.46 
(2.28) 

8 
53.89 

(13.24) 
71.00 
(8.30) 

74.34 
(6.26) 

86.88 
(1.50) 

38.78 
(2.23) 

65.77 
(9.26) 

43.31 
(6.87) 

66.73 
(16.80) 

53.37 
(4.28) 

65.97 
(6.49) 

74.07 
(3.61) 

80.54 
(12.06) 

9 44.85 
(2.14) 

53.06 
(3.76) 

49.70 
(2.12) 

56.76 
(4.29) 

32.46 
(4.73) 

43.55 
(7.40) 

34.27 
(4.05) 

38.24 
(5.61) 

44.85 
(2.14) 

53.06 
(3.76) 

49.70 
(2.12) 

56.76 
(4.29) 

10 43.32 
(13.37) 

59.53 
(4.85) 

60.98 
(3.31) 

76.35 
(4.86) 

37.78 
(2.58) 

47.31 
(6.89) 

42.81 
(2.74) 

43.87 
(3.47) 

43.32 
(13.37) 

59.53 
(4.85) 

60.98 
(3.31) 

76.35 
(4.86) 
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