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Abstract: With the aim of extending the production of renewable energy from lignocellulosic materials
by improving their energy characteristics, the authors have started a series of experimental activities
that involve a densification process of the wood material and a subsequent quantitative and qualitative
characterization of the different pellets produced. The research activity was focused on different types
of pellets obtained using biomass deriving from dedicated energy crops (medium rotation forestry),
pruning residues of agricultural crops, thinning interventions in planted forests, and, lastly, residues
from the maintenance of urban greenery. Among the 15 parameters that were investigated, 9 (length,
diameter, fusibility, As, Cr, Cu, Pb, Ni, and Zn) were within the limits set by current legislation for all
the analyzed pellets. The same was not detected for the remaining 6 parameters (bulk density, heating
value, ash, N, durability, and cadmium), the value of which did not reach the quality requirements
established by the standards. The biomass obtained from medium rotation forestry plants (MRF) and
forest residues turned out to be the best source of material to be used to produce pellets. Within these
two groups, the best results were found for eucalypt, except for the heating value. Pellets from MRF
also showed interesting values of durability and nitrogen content (classes A1 vs. A2).

Keywords: bioenergy; biomass quality; medium rotation forestry; pruning; forest residues; fuel

1. Introduction

In recent years, the European Union has significantly raised its level of attention
to climate change. Greater support and promotion of contrasting actions with policies
to improve energy efficiency are aimed at encouraging the development of production
systems that are more efficient and sustainable from an environmental, economic, and
energy point of view [1,2]. With the new EU Renewable Energy Directive 2018/2001/EC [2],
it has been established that 32% of the total energy consumption of the Member States must
come from renewable sources by 2030, thus increasing by 12% the target previously set for
2020 with Directive 2009/28/EC [3]. The use of renewable sources has steadily increased
over time, while the use of fossil fuels has decreased, as they are considered to be the main
cause of the increase in greenhouse gases (GHG) released into the atmosphere [4,5].

A diversification of energy sources has therefore consolidated over time, with biomass
in the foreground on the international scene [6], with reference to “carbon neutral” woody
ones [7]. Several studies confirm the role and versatility played by wood-based biomass
in the various mitigation scenarios of climate-altering emissions, confirming its nature
as a reliable energy source, easily renewable [8,9], and able to satisfy quantitative and
qualitative requirements [10–12]. Despite the countless advantages offered by this type

Forests 2023, 14, 2025. https://doi.org/10.3390/f14102025 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f14102025
https://doi.org/10.3390/f14102025
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-6405-6001
https://orcid.org/0000-0001-9533-537X
https://orcid.org/0000-0002-1285-5183
https://orcid.org/0000-0001-7401-8754
https://orcid.org/0000-0002-9375-7795
https://doi.org/10.3390/f14102025
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14102025?type=check_update&version=2


Forests 2023, 14, 2025 2 of 16

of fuel, this resource is not exploited to its full potential, and the reasons are mainly to be
found in the lack of organized logistics, in the difficulty of knowing the actual availability
in time and space, and in the low energy density that leads to high transport costs [13–15].

Densification (or palletization) represents an effective strategy to optimize a series of
parameters and make the use of biomass more profitable. This process, in fact, increases
the energy content and combustion efficiency while reducing the moisture content and
the problems related to the excessive dimensional heterogeneity of the product and its
low bulk density [16,17]. In fact, with the palletization process, from a specific weight
between 40–200 kg m−3 of the initial biomass, a density of approximately 600–800 kg m−3

of the final product is obtained [18–20]. Further benefits are highlighted considering the
handling and transport phases, as well as a reduction, by 4–5 times, of the area necessary
for storage [15,21,22].

The European Union is still the main consumer of pellets, with almost 80% of global
consumption (over 20 million tons) [1]. Much of the consumption of pellets, about 62%, is
linked to the production of heat (residential, commercial, and industrial heating), while the
remaining 38% is used to produce energy [23]. In 2020, the European production of pellets
grew by 5% compared to 2019, reaching almost 23 million tons [24,25]. In 2021, however,
global pellet production was over 40 million tons, of which 48.3% was produced in Europe
and 31.7% in North America [25].

Considering only the 27 EU countries, in 2021 production increased by almost 9%,
which is equal to a total of almost 26 million tons.

Historically, the main source of biomass supply was sawdust from sawmills, but
the growing demand for pellets, both at a residential and industrial level, has led to the
identification of new and diversified resources [26].

The focus has therefore shifted towards the use of residual biomasses, which represent
an important energy resource [27,28] and whose valorization would take place through
a process of environmental and socio-economic improvement [11,29]. Pruning residues
of agricultural crops, as well as those resulting from sustainable forest management and
urban green maintenance, could be used for pellet production, with advantages both in
environmental and economic terms linked to the disposal of the materials and the gain
attributable to their valorization. The current historical moment is characterized by the
increase in energy costs in general (methane and many other raw materials) caused, directly
and indirectly, by the geopolitical crisis. The use of pellet production in large-scale company
plants, using wood products defined as waste, could be a means to contain the increase in
pellet prices.

On the other hand, pellets produced from alternative feedstock still present some
drawbacks in biomass quality when compared to the traditional pellets produced from
coniferous sawdust [4].

Furthermore, there is still little knowledge on the identification of suitable alternative
biomass sources capable of ensuring adequate pellet quality [30]. Bearing these aspects
in mind, the authors developed an experimental activity aimed at defining the quality of
different types of biomasses subjected to a densification process. The activity involved
the recovery, dehydration, refining, and palletization of different species present in central
Italy in different contexts. The goal was to identify the types of raw materials that best
correspond to the qualitative parameters required by ISO EN 17225-2 [31] and, therefore, are
more suitable for their possible commercial exploitation. The possibility of improving the
low commercial value of a product, such as pruning residue or shredding from dedicated
energy crops, by converting it into a superior product in terms of quality, energy, and
economy, represents an interesting opportunity for future challenge and development for
potential small- and medium-scale agro-energy chains.
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2. Materials and Methods
2.1. Investigated Pellet Typologies

The activity concerned whole plants from dedicated plantations (medium rotation
forestry—MRF), pruning residues from agricultural crops, material obtained from the
thinning of planned forest plants, and the maintenance of urban green areas. The various
types of biomass were collected during specific harvesting and management activities in
central Italy, which mainly involved the provinces of Rome for biomass plantations [32],
forest residues and urban green areas [33], and Viterbo for pruning residues.

Two species from MRF dedicated plantations were investigated: poplar, AF6 clone
(Populus nigra L. × Populus × Generosa A. Henry–Populus × Euroamericana Moench.), with 6-year
stems and 11-year roots (R11S6) and eucalypt (clone Eucalyptus camaldulensis × C. bicostata),
with 6-year stems and roots (R6S6). Olive tree pruning residues (Olea europaea L., 1753) and
organic hazelnut residues (Corylus avellana L., 1753) were collected from two organic farms. The
pruning intervention was carried out every two years in the case of the olive grove (planting
year 1920) and annually for the hazel grove (planting year 1989).

For forest residues, logs from eucalypt coppices (Eucalyptus camaldulensis (Dehnh.
1832)) and Radiata pine (Pinus radiata D. Don) forests, both at the eighteenth year of age,
were used.

As part of the recovery of biomass from the maintenance of urban green areas, three
species were identified that are particularly present among the roads, parks, and gardens
of the cities: eucalypt (Eucalyptus camaldulensis (Dehnh. 1832)), holm oak (Quercus ilex L.
1753), and Italian stone pine (Pinus pinea L. 1753). To produce the pellets, only trunks of
plants approximately 40 years old, without branches, were used. Except for the material
from urban green maintenance supplied from the work site in the form of wood chips,
the remaining raw material used in the experimentation was dimensionally characterized
before transformation. Specifically, the diameter and length of the logs taken from the
forest residues, basal diameter, height, and weight of the plants grown in MRF (a sample
of 30 plants), and the diameter and length of the branches of the agricultural residues (a
sample of 30 plants) were measured.

2.2. Pellet Quality Assessment

The biomass, after chipping, was refined with a BL-100 shredder using a grid with
6 mm holes [34].

After reduction, we positioned the different types of biomass in bins, exposing it
periodically to the sun to promote the dehydration process until reaching a proper moisture
content before pelletizing (10%) [35]. Finally, pelletizing was carried out with a 4 kW Bianco
Line pelletizer.

For the characterization, the following parameters were examined:

• Moisture content [36] with a Memmert UFP800 (Schwabach, Germany) drying oven at
103 ± 2 ◦C;

• Pellet dimensions [37], measuring length and diameter with a digital caliper;
• Bulk density [38], using a container (volume 0.005 m3), filled and weighed with a field

dynamometer (d: 0.01 g);
• Mechanical durability [39] by a mechanical durability tester (Andritz Sprout rotation

pellet testing apparatus, Graz, Austria);
• Heating value [40]: with the calorimeter Anton Paar 6400 (Moline, IL, USA);
• Ash content [41], using a muffle furnace at 250 ◦C for one hour and at 550 ◦C for

two hours (Lenton EF11 8B, Hope Valley, UK);
• Ash melting point [42] by the analyzer Sylab SHV-IF 1500 (Metz, France);
• Heavy metals [43] with Agilent 7700 ICP MS (Santa Clara, CA, USA);
• Nitrogen [44]: the content of nitrogen (N) was measured according to EN ISO 16948

using a CHNS-O Costech ECS 4010 elemental analyzer (Cernusco sul Naviglio, Italy).
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2.3. Statistical Analysis

The collected data were then statistically analyzed using PAST 2.17c and Statistica 7.0
Software (Statsoft, Tulsa, OK, USA).

Before performing the inferential statistical analysis, the data distributions were
checked for normality and homoskedasticity by applying the Shapiro–Wilk test and Levene
test, respectively. In the case where both assumptions of ANOVA were confirmed, a one-
way ANOVA was applied to check for the presence of statistically significant differences in
the values of pellet characteristics among the various investigated types, representing the
experimental treatments. Tukey’s test was further applied as a post hoc. In the case where
the normality assumption was not confirmed, a non-parametric Kruskal–Wallis test was
applied with the Bonferroni-corrected Mann–Whitney pairwise comparison as a post hoc.
In the case where the homoskedasticity assumption was not confirmed, the Welch F test
was applied with the Tukey test as a post hoc. Further non-parametric investigation of the
data was carried out by principal component analysis (PCA).

It is important to highlight that the grouping of the investigated types into four
separate groups (MRF: agricultural residues, forest residues, and urban green residues) is
merely conceptual. This subdivision does not imply any nested structure of the data, and
therefore the authors did not consider any random factor and did not apply mixed-effects
models, carrying out the statistical analysis in the framework of fixed-effects models.

3. Results
3.1. General Features of the Investigated Biomass Types

The average diameter, height, and weight of the 6-year-old trees were 16.09 cm, 13.07 m,
and 79.63 kg for poplar and 10.7 cm, 9.8 m, and 68 kg for eucalypt, respectively. Regarding
forest residues, logs derived from tree tops with a length of about 1 m and a mean diameter
of 11.96 cm and 16.5 cm were used for eucalyptus and radiata pine, respectively. The
diameter and average length of the branches resulting from the pruning of agricultural
residues were equal to 14.06 mm and 1.27 m for the olive tree and 27.28 mm and 1.23 m for
the hazelnut tree. Bulk density values reported for refined materials after chipping were
less than 300 kg m−3, except for holm oak (368 kg m−3) and eucalypt from urban green
areas (310 kg m−3). The moisture content, on the other hand, ranged from 10% for the
poplar to 16% for the holm oak (Table 1).

Table 1. Bulk density and moisture content of the refined biomass.

Bulk Density
(kg m−3)

Moisture Content
(%)

MRF (6-year-old) Poplar 226.40 ± 10.61 10.05 ± 0.85
Eucalypt 278.11 ± 14.21 11.41 ± 1.10

Agricultural residues Hazel tree 252.82 ± 9.46 11.0 ± 0.74
Olive tree 220.47 ± 7.14 11.45 ± 0.56

Forest residues
(18-year-old)

Radiata pine 240.18 ± 2.73 12.09 ± 1.05
Eucalypt 289.16 ± 12.88 12.79 ± 1.41

Urban green residues
Holm oak 368.75 ± 9.28 16.05 ± 1.12
Eucalypt 310.42 ± 20.21 15.45 ± 0.21

Italian Stone pine 257.08 ± 3.33 15.08 ± 0.75

3.2. Physical, Mechanical and Energy Characteristics of the Pellets

Table 2 shows the summary of the physical and energetic parameters of the pellet
(Figures 1–4) and the related statistical analysis. The data show some variability depending
on the species or group to which it belongs. The length of the cylinders ranged from
9.16 mm and 18.36 mm for 18- and 6-year-old eucalypt, respectively, while the diameter
was between 6.10 mm (18-year-old eucalypt) and 6.33 mm (6-year-old poplar).
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Table 2. Length, diameter, bulk density, durability, low heating value, ash, and ash fusibility revealed
for the pellets analyzed. Length (Kruskal–Wallis and Mann–Whitney pairwise comparisons Bon-
ferroni corrected): H = 102.6, Hc = 102.6, p < 0.001; diameter (Kruskal–Wallis and Mann-Whitney
pairwise comparisons Bonferroni corrected): H = 44.12, Hc = 44.126, p < 0.001; bulk density (Welch F
test and Tukey’s post hoc test): F = 59.18, df = 14.6, p < 0.01; durability (Kruskal–Wallis and Mann-
Whitney pairwise comparisons Bonferroni corrected): H = 20.04, Hc = 20.04, p < 0.05; low heating
value (Kruskal–Wallis and Mann–Whitney pairwise comparisons Bonferroni corrected): H = 37.64,
Hc = 37.65, p < 0.001; ash content (Welch F test and Tuckey post hoc test): F = 67.82, df = 14.87,
p < 0.001; ash melting point (Welch F test and Tuckey post hoc test): F = 28.49, df = 14.38, p < 0.001.
Different letters indicate statistically significant differences between the groupings with respect to the
single variable examined (p < 0.05).

Length
(mm)

Diameter
(mm)

Bulk
Density
(kg m−3)

Durability
(%)

LHV (MJ
kg−1) Ash (%) Fusibility (◦C)

MRF
Poplar 17.93 ± 5.3

f
6.33 ± 0.2

d
553.52 ± 6.0

bc
98.56 ± 1.0

bc
17.85 ± 0.1

e
1.82 ± 0.2

d
1404.60 ± 17.2

a

Eucalypt 18.36 ± 5.7
f

6.12 ± 0.1
ab

611.43 ± 6.8
fg

98.05 ± 0.5
bc

14.43 ± 0.4
a

1.52 ± 0.1
d

1413.00 ± 31.1
ab

Agricultural
residues

Hazel tree 10.44 ± 2.9
b

6.20 ± 0.1
bc

581.30 ± 3.1
de

98.05 ± 0.5
c

17.21 ± 0.3
d

3.08 ± 0.6
e

1448.60 ± 2.2
bc

Ulive tree 16.64 ± 1.9
f

6.20 ± 0.1
c

562.38 ± 8.6
ce

98.26 ± 0.6
c

16.83 ± 0.1
cd

2.57 ± 0.1
e

1462.40 ± 1.8
c

Forest
residues

Radiata
pine

11.12 ± 3.8
b

6.24 ± 0.2
c

522.90 ± 26.4
a

95.67 ± 0.7
a

16.63 ± 0.2
cf

0.85 ± 0.4
ac

1439.00 ± 8.1
abc

Eucalypt 9.16 ± 3.8
a

6.10 ± 0.1
a

605.19 ± 19.7
fd

97.62 ± 0.5
bc

15.52 ± 0.5
b

1.52 ± 0.1
d

1428.00 ± 33.8
abc

Urban green
residues

Holm oak 12.72 ± 2.3
cd

6.20 ± 0.1
c

637.64 ± 1.6
g

98.40 ± 0.7
c

15.07 ± 0.1
b

1.32 ± 0.2
bcd

1434.74 ± 6.2
abc

Eucalypt 14.67 ± 1.2
e

6.24 ± 0.2
cd

615.83 ± 11.4
fg

98.15 ± 0.5
bc

15.12 ± 0.6
ab

0.87 ± 0.2
ac

1429.36 ± 22.9
abc

Italian
Stone pine

12.38 ± 1.9
c

6.25 ± 0.1
cd

532.41 ± 7.2
ab

96.85 ± 0.7
ab

18.27 ± 2.0
def

0.38 ± 0.2
a

1426.68 ± 9.6
abc
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As regards bulk density, about 55% of the experimental treatments were character-
ized by values lower than 600 kg m−3 (poplar, hazelnut, olive, radiata pine, and Italian 
stone pine) and the remaining part by values higher than this threshold (eucalypt and 
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The heating value ranged from a minimum of 14.43 MJ kg−1, measured for 6-year-old 
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values higher than 2% for agricultural residues; and values between 1% and 2% for the 
remaining types of products. Finally, all the pellets examined showed an ash melting point 
higher than 1400 °C. 
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As regards bulk density, about 55% of the experimental treatments were characterized
by values lower than 600 kg m−3 (poplar, hazelnut, olive, radiata pine, and Italian stone
pine) and the remaining part by values higher than this threshold (eucalypt and holm oak).
Finally, almost all the types examined had durability values above 98%, with the exception
of both pine pellets and the 18-year-old eucalypt.

The heating value ranged from a minimum of 14.43 MJ kg−1, measured for 6-year-old
eucalypt, to a maximum of 18.27 MJ kg−1 for Italian stone pine. As for ash content, values
lower than 1% were found for radiata pine, Italian stone pine, and urban green eucalypt;
values higher than 2% for agricultural residues; and values between 1% and 2% for the
remaining types of products. Finally, all the pellets examined showed an ash melting point
higher than 1400 ◦C.

Statistical analysis (Table 2) allowed for the evaluation of any significant difference
not only among the various experimental treatments but also within the same group (MRF,
agricultural residues, forest residues, urban green areas) or the same species (or genus)
present in different groups. Starting from the single grouping, significant differences were
highlighted in terms of diameter, bulk density, and LHV for MRF and in terms of length for
agricultural residues. In the group of forest residues, all the parameters analyzed differed
statistically except for the ash melting point, while for urban green materials, at least two
of the three species considered differed statistically in length, bulk density, durability, LHV,
and ash content. Comparing the single species, instead, differences were found in several
parameters, with a lower incidence regarding diameter and fusibility. Eucalypt is the only
species present in three different groupings: similar values were found in terms of bulk
density, durability, and fusibility (p > 0.05), a higher and a lower length, respectively, in the
eucalypt from MRF and forest residues, with intermediate values in the urban green group
(p < 0.05). Eucalypt from MRF also differed significantly from the other two as regards the
LHV, presenting the lowest values, while, for the ash content, eucalypt from urban greenery,
with its lower mean values, differed statistically from the others. Finally, as regards the
two pines, statistical differences were found only in terms of length, with the Italian stone
pine pellet slightly longer (12.38 vs. 11.12).

3.3. Nitrogen and Heavy Metals Content

Table 3 shows the data concerning the nitrogen and heavy metal content and the
corresponding statistical analysis. Similarly, to what emerged for physical and energetic
parameters, there is a certain variability in the results according to the species or reference
group. Poplar, olive, holm oak, and eucalypt from urban greenery were characterized by
nitrogen concentrations ranging between 1.2% and 1.58%. For the other species, the values
were less than 0.77%, with the absolute lowest levels for eucalypt from MRF (0.23%) and
forest residues (0.40%).

Arsenic, cadmium, chromium, and lead were present in higher concentrations in
urban green, with values not lower than 0.71, 0.66, 0.88, and 1.2 mg kg−l, respectively. In all
other cases, values were lower, with zero mg kg−l for the olive tree relative to the cadmium
and lead content and values close to zero for the MRF eucalypt and the radiata pine relative
to arsenic content. The highest concentrations of copper have been identified in agricultural
residues: 6.1 mg kg−l in the hazelnut tree and 2.9 mg kg−l in the olive tree. The values, on
the other hand, were slightly lower than 1 mg kg−l for forest residues and MRF, lower than
0.5 mg kg−l for urban green residues.

The highest nickel contents were found in forest residues (about 1.7 mg kg−1), in euca-
lypt MRF (1.65 mg kg−1), in urban green residues (between 1.31 and 1.54 mg kg−1), in hazel-
nut (1.21 mg kg−1), and the lowest ones in olive (0.06 to mg kg−1) and poplar (0.2 mg kg−1).
Zinc was found in higher concentrations in MRF (between 12.59 and 14.16 mg kg−1) and in
forest residues (about 14.5 mg kg−1), and in lower concentrations in urban green residues
(between 1.3 and 1.5 mg kg−1) and agricultural residues (between 4.5 and 4.9 mg kg−1).
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Table 3. Descriptive statistics for the nitrogen and heavy metal variables (Mean ± ST.DEV.). Welch F
test and Tukey’s post hoc test: N [F = 39.75, df = 14.31, p < 0.001], Cd [F = 6502, df = 13.33, p < 0.001];
Kruskal–Wallis and Mann–Whitney pairwise comparisons Bonferroni corrected: As [H = 41.68,
Hc = 41.7, p < 0.001], Cr [H = 41.91, Hc = 41.93, p < 0.001], Cu [H = 42.02, Hc = 42.04, p < 0.001],
Pb [H = 41.86, Hc = 41.93, p < 0.001], Ni [H = 40.04, Hc = 40.06, p < 0.001]; one way-ANOVA and
Tukey’s post hoc test: Zn [df = 8, F = 2487, p < 0.001]. Different letters indicate statistically significant
differences between the groupings with respect to the single variable examined [p < 0.05].

% mg kg−1

N As Cd Cr Cu Pb Ni Zn

MRF
Poplar 1.45 ± 0.14

c
0.005 ± 0.001

a
0.195 ± 0.008

b
0.156 ± 0.002

a
0.831 ± 0.014

e
0.032 ± 0.001

b
0.202 ± 0.001

b
12.587 ± 0.257

c

Eucalypt 0.23 ± 0.05
a

0.007 ± 0.001
b

0.201 ± 0.004
b

0.239 ± 0.006
d

0.917 ± 0.050
d

0.074 ± 0.006
c

1.656 ± 0.021
e

14.157 ± 0.473
d

Agricultural
residues

Hazel
tree

0.77 ± 0.21
ab

0.021 ± 0.003
d

0.021 ± 0.001
a

0.211 ± 0.007
c

6.104 ± 0.132
h

0.213 ± 0.007
d

1.214 ± 0.001
c

4.512 ± 0.259
b

Olive
tree

1.24 ± 0.36
b

0.051 ± 0.003
e

0.000 ± 0.000
a

0.186 ± 0.005
b

2.933 ± 0.070
g

0.000 ± 0.000
a

0.064 ±
0.005

a

4.878 ± 0.096
b

Forest
residues

Radiata
pine

0.59 ± 0.20
a

0.009 ± 0.001
c

0.202 ± 0.002
b

0.252 ± 0.003
e

0.945 ± 0.025
df

0.074 ± 0.003
c

1.701 ± 0.009
f

14.434 ± 0.425
d

Eucalypt 0.40 ± 0.20
a

0.054 ± 0.003
e

0.202 ± 0.005
b

0.247 ± 0.008
de

0.944 ± 0.021
df

0.076 ± 0.003
c

1.683 ± 0.011
e

14.684 ± 0.271
d

Urban
green

residues

Holm
oak

1.58 ± 0.48
c

0.715 ± 0.146
f

0.844 ± 0.115
d

1.002 ± 0.162
f

0.479 ± 0.047
c

1.458 ± 0.213
f

1.539 ± 0.211
def

1.495 ± 0.231
a

Eucalypt 1.54 ± 0.50
c

0.794 ± 0.071
f

0.660 ± 0.054
c

0.907 ± 0.027
f

0.369 ± 0.016
b

1.294 ± 0.051
f

1.326 ± 0.051
d

1.320 ± 0.037
a

Italian
stone
pine

0.72 ± 0.17
ab

0.788 ± 0.054
f

0.860 ± 0.141
d

0.884 ± 0.018
f

0.342 ± 0.014
a

1.228 ± 0.014
e

1.317 ± 0.031
d

1.302 ± 0.011
a

The two MRF species differed statistically for all parameters analyzed, except for Cd.
Agricultural residues did not differ in the content of N, Cd, and Zn, while forest residues
differed only in As and Ni. Considering urban green residues, significant differences
emerged among all species only in the case of copper, between at least two of the three
species for N, Cd, and Pb, and no statistical difference for As, Cr, Ni, and Zn.

Considering all the experimental treatments, significant differences emerged between
different species, with variable results depending on the chemical parameter considered.
Specifically, for the eucalypt trees, no significant differences were detected between MRF
and forest residues for 8 of the 9 parameters, but both always differed from urban green
eucalypt. The only parameter that differed significantly for the three eucalypt was arsenic,
with the lowest and highest values for the MRF and urban green residues, respectively.
Finally, the two different pines differ in all parameters except for arsenic.

3.4. Principal Component Analysis

All 15 parameters evaluated were included in the principal component analysis (PCA).
The two principal components explained 72% of the total variability. As shown in Figure 5,
the principal component analysis shows that axis 1 is mainly related to mechanical durabil-
ity (MD), ash melting point (Ash-MP), lower heating value (LHV), diameter (D), N content
(N), and, slightly, Ni content (Ni). Axis 2 is instead related to the other variables. From the
image, it is possible to identify three groups of pellet typologies that show similar features.
The first group is in the upper left (S1, S3, S4), the second in the upper right (S7, S8, S9), and
the last in the lower left (S2, S5, S6). The first group is characterized by high ash content,
high copper content but low content of other heavy metals, high LHV, and low bulk density.
The second group showed high bulk density, high LHV, low ash and copper content, but
also high content of other heavy metals. Finally, the third group showed low bulk density
and LHV, but also low ash and heavy metal content, apart from nichel. From the PCA, it
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was therefore not possible to identify a group with better overall properties than the others;
indeed all groups showed some advantages or drawbacks.
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Figure 5. Principal component analysis (PCA) of the pellets produced: medium rotation forestry
of poplar (S1); medium rotation forestry of eucalypt (S2); organic hazelnut residues (S3); olive tree
pruning residues (S4); forest residues of radiata pine (S5); forest residues of eucalypt (S6); holm oak
from urban green areas (S7); eucalypt from urban green areas (S8); Italian stone pine from urban
green areas (S9).

4. Discussion

To summarize the overall results, the authors developed Table 4, which provides a
summary of all the parameters analyzed for the different reference species and shows the
quality class achieved or the exceeding of the limits indicated by the standard.

The analysis of the data according to each parameter allows for the identification of
the critical ones in general terms. Bulk density represented a criticality for five species out
of nine, affecting at least one species for each group and even both agricultural species. The
heating value and nitrogen were critical for four out of nine species, affecting the different
groups except for agricultural residues for the heating value and nitrogen for forest residues.
Cadmium exceeded the threshold values for three of the nine species, affecting only the
urban green group; both the ash content and the durability represent a problem for two of
the nine species examined, affecting, in the first case, only the group of agricultural residues
and, in the second case, the two species of pines present in forest residues (radiata pine)
and urban greenery (Italian stone pine). Of the 15 parameters examined, therefore, only 9
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comply with the reference legislation in all the experimental treatments (length, diameter,
fusibility, As, Cr, Cu, Pb, Ni, and Zn).

Table 4. Compliance of the quality parameters of the pellets produced according to the EN ISO
17225-2 [36] classification: X (complies with the standard), X (does not comply with the standard)
A1–A2–B (value classes to which the reference parameter belongs).

MRF Agricultural Residues Forest Residues Urban Green Residues

Poplar Eucalypt Hazel Olive Radiata
Pine Eucalypt Holm

Oak Eucalypt Italian Stone
Pine

Length X X X X X X X X X
Diameter X X X X X X X X X

Bulk density X X X X X X X X X
Durability A1 A1 A1 A1 X A2 A1 A1 X

LHV X X X X X X X X X
Ash B B X X A2 B B A2 A1

Fusibility X X X X X X X X X
N X A1 B X B A2 X X B
As X X X X X X X X X
Cd X X X X X X X X X
Cr X X X X X X X X X
Cu X X X X X X X X X
Pb X X X X X X X X X
Ni X X X X X X X X X
Zn X X X X X X X X X

The qualitative potential of the product according to the origin of the biomass used
can be evaluated by individual groups. The data were standardized by proportioning the
total number of parameters in each group to the number of species present in the same
group. The critical parameters found were therefore equal to 10% for MRF (3/30) and forest
residues (3/30), 16.6% for agricultural residues (5/30), and 20% for urban green (9/45).

Considering the data at the level of a single species, however, it is observed that
eucalypt from MRF and forest residues were not within the standard for only one parameter
(heating value in both cases). Poplar, hazel tree, and radiata pine did not comply with the
current standard for two parameters: precisely bulk density and nitrogen for poplar, bulk
density and ash content for hazel tree, and bulk density and durability for radiata pine.
Finally, for the olive tree and the urban green species, there were three parameters that did
not comply with the standard: bulk density, ash content, and N for the first one; LHV, N,
and Cd for holm oak and eucalypt; bulk density, durability, and Cd for Italian stone pine.

The bulk density mainly affects logistics related to the organization and management
of transport and storage. It is a parameter conditioned by several factors, including the
diameter and length of the material, its humidity, and the degree of compression applied
during processing. Monedero et al. [45] indicate a certain difficulty in complying with the
threshold of 600 kg m3 for species like poplar and pine, confirming what emerged in this
study. A possible explanation of the general low bulk density level achieved can be found
in the fact that in this study, the raw material applied was characterized by the presence
of branches and, in some cases, leaves, thus material that is less prone to palletization in
comparison to the pure sawdust that is applied at the commercial level [46].

The different length detected for the different types of pellets could also be due to
the greater or lesser presence of the branch fraction in the starting biomass. This aspect
could influence the densification phase, with levels of discontinuity in the product and
consequent fragmentation [4]. As regards the diameter of the pellets, however, this is
slightly larger than that of the hole in the die (6.00 mm), showing a natural tendency to
expand immediately after the densifying step.

As previously mentioned, the pellet can undergo fragmentation processes, and this
affects not only the bulk density values but also the formation of fine particles that can
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create problems during storage and combustion [47,48]. Mechanical durability measures
the maintenance of the physical integrity of the pellets from the production plant to the
combustion chamber, and this parameter, in this case, is a limitation exclusively for the two
different species of pine.

As regards the heating value, the data obtained confirm what emerged in other
studies [49].

As regards the ash, the pellets produced by the pruning of hazel and olive trees were
characterized by the highest values, and this was probably due to the greater presence
of bark in the wood material than pelletized [50]. A high presence of ashes lowers the
heating value and can cause incorrect combustion, resulting in a reduction in the efficiency
of the system and an increase in disposal costs [51]. The high fusibility values found
(>1400 ◦C), however, reduce the possibility of the formation of agglomerates that can clog
the mechanical parts with potential blockages of the devices used for ash evacuation.

The ash content is related to the presence of heavy metals. The content of the latter in
biofuels should be minimal in order to limit post-combustion toxicological effects [52,53],
with particular attention given to small-scale systems without dust suppression acces-
sories [54]. All the products analyzed were characterized by concentrations lower than
the expected limits, with the exception of cadmium for the species belonging to the urban
green group.

Finally, the high nitrogen values found for poplar, olive, and two species of urban
greenery may be due to higher quantities of bark or to treatments linked to certain agro-
nomic practices.

The pellets produced have interesting qualitative characteristics, despite some param-
eters not respecting the values defined by the standard. In this regard, however, it must be
kept in mind that several pellets available on the market, labeled as class A1, have lower
quality characteristics than those indicated in the packaging, with reference to parameters
such as bulk density, ash content, and durability [55]. To correctly place a given product
in each quality class, therefore, it would be desirable to exercise greater control along the
entire supply chain.

Quality improvements can be achieved by pelletizing mixtures of different materials
to better meet the required parameters and fall within the expected quality classes. In this
regard, numerous studies have evaluated the use of mixtures of different materials in order
to improve the final product from a qualitative point of view [53,54,56–60]. Much depends,
however, on the number and type of parameters to be improved, on how much the values
measured differ from the threshold, and on the effects produced by such blends on the
parameters that, otherwise, do not require improvements.

For example, eucalypt from MRF and forest, both characterized by a low heating
value as the only critical parameter, could be useful by mixing with species characterized
by a higher heating value, as in the case of poplar, hazelnut, or stone pine. To allow
the MRF eucalypt to increase the heating value from 14.43 MJ kg−1 to 16.5 MJ kg−1, it
would be necessary to proceed to a mix with 61% poplar (39% eucalypt), 75% hazelnut
tree (25% eucalypt), or 54% of Italian stone pine (46% eucalypt). For eucalypt from forest
residues, where the starting value is slightly higher, the percentages would drop to 42%
with poplar (58% eucalypt), 58% with hazelnut tree (42% eucalypt), and 37% with Italian
stone pine (63% eucalypt).

These mixes, obviously, also lead to the modification of other parameters with variable
and not always optimal results. With reference to ash content, for example, the mixes
previously proposed would produce different effects depending on the species used in the
mix. With the poplar, there would be a slight increase in the values of content in ashes
while maintaining the same initial class; with hazelnut, this increase would be excessive,
with values above the 2% required by the legislation (between 2.42% and 2.69%). With the
pine, the ash content would be reduced from 1.52% to 0.90%, leading to an improvement in
class from B to A2. The same pine would also benefit from the same percentages of mixing
with eucalypt, lowering the cadmium content to values allowed by law.
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Again, considering the eucalypt trees, these mixes could create problems for durability
and bulk density. In the first case, the use of additives such as corn starch could favor the
cohesion of particles, thus guaranteeing compliance with the reference values but, in the
second case, this would not be possible due to the low basal density of the other materials
used in mixing. In this specific case other parameters would be penalized, although it could
be preferable to slightly reduce the bulk density in favor of a higher average heating value.

Regarding the residues from urban green, a potential 50% mixing with Italian stone
pine would ensure the threshold of 16.5 MJ kg−1 for the other two species (holm oak and
eucalypt), also improving the class of final products in terms of ash content, which would
pass from A2 to A1 for eucalypt and from B to A2 for holm oak. In this case, however, the
same problems related to bulk density would be encountered.

Lajili et al. [54], aiming to improve the quality of solid waste from olive mills, prepared
mixtures of pellets with different percentages of pine sawdust (75%, 50%), obtaining a
reduction in ash fractions and an increase in bulk density.

Harun and Afzal in 2016 [57] and 2018 [59] tested different mixes of agricultural
residues as timothy hay and switchgrass with pine and spruce at 50%. The results showed
a reduction in N, S, and ash content and an increase in heating value.

5. Conclusions

The use of different types of woody material determines the production of pellets
characterized by different physical and chemical properties, and this also affects the amount
of final energy produced in the combustion process. With our study, we verified that by
using starting biomass with a higher bark content, a pellet is obtained that has high
durability but also a higher ash content. In contrast, with biomass characterized by a lower
presence of bark, a final product is obtained whose combustion releases few ashes but is
characterized by lower durability.

Based on the data analyzed, biomass obtained from medium rotation forestry (MRF)
and forest residues were the best sources of material to be used for pellet production.
Within these two groups, the eucalypt highlighted the best results, being critical only for
the heating value, with a certain advantage for MRFs in terms of durability and nitrogen
content (classes A1 vs. A2). It should be noted, however, that the ash content of eucalypt
placed the material only in class B.

A qualitative increase following mixing can be produced by using variable percentages
of other types of woody materials, thus improving the limit value of one or more critical
parameters. In this case, however, the results obtained should be examined specifically in
detail, taking into account possible variations that may affect and penalize other parameters
that, otherwise, would not need to be improved.

Finally, if producers and users of pellets want to respect the quality standards es-
tablished by the ISO, further research will be necessary to quantify the effects of the
characteristics of the starting woody material on various parameters. These parameters in-
clude considering seasonal variations, the type of harvest, storage, and production process
used for the refined product.
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