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Abstract: High-density biomass plantations have played a key role in the national energy landscape
in Italy since the 1990s but, to date, an inversion of tendency and a significant reduction of cultivated
areas has been noted. Despite this, the existing plantations have seen their coppicing rotation become
significantly lengthened, resulting in large quantities of biomass per hectare. This study aimed to
identify the best raw material suitable for pellet production using whole trees or stems without
branches from poplar plantations at the end of the third, sixth and ninth year of age. All types of
pellets made reach the requirements of class A1 for diameter, length, moisture content, ash melting
point, lower heating value, as well as nitrogen (N), sulfur (S), and heavy metals. None of the theses
satisfied the bulk density parameters while for ashes and mechanical durability, a great variability
was observed according to the different raw materials used. An improvement in terms of heating
value was observed by transforming the poplar wood chips refined into pellets. The pelletizing
process using high density poplar plantation as a raw material highlights the possibility of obtaining
a product that meets many of the quality standards required on the market. These aspects are closely
related to the innovation carried out in the agro-forestry sector for effective energetic sustainability.
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1. Introduction

The critical issues related to the decreasing availability of energy sources of fossil origin, as well
as their geographical distribution in politically unstable areas, together with huge environmental
problems at a global scale, have led to an increased focus on the search for alternative energy sources.
The use of renewable energy has increased steadily over time due to the need to mitigate climate
change by reducing the use of fossil fuels [1,2], which are responsible for the constant increase in the
concentration of greenhouse gases (GHG) in the atmosphere [3].

The European Commission, through the 2020 climate and energy package, has drafted a set
of binding rules to ensure that the EU achieves its climate and energy targets by 2020, providing
for the cutting of 20% of greenhouse gas emissions (compared to the levels of 1990), 20% of energy
requirements needing to be derived from renewable sources, and a 20% improvement in energy
efficiency [4].

Although biomass has been a subject of great interest in terms of power generation, its use at
the industrial level has attracted less attention; the various factors to explain this lack of attention are
mainly the low mass and energy density, the dispersion of the raw material and its availability in less
convenient forms, and the high transport costs [5].
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One way to overcome the limitations resulting from the low bulk density and high transport costs
is to use densification processes (pelletization and/or briquetting) before using this material for energy
purposes, in order to exploit a homogeneous and easy-to-use solid biofuel, which is also characterized
by a higher energy density [6,7].

For these reasons the pellet sector, unlike biomasses from Short Rotation Woody Crops (SRWC),
has seen important developments both in terms of production and in terms of the number of installed
transformation plants, with a market price exceeding €300/tons in 2018 [8].

The pellet production process is an extrusion process that consists of subjecting the very fine dry
biomass to a high pressure and high temperatures, compressing it through a hole of a few millimeters
and producing small cylinders that are cut to the desired length and cooled [9,10].

The bioenergy policies implemented by the individual Member States of the European Union
are characterized by tax exemptions, mandatory targets to be achieved, subsidies, and biomass
sustainability policies that stimulate the growth of the imported wood pellets [11]. The global annual
production of wood pellets was recently estimated by the International Energy Agency (IEA) to be
about 6 to 8 million tons, with a net potential of about 13 million tons [12]. Pellet production grew
from 1.7 million tons in the year 2000 to 28 million tons in 2015 [13], showing an annual increase of 14%
compared to 2011 [14]. It is estimated that the demand for pellets from 2020 will be about 50 million
tons per year [15] and the consumption of industrial pellets will grow steadily at a rate of 21% year−1,
whereas the increment in the consumption of domestic pellets will reach 8.5% year−1 [7].

Europe is the major pellet producer and consumer, followed by the USA and then the rest of the
world. Europe is also a global net importer of wood pellets [13,16]: the highest consumption of pellets
is recorded in the United Kingdom, Finland and Sweden, where they are mainly used to produce
electricity and heating; other important pellet consumers in the EU are Belgium, the Netherlands,
Denmark and Italy [17]. On the production side, Portugal and Latvia are Europe’s biggest exporters of
pellets, followed by Germany, Lithuania, Estonia, Finland and Sweden [18,19]. In 2016 the thermal
energy obtained from biomasses in Italy amounted to about 7.06 Mtep [20].

In this context the Council for Agricultural Research and Economics (CREA) (AGROENER project
Energy from agriculture: sustainable innovations for the bio-economy, financing MiPAAF D.D. n.
26329 of 4 April 2016 [21]) and the Department of Agriculture and Forest Sciences (DAFNE-University
of Tuscia, Italy) started an experimental activity aimed to enhance the value of different lignocellulosic
materials through the promotion of a demonstration model of pellet production on a company scale.

In Italy high-density biomass plantations have played a key role in the national energy landscape
since the 1990s [22,23] but, to date, the interest in this type of crop seems to be disappeared, indicating
an inversion of tendency and a significant reduction of cultivated areas [24]. Despite this, the existing
plantations have seen their coppicing rotation significantly lengthened, reaching even 5 to 6 years
to over 9 to 10 years and this results in larger quantities of biomass per hectare, with much better
qualitative characteristics than those found in the classic two- or three-year cycles.

The market price is a key factor for the development of pellet manufacturing [13] and the shredded
material from SRWC (Short Rotation Wood Coppice) can then be valorized through a pelletization
process, thereby allocating the transformed material to much more profitable markets.

The purpose of the work was to evaluate the possibility of enhancing the SRWC of poplar, verifying
the ability for this type of biomass to be transformed into pellet, starting from different coppicing
intervals (third, sixth and ninth year of vegetation) and different fractions (whole trees and stems
without branches). The dendrometric characteristics of the raw wood material and the qualitative
characteristics of the pellets produced were assessed. Some parameters, such as the calorific and
moisture content, ashes and heavy metals were determined before and after pelleting in order to
identify any differences directly related to the transformation process.
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2. Materials and Methods

The activity, developed within the CREA farm (Lat. 42◦ 06′ 07” N, Long. 12◦ 37′ 39” E), involved
the plantation of Short Rotation Coppice of poplar (clone AF6-Populus x Euroamericana), with a
density of 7142 stumps per hectare, divided into sectors characterized by different coppicing intervals,
with shoots aged between 3 and 11 years [25]. The experimentation was carried out using different
treatments with harvesting cycle of: 3 years (roots of 11 years and stems of 3 years), 6 years (roots of 11
years and stems of 6 years), and 9 years (roots and stems of 9 years). The experimental design involved
a total of 30 sample trees, 10 for each crop cycle, taken by following the indications suggested by
Mitchell et al. [26]. The dimensional analyses concerned the basal diameter of the stem, the total height,
the percentage by weight of the branches and the relative dimensions (diameter, length and number).

The sample trees cut down on the 20 February 2018 (time T0), were left in a storage yard for two
months (time T1), subdivided by crop cycle and type of product:

- five three-year-old whole trees,
- five six-year-old whole trees,
- five nine-year-old whole trees,
- five three-year-old stems without branches,
- five six-year-old stems without branches,
- five nine-year-old stems without branches.

The biomass was subsequently chipped, refined and positioned within six different bins.
The dehydration process of the material was enhanced by periodically exposing it to sunlight
for further 40 days (time T2). The pelletization was finally carried out the following day (time T3).
The chipping, refining and pelletizing were carried out, respectively, with a Farmi Forest CH260
forestry chipper, a BL-100 shredder, and a 4 kW Bianco line pelletizer. For the reining process, a 6 mm
grid was used according to the method provided by Bergstrom et al. [27].

The moisture content [28] of the biomass was monitored from the date of the felling of trees to
the time of final pelleting, by detecting the parameters in the 4 intervals of time mentioned above
(T0, T1, T2, T3). During the storage in the field, the main meteorological data (monthly precipitation,
rainy days, average monthly temperatures) were also recorded by the local weather station, in order to
provide information about the climatic trend of the area.

The initial moisture content (T0) was detected on samples taken from other trees of the same
crop cycle cut down on the same day. Specifically, basal, median and apical stem wheels were used
(thickness of 1.5 cm), as well as portions of different diameters and lengths of branches and treetops, in
order not to compromise the integrity of the stored material.

The moisture content of the biomass in the three intervals of time T1, T2, and T3 was determined
by taking a total of 90 samples of 500 g of chips, refined and pelletized material (5 for each crop cycle,
fraction, type of transformation and reference period considered). After the storage, a further reduction
of moisture content may occur during the production process because the biomass is subjected to high
pressures with a significant increase in temperature. For this reason, particular attention was paid
to verify the possible differences of moisture content before (T2) and after the passage in the pellet
machine (T3).

The characterization of the biomass was carried out at the CREA and DAFNE laboratories and
concerned the ash content and ash melting point, the heating value, the metals, nitrogen and sulfur, the
bulk density, the pellet dimensions, the mechanical durability, and the moisture content. Five samples
were used for each parameter, except for pellet sizes (50 samples).

The ash content was calculated according to EN ISO 18122 [29]. Samples of about 1 g were placed
in the Lenton EF11/8B muffle furnace and heated to 250 ◦C for one hour. Subsequently, the temperature
was raised to 550 ◦C for two hours. The determination of ash content was calculated considering the
weight loss of the sample before and after the heating process.
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The ash samples subsequently underwent a granulometry reduction process in order to obtain
a fine and homogeneous powder that was able to guarantee the preparation of the samples for the
fusion analysis with a more regular form. Subsequently, the procedure provided for the preparation of
a cylindrical ash sample to be introduced into the Sylab SHV-IF 1500 analyzer, according to the CEN/TS
15370-1 [30]. The fusibility analysis is based on the identification of the temperature which corresponds
to the start of sample deformation, monitored by a camera connected to a computer (image analysis).

The most important parameter to characterize a substance as fuel is the heating value, determined
according to EN ISO 18125 [31]. A sample of dried wood chips was first ground by a knife mill
Retsch SM 100, and secondly by a centrifuge mill Retsch ZM 200. The Higher Heating Value (HHV)
was determined using the calorimeter Anton Paar 6400 while the Lower Heating Value (LHV) was
determined using a logarithmic formula. Four samples of shredded wood were prepared by means of
the pellet mill Pellet Press 2810 to produce tablets, weighing 1 g each. Before every single analysis,
the instrument was calibrated with benzoic acid.

The determination of heavy metals, which directly influence the formation of aerosols and fly ash
during the combustion of wood material [32], was performed using Agilent 7700 ICP-MS according
to the provisions of EN ISO 16968 [33]. An aliquot of each sample (about 500 mg), was transferred
into special Teflon containers and subjected to acid attack (HNO3 and H2O2) using a microwave
digester (Start D, Milestone S.r.l., Sorisole, Italy), and the solutions obtained were diluted and subjected
to analysis.

The content of nitrogen (N) and sulfur (S) were measured according to EN ISO 16948 [34] and EN
ISO 16994 [35] using an elemental analyzer CHNS-O Costech ECS 4010. The tin capsules with approx.
1 mg of sample were inserted through the autosampler into the analyzer’s combustion oven.

The bulk density was evaluated in accordance with EN ISO 17828 [36]. A standard container was
filled with a certain amount of shredded material of a given size and shape and subsequently weighed.
The bulk density was calculated from the net weight per standard volume and reported with the
determined moisture content. The bulk density of the pellet was calculated using a metal cylinder of
known volume (0.005 m3), filled to the rim and weighed using a field dynamometer. The measurement
was replicated 8 times.

The pellet dimensions were determined according to EN ISO 17829 [37] by measuring the length
and diameter of 50 individual pellets randomly selected per sample. Average values for diameter and
length were calculated.

The mechanical durability was analyzed by means of a mechanical durability tester (Andritz
Sprout rotation pellet testing apparatus) according to EN ISO 17831-1 [38].

The moisture content was determined according to EN ISO 18134-1 [39], using a Memmert UFP800
drying oven. The samples were taken to the laboratory where they were oven-dried at 103 ± 2 ◦C,
until a constant weight was achieved (weight variation not exceeding 0.2% during a further drying
period of 60 minutes). The determination of moisture content was calculated as a percentage of weight
loss before and after the drying process.

Data were statistically analyzed using PAST and Statistics software. Morphometric parameters
were examined by using One-Way Anova, Welch F test and Kruskal-Wallis. A T-test and Welch F test
for moisture content, bulk density and for the comparison of physical-chemical parameters between
refined and pelletized wood, were performed.

3. Results

3.1. Size Characteristics of the Crops

Figure 1 shows the main morphometric parameters of the poplar detected in the three cultivation
cycles considered. Trees of 3 years were characterized by a diameter, a height, and a weight equal
to 8.32 cm, 6.97 m, and 19.62 kg. The length and diameter of branches insertion were slightly less
than 1 m and 1 cm while the average length of the treetops was 1.79 m, with a diameter of about 2 cm.
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Significantly larger sizes were recorded for the poplars of 6 and 9 years of age: 16.09 and 21.39 cm
in diameter, 13.07 and 17.70 m in height, as well as 79.63 and 183.92 kg in weight. The 9-year-old
branches were almost double the size of the 6-year-old material, both in terms of length and diameter
of insertion on the stem. The treetops, on the other hand, showed very similar dimensions with an
average length of more than 3 m and a diameter of about 5 cm.
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Figure 1. Main morphometric parameters (mean ± St. dev.) of SRWC of poplar at the third, sixth and
ninth year of vegetation. Stem diameter (One-Way Anova and Tuckey post hoc test): F = 66.97,
df = 27, p < 0.001; height (Welch F test and Tuckey post hoc test): F = 253.1, df = 16.15, p < 0.001;
branches diameter (Welch F test and Tuckey post hoc test): F = 8.997, df = 16.1, p < 0.01; branches
length (Welch F test and Tuckey post hoc test): F = 71.99, df = 15.39, p < 0.001; treetops diameter
(One-Way Anova and Tuckey post hoc test): F = 82.41, df = 27, p < 0.001; treetops length (Kruskal-Wallis
and Mann-Whitney pairwise comparisons Bonferroni corrected): H = 21.83, Hc = 21.87, p < 0.001.
Different letters indicate statistically significant differences between the groups obtained by post hoc
tests applied (p < 0.05).

Statistical analysis showed no significant differences with respect to the diameter of the 3- and
6-year-old branches and to the diameter and length of the 6- and 9-year-old treetops. In all other cases,
the differences were significant.

The percentage by weight of branches and treetops increased progressively with the increase of
the age of the shoots, with the poplar of 3 years that was characterized by the lower average value
(Table 1). The one-way Anova highlighted the existence of significant differences between material of 3
years of age and that of 6 and 9 years of age (p < 0.05). However, there were no statistically significant
differences between the poplars of 6 and 9 years. In the latter case, the values measured were very
similar to each other, with about 80% of the weight represented by the stem.

Table 1. Percentage weight distribution of stems, branches and tops (mean ± St. dev.). One-Way
Anova: F = 3.603, df = 27, p < 0.05. Tuckey post hoc test: different letters indicate statistically significant
differences (p < 0.05). Percentage values were previously transformed into a square root of the arcosine.

Harvesting Cycle 3 Years 6 Years 9 Years

Branches and tops 17.65% (bc) 19.41% (ac) 20.36% (a)

Stems 82.35% 80.59% 79.64%
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3.2. Dehydration Process and Moisture Content of Different Types of Biomass

During the outdoor storage of the wood material, 365 mm of rain were recorded in 33 days,
mainly concentrated in the month of March. Average temperatures were 5.72, 11.48 and 15.1 ◦C,
respectively, in the last week of February, in March and in the first two weeks of April. At the time the
trees were cut down, they had an average moisture content of 54.74% (T0) reaching, after 2 months of
storage, an average value of 46% (T1). Subsequently, the refined biomass was conserved under the
roof and periodically exposed to sunlight, attested on average values of just under 10% (T2).

The reduction of the moisture content after pelleting, which was assessed comparing the values
for T2 and T3 periods, ranged between 7.61 and 18.53 percentage points. The t-test performed showed,
in all the examined cases, statistically significant differences (Table 2).

Table 2. Biomass moisture content in the 4 reference periods and loss of moisture during palletization
(mean ± St. dev.). T test columns ∆ T3/T2. The asterisks indicated different levels of statistical
significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Percentage values were previously transformed
into a square root of the arcosine.

Type of
Biomass
Source

Trees T0
20 February

Chips T1
20 April

Refined T2
31 May

Pellet T3
1 June ∆ T3/T2

3 years old
whole tree

52.28%
(±0.96)

46.05%
(±4.07)

9.53%
(±0.38)

8.32%
(±0.37)

−12.72%
(±2.42) ***

3 years old
stem

52.72%
(±0.73)

46.69%
(±3.07)

10.21%
(±0.43)

8.46%
(±0.35)

−17.04%
(±4.77) ***

6 years old
whole tree

53.98%
(±0.87)

45.77%
(±4.39)

10.05%
(±0.55)

8.30%
(±0.23)

−17.25%
(±4.72) ***

6 years old
stem

53.88%
(±1.36)

48.03%
(±3.43)

9.43%
(±0.33)

8.71%
(±0.31)

−7.61%
(±4.96) **

9 years old
whole tree

56.27%
(±1.81)

47.95%
(±3.93)

9.32%
(±0.63)

8.35%
(±0.31)

−10.24%
(±4.54) *

9 years old
stem

56.85%
(±2.09)

50.78%
(±4.53)

10.40%
(±0.39)

8.47%
(±0.37)

−18.53%
(±4.94) ***

Average 54.74% 46.05% 9.76% 8.50% −12.62%

3.3. Length, Diameter and Bulk Density of the Pellets

The average diameter of the cylinders was just over 6 mm, with a length between 15.13 and
17.93 mm for the whole material and 17.35 and 20.08 mm for the material without branches. At the
same crop cycle, the pellets obtained from whole trees were characterized by a lower average length:
−7.48%, −5.84% and −32.65% for the cycle of 3, 6 and 9 years, even if this lower average length was
statistically significant exclusively for the poplar of a 9-year-old (One-way Anova and Tuckey post hoc
test. Df: 144, MS: 32.7052, F: 2.51, p < 0.05).

Bulk density, on the other hand, varied between 576 and 584 kg·m−3 for trees without branches
and 553 and 556 kg·m−3 for whole trees. The use of the branches and tree-tops leaded to a reduction in
the average bulk density values, confirming the trend observed for the length of the material produced.
The reductions recorded stood at −4.32%, −5.53% and −3.67% for the poplar of 3, 6 and 9 years.
The statistical analysis, in this case, showed significant differences between the whole material and
that without branches in all the cycles considered (Figure 2).
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Figure 2. Bulk density of the pellets (average, standard error, standard deviation). Welch F test and
Tuckey post hoc test): F = 26.12, df = 10.47, p < 0.001). Different letters indicate statistically significant
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3.4. Heating Value, Ash Content, Ash Melting Point and Heavy Metals of the Pellets

Tables 3 and 4 show the average values of lower heating value, ash content, ash melting point and
heavy metals detected in the various types of pellet produced.

Table 3. Heating value, ash content and ash melting point of the different types of pelletized biomass
(mean ± St. dev.). LHV: Kruskal Wallis, H = 3.134, Hc = 3.136, p > 0.05; Ash content: Welch F test and
Tuckey post hoc test, F = 94.56, df = 10.77, p < 0.001; Ash melting point: Welch F test and Tuckey post
hoc test, F = 189.8, df = 9.981, p < 0.001. Different letters indicate statistically significant differences
between the groups obtained by Tukey post hoc test (p < 0.01).

Biomass Source after Pelletization LHV
(MJ·kg−1)

Ash
(%) Ash Melting Point (◦C)

3 years old whole tree 17.67 a

±0.27
2.78 a

±0.09
1433.4 c

±4.4

3 years old stem 17.85 a

±0.38
2.71 a

±0.31
1455.8 d

±5.8

6 years old whole tree 17.85 a

±0.11
1.82 c

±0.23
1404.6 c

±17.2

6 years old stem 17.68 a

±0.26
1.89 c

±0.08
1433.2 c

±4.3

9 years old whole tree 17.72 a

±0.28
2.27 b

±0.06
1479.8 a

±1.1

9 years old stem 17.55 a

±0.62
1.87 c

±0.04
1457.6 b

±4.6
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Table 4. Heavy metals of the different types of pelletized biomass (mean ± St. dev.). As: One-Way
Anova, F = 11.07, df = 24, p < 0.001. Cd, Cr, Cu, Pb, Ni, Zn: Kruskal-Wallis and Mann-Whitney pairwise
comparisons Bonferroni corrected, H = 26.03, 27.05, 27.85, 28.23, 28.23, 25.39 respectively, Hc = 26.18,
27.58, 27.92, 28.39, 28.33, 25.94, p < 0.001 Different letters indicate statistically significant differences
between the groups obtained by Tukey post hoc test (p < 0.05).

Biomass
Source after
Pelletization

As
(mg·kg−1)

Cd
(mg·kg−1)

Cr
(mg·kg−1)

Cu
(mg·kg−1)

Pb
(mg·kg−1)

Ni
(mg·kg−1)

Zn
(mg·kg−1)

3 years old
whole tree

0.0050 b,c

±0.0007
0.2282 a

±0.0011
0.1562 b

±0.0015
0.9330 c

±0.0071
0.0352 e

±0.0004
0.2406 c

±0.0009
12.1950 c

±0.1897

3 years old
stem

0.0056 a,c

±0.0009
0.2318 a

±0.0056
0.1440 c

±0.0007
0.8874 e

±0.0017
0.0464 c

±0.0009
0.2222 d

±0.0019
11.4421 d

±0.2845

6 years old
whole tree

0.0046 b,c

±0.0009
0.1946 c,d

±0.0082
0.1558 b

±0.0024
0.8306 f

±0.0138
0.0320 f

±0.0012
0.2022 e

±0.0013
12.5868 c

±0.2566

6 years old
stem

0.0028 d

±0.0011
0.1966 c

±0.0018
0.1058 e

±0.0043
0.9950 a

±0.0007
0.0418 d

±0.0013
0.1742 f

±0.0011
12.3915 c

±0.2021

9 years old
whole tree

0.0068 a

±0.0011
0.2028 b

±0.0011
0.2462 a

±0.0055
0.9470 b

±0.0102
0.0756 a

±0.0005
1.6852 a

±0.0018
14.4502 a

±0.1057

9 years old
stem

0.0044 b,c,d

±0.0005
0.1878 d

±0.0018
0.1308 d

±0.0029
0.9078 d

±0.0100
0.0678 b

±0.0011
0.3354 b

±0.0009
14.3222 b

±0.1020

The heating value detected for the poplar ranged between 17.55 and 17.85 MJ·kg−1 with
non-significant statistical differences (Kruskal Wallis test, p > 0.05).

In our study, an ash content of less than 1.9% for material of 6 years of age (with and without
branches) and 9-year-old stems was detected; values between 2.27% and 2.78% were detected for the
whole trees of 9 and 3 years of age, respectively. With reference to the latter parameter, the Welch F test
and the Tuckey post hoc test revealed significant differences between the various cultivation cycles
with the same fraction used, excepted for the material of 6 and 9 years of age without branches. At the
same coppicing intervals, however, it was possible to see a statistically significant difference only in
the 9-year-old trees, obtaining a reduction of 17.62% in ash content by using stems without branches
instead of the whole trees.

By analyzing the data related to the heavy metals content we identified the types of pellets
characterized by their lower concentration: As, Ni and Cr in the pellet obtained from the poplar of 6
years without branches, Pb and Cu in the pellet of 6 years with branches, Zn in the pellet of 3 years
without branches, Cd in the poplar of 9 years without branches. The wood material with the highest
concentration of heavy metals in absolute was the whole 9-year-old poplar, relative to the values of As,
Cr, Pb, Ni, and Zn (p < 0.05). Ash melting point was always higher than 1400 ◦C. About this parameter,
there were no significant differences between the whole 3-year-old poplar and the 6-year-old poplar
without branches, and between 3 and 9-year-old poplar without branches. In all other cases, however,
the differences were statistically significant at a level p < 0.01.

Other parameters examined, and not showed in Table 3, concern the concentration of sulfur (S),
equal to 0.0%, nitrogen (N), with values between 0.04% and 0.26% and the mechanical durability,
with values between 97.1% for the 9-year-old poplar without branches and 98.6% for the whole
6-year-old poplar. Regarding this last parameter, the Kruskal Wallis test did not reveal a significant
difference (p > 0.05). Tables 5 and 6, unlike the previous ones, highlight the qualitative parameters
of the refined material immediately before of the passage into the pellet machine. The heating value
ranged between 16.35 and 17.74 MJ·kg−1, while the ash content was always higher than 2% (1.95%),
with peak of 2.97%. As showed in Table 7, with high statistical significance, the refined material
would tend to be characterized by a lower heating and ash fusibility values compared to the pelletized
material. The other percentage differences showed in Table 7, which refer to ash content and heavy
metals content, were not statistically confirmed.
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Table 5. Heating value, ash content and ash melting point of the different types of refined biomass
(mean ± St. dev.).

Biomass Source before
Pelletization

LHV
(MJ·kg−1)

Ash
(%) Ash Melting Point (◦C)

3 years old whole tree 16.93
±0.07

2.14
±0.21

1438.2
±3.11

3 years old stem 17.07
±0.15

2.97
±0.22

1378.6
±23.6

6 years old whole tree 17.47
±0.09

1.95
±0.34

1377.0
±6.8

6 years old stem 16.72
±0.34

2.39
±0.21

1433.0
±4.39

9 years old whole tree 17.74
±0.31

2.57
±0.20

1406.0
±4.42

9 years old stem 16.35
±0.32

2.42
±0.13

1431.8
±1.1

Table 6. Heavy metals of the different types of refined biomass (mean ± St. dev.).

Biomass
Source before
Pelletization

As
(mg·kg−1)

Cd
(mg·kg−1)

Cr
(mg·kg−1)

Cu
(mg·kg−1)

Pb
(mg·kg−1)

Ni
(mg·kg−1)

Zn
(mg·kg−1)

3 years old
whole tree

0.0018
±0.0004

0.2222
±0.0013

0.1522
±0.0051

0.9126
±0.0017

0.0256
±0.0005

0.2226
±0.0005

10.7319
±0.1648

3 years old
stem

0.0056
±0.0009

0.2328
±0.0062

0.2292
±0.0059

0.9193
±0.0091

0.1008
±0.0008

0.3434
±0.0013

11.9100
±0.0624

6 years old
whole tree

0.0058
±0.0008

0.1912
±0.0006

0.2072
±0.0062

0.8707
±0.0018

0.1338
±0.1935

0.4136
±0.0009

13.4410
±0.1845

6 years old
stem

0.0120
±0.0010

0.2050
±0.0009

0.1448
±0.0033

1.0230
±0.0024

0.0654
±0.0005

0.3366
±0.0011

12.6780
±0.1146

9 years old
whole tree

0.0070
±0.0012

0.2064
±0.0038

0.1242
±0.0016

0.9782
±0.0045

0.0750
±0.0029

1.3270
±0.0060

15.3179
±0.3089

9 years old
stem

0.0046
±0.0009

0.1866
±0.0009

0.2026
±0.0032

0.9099
±0.0056

0.0688
±0.0004

1.4142
±0.0008

14.8296
±0.2872

Table 7. Average values of heating value, ash content, ash melting point and heavy metals relative to
biomass (mean ± St. dev.) before and after pelleting, in addition the t-test result referred to independent
samples (* statistically significant).

Parameter Refined Pellet ∆ (%) t-Value DF p-Value

LHV (MJ·kg−1) 17.05 ± 0.52 17.72 ± 0.38 +3.95 * −5.959 58 0.001

Ash content (%) 2.41 ± 0.38 2.22 ± 0.43 −7.88 1.819 58 >0.05

As (mg·kg−1) 0.006 ± 0.003 0.005 ± 0.002 −20.62 1.950 58 >0.05

Cd (mg·kg−1) 0.207 ± 0.020 0.207 ± 0.018 0 0.088 58 >0.05

Cr (mg·kg−1) 0.177 ± 0.039 0.156 ± 0.044 −11.45 1.872 58 >0.05

Cu (mg·kg−1) 0.936 ± 0.085 0.917 ± 0.053 −2.03 1.404 58 >0.05

Pb (mg·kg−1) 0.078 ± 0.079 0.049 ± 0.017 −36.34 1.919 58 >0.05

Ni (mg·kg−1) 0.676 ± 0.503 0.476 ± 0.552 −29.52 1.463 58 >0.05

Zn (mg·kg−1) 13.15 ± 2.023 12.90 ± 1.145 −1.90 0.656 58 >0.05

Ash melting point (◦C) 1404.2 ± 38.2 1444.1 ± 25.2 +2.84 * −4.773 58 0.001
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Another aspect to consider was the improvement of the quality parameters that could be obtained
by transforming the poplar wood chips into pellets (Table 7).

Comparing the surveyed data, before and after pelletization, there was an average increase in the
heating value of 3.95% and an increase in the ash melting point of 2.84%, with statistical significance,
while the possible reduction in heavy metals content was not statistically confirmed. Another important
aspect was the noticeable increase in bulk density, which was not less than 80%.

4. Discussion

Populus spp. is considered an excellent source to produce wood, for technological [40] and
energy purposes [2]. It is also one of the best choices for the SRWC establishment in Italy [41]
resulting in the crop with the highest productive response, as showed in some recent studies [2,42].
In general, the Short Rotation Coppice guarantees a good biomass production, varying between 3 and
20 Mg·ha−1

·year−1 of dry matter [23,43,44], an acceptable combustion quality [45–47] and a functional
and well-structured logistics.

The raw materials utilized in this study had different starting characteristics. Taking as reference
the diameters of insertion of the branches, the basal diameters of the stem and the heights, it is
possible to highlight, respectively, average sizes higher than 12%, 47% and 48% in the comparison
between shoots of 6 and 3 years and of 150%, 32% and 34% in the comparison between shoots of 9 and
6-years-old. The qualitative characteristics of the pellets produced, therefore, may differ as a function
of coppicing cycle and wood fraction considered. As a result, this can make a general improvement of
the fuel possible, as it offers longer coppicing and/or fractions without branches.

In fact, the pellet obtained from the stems without branches ensures a greater aggregation of the
particles and it is characterized by a greater bulk density (between +3.6% and +5.5%) and by a greater
average length (between +5% and +32%). The lengthening of the cycle would seem, instead, not to
make direct improvements in these terms. Undoubtedly, the fraction of the branches mainly influences
the densification phase of the material, creating discontinuity between the particles and favoring a
more evident fragmentation of the cylinders which, consequently, turns out to be shorter.

The heating value is between 17.55 and 17.85 MJ·kg−1 confirming what reported in literature
by other authors [48]. Concerning the ash content, the worst result was found for the 3-year-old
material. In this case, the lengthening of the rotation leads to a significant reduction in average values.
The presence of the branches, however, would seem to influence this parameter only for the long cycle.

The values of heavy metal content and the temperature of ash fusibility fully comply with the
values indicated by the current regulations.

Every biomass contains a certain amount of metal compounds, but in the last decade,
the metal-contaminated biomass achieved increasing attention [49]. There are various toxicological
effects of heavy metals emission during combustions for human health or for the environment, and
the pollutants generated depends on their amount in the biomass [50]. The heavy metals content in
biomass fuels should be limited, especially considering their utilisation in small-scale systems, which
are usually not equipped with dust precipitation devices [51].

Although none of the materials analyzed exceeded the limits set by the regulation, it is clear that
the quality characteristics of the 6-year old poplar guarantee the attainment of a preferable product.
The management of the SRWC could be oriented in this sense to avoid an excessive lengthening of
the crop interval, benefiting from a general reduction of the metals content.An average value of 10%
in moisture content of the raw material is considered to be optimal for the subsequent process of
pelletization, as well as in terms of durability of the final product, as reported by Samuelsson et al. [52],
Whittaker and Shield [9], Lehtikangas [53], and Filbakk et al. [54]. However, it is necessary to consider
the loss of moisture content that is only directly attributable to the pelletization process, which has
been quantified to range between 8.50% and 9.76%, as verified in all the tested theses, with statistically
significant differences. This factor must be considered during the transformation phase, as it will affect
the stability and final energy yield of the product.
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Referring to EN ISO 17225-2 [55], we can identify the quality parameters that are respected by our
poplar pellets (Table 8).

Table 8. Quality parameters of poplar pellets compared to [55]: XXX(A1); XX(A2); X(B); � (not
classified).

Years 3 6 9

Type Tree Stem Tree Stem Tree Stem

Diameter XXX XXX XXX XXX XXX XXX

Length XXX XXX XXX XXX XXX XXX

Moisture content XXX XXX XXX XXX XXX XXX

Ash content � � X X � X

LHV XXX XXX XXX XXX XXX XXX

Bulk density � � � � � �

N XXX XXX XXX XXX XXX XXX

S XXX XXX XXX XXX XXX XXX

As XXX XXX XXX XXX XXX XXX

Cd XXX XXX XXX XXX XXX XXX

Cr XXX XXX XXX XXX XXX XXX

Cu XXX XXX XXX XXX XXX XXX

Pb XXX XXX XXX XXX XXX XXX

Ni XXX XXX XXX XXX XXX XXX

Zn XXX XXX XXX XXX XXX XXX

Ash melting point XXX XXX XXX XXX XXX XXX

Durability XXX XX XXX XX � �

As shown in Table 8, all the products meet the requirements of class A1 for diameter, length,
moisture content, ash melting point, lower heating value, as well as N, S, and heavy metals.

In order to define the pellet’s quality, it is also important to know the ash content. A high ash
content can cause problems in the combustion of biomass, as it produces slag, incrustations and
corrosion in the combustion device, with an inevitable reduction in performance of the plant itself [56].
The pellet of poplar can respect only the parameters of class B and not for all the types of material
used, excluding the material of 3 years of age and the entire trees of 9 years of age.

As regards the mechanical durability, it is possible to respect the parameters of class A1 for whole
poplar of 3 and 6 years and A2 for poplar of 3 and 6 years without branches.

Lastly, none of the theses analyzed can satisfy the bulk density in the three reference classes,
according to Monedero et al. [57].

Other studies report the difficulty in producing good quality pellets from poplar or willow short
rotation coppices [58], especially using solely this type of material [59].

There are different actions, however, that can be put in place to improve the quality of the
material, such as preheating the feed material [60], binding additives [61], and increasing the pelleting
pressure [62–64].

Monedero et al. [57] refers, for example, to the possibility of achieving quality classes A1 and A2
using poplar and pine mixtures, in variable percentages depending on the result to be obtained.

The increasing demand for wood pellets and the limited availability of the biomass traditionally
used for its processing, requires the use of other sources of raw materials [65]. In this perspective,
many resources and research activities are now focused on the exploitation of agricultural by-products
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or energy grasses. However, several studies carried out show problems of low durability of pellets
produced from cereal residues [66], high ash content over 3.5%, 5.5% and 6.5% for miscanthus,
rape straw and wheat straw respectively [58], 2.27% and 4.2% for apple pruning [67] and vineyard
pruning [68].

The qualitative characteristics of these materials are therefore lower than those found in dedicated
wood crops.

5. Conclusions

The performed research and the analysis of the results reveals that it is possible to produce a good
quality pellet starting from wood chips obtained from Short Rotation Coppice of poplar and thereby
converting a material with a low commercial value into superior merchandise material, in terms of
quality, cost and energy. This represents an interesting development opportunity for potential small
and medium scale agro-energy chains.

Among the various types of pelletized material, of the types palletized for six years produced
the best results, especially in terms of ash content which, at the moment, is the most limiting factor.
The qualitative improvement that can be achieved by cutting the branches before chipping appears to
be convenient only in terms of bulk density. To enhance the value of the SRWCs through a densification
process, it would therefore be advisable to direct the management of the crop cycles towards a 5–6 year
interval, avoiding a too short rotation of 2 or 3 years, due to the excessive ash content, and cultivation
cycles that are too long, which would lead to a greater accumulation in heavy metals and require,
in any case, even more specialized harvest mechanization.

Despite the general qualitative improvement that can be achieved through the pelletizing process,
some of the parameters required by the legislation are not respected using only this type of material,
especially the ash content and the bulk density. The legislation that manages the market is very
restrictive, compared to the traditional one of the wood chips, so the introduction of specific quality
standards, otherwise, could facilitate and encourage the exploitation of wood biomass produced by
dedicated plantations in a market of great interest, such as that of pellets.
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