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1 Department of Genetics, Plant Breeding and Bioresource Engineering, Faculty of Agriculture and Forestry,
University of Warmia and Mazury in Olsztyn, 10-724 Olsztyn, Poland; natalka_wojciechowska@wp.pl (N.W.);
seliwiakmateusz@gmail.com (M.S.); tomasz.dobrzanski@student.uwm.edu.pl (T.K.D.)

2 Centre for Bioeconomy and Renewable Energies, University of Warmia and Mazury in Olsztyn, Plac Łódzki 3,
10-719 Olsztyn, Poland

* Correspondence: mariusz.stolarski@uwm.edu.pl; Tel.: +48-89-5234838

Abstract: Tree branches from forest tree harvesting for the timber industry are an important energy
feedstock. Solid biofuel in the form of wood chips, produced from branches, is an excellent renewable
energy source for generating heat and electricity. However, the properties of wood chips as a solid
biofuel produced from forest tree branches can vary greatly depending on the species from which
they have been produced. Therefore, this study aimed to assess the thermophysical properties and
elemental composition of fresh branches harvested from nine tree species (pedunculate oak, silver
birch, European ash, common aspen, grey alder, Norway maple, Scots pine, European larch and
Norway spruce) over three consecutive years (2020–2022). The branches of the tree species most
commonly found in Polish forests (Scots pine) were characterized by the highest heating value (an
average of 20.74 GJ Mg−1 DM), the highest carbon content (an average of 55.03% DM), the lowest
ash (an average of 0.60% DM) and nitrogen contents (an average of 0.32% DM), and low sulfur (an
average of 0.017% DM) and chlorine contents (an average of 0.014% DM). A cluster analysis showed
that the branches of all three coniferous tree species (Scots pine, Norway spruce and European larch)
formed one common cluster, indicating similar properties. The branches of the European ash were
characterized by the lowest wood moisture content (an average of 37.19% DM) and thus the highest
lower heating value (an average of 10.50 GJ Mg−1). During the three years of the study, the chlorine
and ash contents of the branches of the tree species under study exhibited the highest variability.

Keywords: forest solid biofuel; wood chips; branches; Scots pine; Norway spruce; European larch;
pedunculate oak; European ash; silver birch; common aspen; grey alder; Norway maple; ash content;
lower heating value; sulfur content; nitrogen content

1. Introduction

As energy consumption in the European Union (EU) countries exceeds energy produc-
tion, the entire EU, as well as most of its Member States, are dependent on energy imports
from outside the EU. In 1990, the energy import dependency of the entire EU averaged
50%, while in 2022, this index reached a value of 62.5% [1]. What is alarming is the very
rapid increase in Poland’s dependence on energy imports, as the country was practically
energy-independent in the early 1990s, which was mainly due to the reliance of the entire
economy on solid coal fuels. However, at the beginning of the century, Poland’s depen-
dence on energy imports rose to approximately 10%, while in 2022, it was already over
46%. Due to the high dependence of the EU as a whole on energy imports (including the
increasing dependence of Poland), as well as for other economic, political, environmental
and social reasons, there is an increasing focus on the use of renewable energy sources
(RESs). Therefore, an increase in the share of RESs in final energy consumption is evident
both across the EU and in Poland. As for the EU, the share of renewable energy in the
final energy consumption in 2004 was 9.61%, while in 2022, it was 23.02% [2]. On the
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other hand, for Poland, it increased from 6.88% in 2004 to 16.87% in 2022. Unfortunately,
it has to be stated that Poland had one of the lowest indices for the share of energy from
renewable sources in the final energy consumption. All countries neighboring Poland
showed higher values for this indicator. Among the EU Member States, the leader in this
respect was Sweden, where, in the years 2004–2022, as much as 38.33–66.00% of the final
energy consumption originated from RESs.

The structure of energy production from RESs is dominated by solid biofuels, which,
on average, accounted for over 41% in the EU, while in Poland, they accounted for 64.5% [3].
Therefore, analyses of the availability of solid biomass from different sources, as well as
assessments of its quality as an energy feedstock, continue to be important and topical
issues. Solid biomass for energy purposes can originate from agriculture, mainly in the
form of cereal and rape straw [4] and in the form of straw, semi-ligneous and wood
harvested from perennial industrial crop plantations [5–9]. However, the main sources of
solid biomass in the form of wood are forests and the timber industry [10–12]. As far as
forests are concerned, the residues resulting from thinning or felling are mainly harvested
for energy purposes. In practice, this biomass is in the form of branches and tree tops that
are not suitable for industrial use. This type of energy feedstock is referred to in Poland as
wood residues from forest management, or small-sized wood, and is designated as M2E
grade [13]. In practice, the wood residues of this type are harvested immediately after
felling in the form of chips (M2 ZE) or bales (M2 BE). When woodchips are harvested, they
are most commonly used directly for energy purposes, such as fresh woodchips with a
high moisture content (40–50%). In contrast, bales are stored in heaps to naturally reduce
the moisture content of biomass and then are shredded into chips, which, depending on the
weather conditions and the bale storage duration, can have a significantly lower moisture
content (20–30%) [14].

It is estimated that the worldwide supply of energy wood could reach 165 EJ y−1,
which could potentially meet 2–18% of global primary energy consumption in 2050 [15].
In contrast, the total potential of the main woody biomass sorts (stem wood, branches
and harvest losses, stumps and thinnings from young forests) in the EU for 2030 has been
estimated at 623–895 million m3 y−1 [16]. However, it must be emphasized that forests
mainly play an important role in providing raw wood material for the production of various
products and energy. The potential for harvesting solid biomass of M2E grade in Poland
is significant, as forests occupy an area of 9274.8 thousand ha, i.e., 29.7% of the country’s
area [17]. In Poland, in 2022, a total of 44,646.7 thousand m3 of timber was harvested. This
volume was dominated by large timber (42,702.8 thousand m3), followed by small-sized
wood (1943.8 thousand m3) and stump wood (0.8 thousand m3). It should also be added
that the harvest of small-sized timber in 2022 increased by as much as 25.2% as compared
to 2021 [17]. Forests in Poland are decidedly dominated by coniferous trees (68.6% of the
forest area), with the remaining surface (31.4%) being covered by deciduous trees. In terms
of species, however, the pine is the most common, with an area share of 58.6% [18]. As
for the coniferous species, the spruce ranked second in this category (5.3%). On the other
hand, in terms of the deciduous species, the largest area was occupied by the oak (8.0%),
followed by the birch (6.8%). It should be noted here that pine is a very widespread species,
also throughout Europe, and one of the most important species from economic [19,20]
and energy points of view [21,22]. Moreover, the different sorts of this species can be
multi-directionally used, including for the production of environmentally friendly polymer
materials and/or biofuels [23]. In the cited studies, it was further found that pine branches
and needles have a higher heating value due to their higher lignin content, which makes
them preferable for use as solid biofuel. Nevertheless, other less common coniferous
and deciduous tree species are harvested for economic purposes, with resulting wood
residues in the form of small-sized wood (M2E). This woody biomass grade represents an
important renewable energy feedstock particularly suitable for local district heating plants
and CHP plants. In addition, Poland has recently seen the upgrading of old local coal-fired
heating plants to modern facilities fed with solid biomass and is thus constantly increasing
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the demand for this solid biofuel, including wood chips [24,25]. Therefore, analysis of
the quality of (M2E) woody biomass derived from various tree species continues to be
topical and important from a practical point of view. Therefore, this study aimed to assess
the thermophysical properties and elemental composition of fresh M2E-grade branches
harvested from nine tree species in the north-eastern region of Poland (including three
coniferous and six deciduous species) over three consecutive years (2020–2022).

2. Materials and Methods
2.1. The Subject and Factors of the Study

The study analyzed the branches of forest trees, which were the residues of the logging
of tree stands aged approximately 35–40 years located in the Spychowo Forest Division,
Stróżki Forest District, in the north-eastern region of Poland. Nine tree species formed the
first factor of the study, including six deciduous species: common aspen (Populus tremula L.),
grey alder (Alnus incana (L.) Moench), European ash (Fraxinus excelsior L.), silver birch (Betula
pendula Roth), pedunculate oak (Quercus robur L.) and Norway maple (Acer platanoides L.), and
three coniferous species: Scots pine (Pinus sylvestris L.), European larch (Larix decidua Mill.)
and Norway spruce (Picea abies (L.) H. Karst). The three consecutive years (2020, 2021 and
2022) of branch harvesting were the second factor of the study [26–28]. The branches of all the
species in the three consecutive years were harvested from the same location in the autumn
(October), at the end of the growing season of the trees. Fresh samples of the branches
(without leaves or needles or any other organic or mineral contaminants) were randomly
selected for each species each year. The diameters of the harvested branches fell within
a range of 2–7 cm but mostly averaged approximately 3–4 cm. During branch sampling,
approximately 30 cm long shoot sections were cut from the branches and packed in plastic
bags. The pooled samples of branches of each species weighed approximately 3–4 kg and
were transported to the Energy Feedstock Assessment Laboratory of the University of
Warmia and Mazury in Olsztyn for further analyses and assays.

2.2. Laboratory Analyses

The branch samples delivered to the laboratory were cut with an electric chipper
(BOSCH AXT 25 TC, 2500 W, turbine cut system, Hungary), which yielded a homogeneous
wood chip fraction. Laboratory samples were then collected from the chips, and individual
analyses were performed. All the laboratory analyses for the branches of each species were
conducted each year in three replications. In the first instance, the moisture content (MC)
of the studied species biomass was determined. The chips were dried in an FD BINDER
dryer (BINDER, Tuttlingen, Germany) at 105 ◦C to obtain a constant weight in accordance
with standard PN-EN ISO 18134-2 [29]. After being dried, the chips were ground using a
Retsch SM 200 laboratory mill (Retsch, Haan, Germany) with a sieve with a mesh diameter
of 1 mm. The ash content (Ash) was determined at 550 ◦C and the fixed carbon (FC) and
volatile matter (VM) contents at 650 ◦C, using an Eltra Tga-Thermostep thermogravimetric
analyzer (ELTRA, Neuss, Germany), in accordance with standards PN-EN ISO 18122:2016-
01 [30] and PN-EN ISO 18123:2016-01 [31]. The elemental composition (including the
carbon (C), hydrogen (H) and sulfur (S) contents) was determined using an Eltra CHS-500
analyzer (ELTRA, Neuss, Germany) in accordance with standards PN-EN ISO 16948:2015-
07 [32] and PN-EN ISO 16994:2016-10 [33]. The nitrogen (N) value was determined by the
Kjeldahl method using a K-435 digestion unit and a BUCHI B-324 distillation unit (BUCHI,
Flawil, Switzerland). The chlorine (Cl) content was determined using Eschka’s mixture
in accordance with standard PN-ISO 587:2000 [34]. The higher heating value (HHV) was
determined using an IKA C2000 calorimeter (IKA, Taufen, Germany) by the dynamic
method, and the lower heating value (LHV) was calculated based on the pre-determined
HHV, MC and H contents in accordance with standard PN-EN ISO 18125:2017-07 [35].

LHV = (HHV − 206 × H) × (1 − 0.01 × MC) − 23.0 × MC (1)

where
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LHV—lower heating value (J g−1);
HHV—higher heating value (J g−1 DM);
H—hydrogen content (% DM);
MC—moisture content (%).

2.3. Statistical Analysis

Prior to the statistical analyses, the normality of the characteristics under study was
checked using the Shapiro–Wilk test. In this analysis, the first factor was the branches of
the nine tree species, while the second factor was the three consecutive years of their har-
vesting. Arithmetic means and standard deviations were calculated for the thermophysical
properties and elemental composition under analysis. Using Tukey’s multiple-comparison
test (HSD), homogeneous groups were determined at a significance level of p < 0.05. The
Pearson correlation coefficient was also determined between the analyzed characteristics,
and statistically significant (p < 0.05) relationships between the variables were checked. In
addition, a similarity analysis was carried out for the examined branches of nine different
tree species and for the determined qualitative and quantitative properties. A multidimen-
sional cluster analysis was applied, agglomeration was carried out using Ward’s method,
and Euclidean distances were used as a measure of distance. The cut-off significance was
adopted based on the Sneath criterion at levels of 33% and 66%. Moreover, descriptive
statistics were determined for the entire dataset for the branches of all the tree species,
which included the mean, median, variation coefficient, standard deviation, lower and up-
per quartile, and minimum and maximum values. All statistical analyses were conducted
using the STATISTICA 13 software (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results and Discussion
3.1. Thermophysical Properties of the Branches of the Tree Species under Study

The thermophysical properties under study (MC, Ash, FC, VM, HHV and LHV)
were significantly differentiated (p < 0.001) by the main factors (the species and year of
harvesting) as well as by the interactions between them (Table 1). Of all the species under
study, the branches of the European ash were characterized by the significantly lowest
moisture content (37.19%, homogeneous group “h”) (Figure 1a). The branches of the
Norway maple were also characterized by a moisture content below 40%. It should be
noted that, for these two species, the moisture content of the harvested branches was less
than 40% in all three years of the study (Table 2). On the other hand, the highest average
moisture content was noted for the branches of the common aspen (51.31%, homogeneous
group “a”) (Figure 1a). An equally high average moisture content (50.22%) was noted for
the branches of the European larch. However, the average moisture content of the branches
of the other five tree species under study ranged from slightly above 42% to nearly 49%
for the pedunculate oak and Scots pine, respectively. In turn, throughout the experiment,
the moisture content of the branches of all the species under study ranged from 35.38% to
52.67% for the European ash in 2021 and the European larch in 2020, respectively (Table 2).
It should also be added that the average moisture content of the branches harvested in 2020
was significantly higher by approximately two percentage points (pp) compared with the
average values obtained in 2021 and 2022 (Figure 1a). However, from the practical point
of view, it should be stated that these differences were not large. It should also be added
that the moisture content of fresh branches in our study was at an acceptable level because
the moisture content of the branches or wood immediately after tree felling can reach up
to 60% [36]. A moisture content similar to the current results was obtained in Sweden for
chips produced from logging residues of mainly Norway spruce with a small addition of
Scots pine and birch, which amounted to 50.6% immediately after the harvest [37]. On the
other hand, the moisture content of chips produced from small pine logs and twigs was
higher (52.5%) [38]. In turn, the moisture content of the short rotation coppice (SRC) shoots
immediately after the harvest varied and amounted to approximately 40% for the black
locust and 50% and 60% for the willow and aspen, respectively [39–42]. As the moisture
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content of woody biomass immediately after the harvest is high, it is often reduced by
means of drying in the open air or under a canopy, which results in the moisture content
being reduced to as low as approximately 20%, depending on the species and the storage
conditions and duration. For example, the moisture content of logging residues after they
had dried naturally in summer, depending on the species, ranged from 23.3% through
23.9 and 30.3% to 36.0% for the Norway spruce, Scots pine, silver birch and black alder,
respectively [43]. Variations in the moisture content of wood chips from a mixture of
different species (29–46%), depending on the period of harvesting, were also confirmed
in another study [44], in which the chips had a higher moisture content during winter,
with the value of this characteristic being lower in spring and summer by 8 and 17 pp,
respectively, and increasing again in autumn. Therefore, the moisture content of woody
biomass varies greatly depending on species, atmospheric conditions and storage period.

Table 1. Analysis of variance (ANOVA) p values for the studied characteristics.

Source of Variation MC Ash HHV LHV Cl For the Other Characteristics 1

Species (A) <0.001 * <0.001 * <0.001 * <0.001 * <0.001 * <0.001 *
Year of harvesting (B) <0.001 * 0.001 * <0.001 * <0.001 * 0.137 <0.001 *

A × B <0.001 * <0.001 * <0.001 * <0.001 * <0.001 * <0.001 *

* Significant values (p < 0.05). 1 FC, VM, C, H, N and S contents.
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Figure 1. The average moisture content (a), ash content (b) and volatile matter content (c) values
for the branches of the studied tree species from the three consecutive years of harvesting and the
average values for each year. a, b, c, d, e, f, g, h denote homogeneous groups for the species presented
separately for each characteristic; A, B, C denote homogeneous groups for the year of harvesting
presented separately for each characteristic; error bars denote standard deviations.

The branches of the Scots pine were characterized by the significantly lowest ash
content of 0.60% DM on average (homogeneous group “f”) (Figure 1b). Moreover, for the
remaining two coniferous trees and the silver birch, the average ash content was below
1% DM but was significantly higher than that for the Scots pine. As for three more species
(grey alder, European ash and pedunculate oak), the average ash content ranged from 1.45
to 1.91% DM. On the other hand, for the common aspen and Norway maple, the value of
this characteristic was the highest and amounted to 2.4% DM (homogeneous group “a”).
In addition, in the consecutive years of the study, this value for these two tree species fell
in a range of 2.12–2.92% DM (Table 2). In a different study, the ash content of logging
residues of Scots pine was also the lowest (0.7% DM) compared with those of the silver
birch, Norway spruce and black alder, for which the values were 1.4, 1.4 and 1.9% DM [43].
The cited values were, therefore, similar to those obtained in the current study. As the bark
contains more ash than the wood [41], thinner branches that include a higher proportion of
the bark in relation to the wood will contain more ash than branches with a larger diameter
or pure wood. Therefore, the ash content of the stem wood, branch base, branch twigs
and stem bark of the Scots pine was 0.22% DM, 0.48% DM, 1.56% DM and 1.78% DM,
respectively [45]. However, the ash content of the wood and bark of the Norway spruce was
0.28% DM and 2.32% DM, respectively [46]. Similar relationships in this regard have been
demonstrated for this species in other studies [47]. A very similar low ash content (0.24%
DM) was determined in the wood of Norway spruce, and in the bark of the European
beech, it was as high as 7.80% DM [48]. Even higher ash content values were determined
in the branches and bark of the Greek spruce: 3.2% DM and 9.5% DM, respectively [49].
Therefore, sawmill residues (in the form of sawdust or pieces of pure wood) generally
contain less ash (<1% DM) compared with the branches harvested in forests due to the
higher proportion of bark in the branches as well as the inclusion of mineral parts [46].
Therefore, the ash content of commercial wood chips in Poland ranged from 2.1 to 4.8%
DM [44], while in Sweden, it was 2.9% DM [37].

The branches of deciduous trees were, in general, characterized by significantly higher
VM contents than coniferous trees (Figure 1c). On the other hand, the European Larch
branches had the significantly highest FC content (an average of 23.73% DM, homogeneous
group “a”) (Figure 2a). As for the other two coniferous tree species, the value of this
characteristic was significantly lower (homogeneous groups “b” and “c”), yet it was still
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high, as it averaged over 22% DM. In turn, the FC content of the branches of most deciduous
tree species was lower and ranged on average from 19.2 to 20.6% DM. The definitely lowest
average value for this characteristic was noted for the branches of the common aspen
(an average of 18.51% DM, homogeneous group “h”). The above relationships in terms
of the VM and FC contents of the branches of coniferous tree species, compared with
the deciduous tree species, were observed in all the years of the study (Table 2). Since
the FC content was significantly positively correlated with the HHV (Table 3), the HHV
of the branches of all the coniferous tree species was over 20 GJ Mg−1 DM, and among
them, the highest value was noted for the branches of the Scots pine (20.74 GJ Mg−1 DM)
(Figure 2b). As far as the deciduous tree species are concerned, the grey alder and silver
birch showed a significantly higher HHV value than the other deciduous tree species.
However, these values were still lower as compared to the HHV of the Scots pine by
approximately 4%. However, the branches of the Norway maple were characterized by the
lowest HHV (18.78 GJ Mg−1 DM), with this value being lower as compared to the Scots
pine by approximately 9%. Throughout the experiment, the HHV of the branches ranged
from 18.55 GJ Mg−1 DM for the Norway maple in 2022 to 20.95 GJ Mg−1 DM for the Scots
pine in 2021 (Table 2).

Table 2. Thermophysical properties of the branches of the tree species under study in the three
consecutive years of harvesting.

Species and the Year of
Harvesting

MC
(%)

Ash
(% DM)

FC
(% DM)

VM
(% DM)

HHV
(GJ Mg−1 DM)

LHV
(GJ Mg−1)

Common aspen, 2020 52.54 ± 0.72 a 2.63 ± 0.01 a 18.17 ± 0.05 i 79.19 ± 0.04 b 19.30 ± 0.01 e 7.36 ± 0.14 f

Common aspen, 2021 51.63 ± 0.14 a 2.48 ± 0.47 a 18.35 ± 0.47 i 79.18 ± 0.02 b 19.30 ± 0.02 e 7.53 ± 0.02 f

Common aspen, 2022 49.77 ± 0.19 b 2.12 ± 0.17 a 19.02 ± 0.30 h 78.87 ± 0.13 c 19.23 ± 0.01 f 7.89 ± 0.05 e

Grey alder, 2020 49.63 ± 0.31 b 1.39 ± 0.03 c 21.22 ± 0.20 d 77.39 ± 0.23 e 20.05 ± 0.03 c 8.34 ± 0.06 d

Grey alder, 2021 45.59 ± 0.12 c 1.62 ± 0.01 b 19.89 ± 0.09 e 78.50 ± 0.09 d 19.94 ± 0.01 c 9.10 ± 0.04 c

Grey alder, 2022 45.52 ± 0.41 c 1.34 ± 0.08 c 20.67 ± 0.68 e 77.99 ± 0.63 d 19.83 ± 0.02 d 9.07 ± 0.08 c

European ash, 2020 39.05 ± 2.71 e 1.86 ± 0.06 b 20.28 ± 0.02 e 77.86 ± 0.04 d 19.40 ± 0.03 e 10.15 ± 0.55 ab

European ash, 2021 35.38 ± 0.41 f 1.57 ± 0.03 b 19.67 ± 0.05 f 78.77 ± 0.05 c 19.46 ± 0.11 e 10.90 ± 0.13 a

European ash, 2022 37.13 ± 0.45 e 2.32 ± 0.09 a 20.71 ± 0.15 e 76.98 ± 0.23 e 19.23 ± 0.05 f 10.45 ± 0.12 a

Silver birch, 2020 46.26 ± 1.03 c 0.78 ± 0.01 e 19.09 ± 0.14 g 80.12 ± 0.15 a 19.84 ± 0.06 d 8.91 ± 0.25
Silver birch, 2021 40.11 ± 0.14 d 0.83 ± 00.2 e 19.44 ± 0.01 f 79.73 ± 0.01 a 19.89 ± 0.27 d 10.23 ± 0.16 ab

Silver birch, 2022 44.27 ± 0.43 c 0.72 ± 0.10 e 19.04 ± 0.06 g 80.24 ± 0.13 a 19.75 ± 0.02 d 9.25 ± 0.10 c

Pedunculate oak, 2020 43.34 ± 0.28 d 1.37 ± 0.02 c 19.84 ± 0.19 f 78.79 ± 0.18 c 19.22 ± 0.02 f 9.19 ± 0.06 c

Pedunculate oak, 2021 42.06 ± 0.56 d 1.70 ± 0.03 b 19.65 ± 0.06 f 78.66 ± 0.09 c 19.07 ± 0.06 f 9.34 ± 0.08 c

Pedunculate oak, 2022 41.10 ± 0.32 d 1.47 ± 0.06 c 20.00 ± 0.17 e 78.54 ± 0.23 c 19.05 ± 0.05 f 9.54 ± 0.06 c

Norway maple, 2020 39.89 ± 0.15 e 2.13 ± 0.02 a 19.26 ± 0.25 g 78.61 ± 0.23 c 18.99 ± 0.04 g 9.77 ± 0.02 b

Norway maple, 2021 39.71 ± 1.00 e 2.92 ± 0.09 a 19.29 ± 0.17 g 77.80 ± 0.26 d 18.81 ± 0.06 g 9.65 ± 0.17 b

Norway maple, 2022 38.39 ± 0.39 e 2.27 ± 0.04 a 19.72 ± 0.03 f 78.02 ± 0.02 d 18.55 ± 0.01 h 9.78 ± 0.07 b

Scots pine, 2020 48.63 ± 0.55 b 0.55 ± 0.01 f 22.36 ± 0.16 d 77.09 ± 0.17 e 20.74 ± 0.03 a 8.89 ± 0.13 d

Scots pine, 2021 48.12 ± 1.07 b 0.65 ± 0.01 f 21.88 ± 0.16 d 77.48 ± 0.17 e 20.95 ± 0.05 a 9.10 ± 0.26 c

Scots pine, 2022 49.97 ± 0.51 b 0.60 ± 0.01 f 22.32 ± 0.20 d 77.08 ± 0.21 e 20.51 ± 0.07 b 8.47 ± 0.08 d

European larch, 2020 52.67 ± 0.51 a 1.03 ± 0.01 d 23.65 ± 0.07 b 75.32 ± 0.07 g 20.36 ± 0.07 b 7.87 ± 0.10 e

European larch, 2021 48.84 ± 0.56 b 1.00 ± 0.01 d 22.93 ± 0.22 b 76.08 ± 0.23 f 20.40 ± 0.06 b 8.65 ± 0.10 d

European larch, 2022 49.16 ± 0.56 b 0.92 ± 0.02 d 24.62 ± 0.26 a 74.47 ± 0.29 h 20.13 ± 0.04 b 8.47 ± 0.10 d

Norway spruce, 2020 47.09 ± 0.99 b 1.07 ± 0.02 d 22.43 ± 0.02 c 76.51 ± 0.01 f 20.43 ± 0.03 b 9.07 ± 0.19 c

Norway spruce, 2021 44.78 ± 1.57 c 0.84 ± 0001 e 22.65 ± 0.17 c 76.51 ± 0.17 f 20.32 ± 0.02 b 9.49 ± 0.32 c

Norway spruce, 2022 44.44 ± 0.78 c 0.88 ± 0.03 e 22.99 ± 0.16 b 76.14 ± 0.19 f 20.13 ± 0.06 b 9.45 ± 0.18 c

a,b,c,d,e,f,g,h,i Homogeneous groups for the species × year of harvesting interaction presented separately for each
characteristic; ± standard deviations.

Another study also demonstrated that the HHV of coniferous tree biomass was higher
(20.4–20.5 GJ Mg−1 DM) compared with the deciduous species (19.8–20.2 GJ Mg−1 DM) [50,51].
On the other hand, the HHV of logging residues for the Norway spruce (20.6 GJ Mg−1

DM) was lower by 0.2 GJ Mg−1 DM compared with the Scots pine, silver birch and black



Energies 2024, 17, 1975 8 of 18

alder [43]. Moreover, the bark was characterized by a higher HHV than other types of
woody biomass [14,52].

As the LHV was significantly very strongly (−0.95) correlated with the moisture
content of the branches (Table 3), the highest average LHV (10.50 GJ Mg−1) was noted for
the branches of the European ash, i.e., those with the lowest moisture content (Figure 2c).
It should be added here that for this species, the LHV exceeded the value of 10 GJ Mg−1

in each year of the study (Table 2). However, of the remaining eight species, this was
also the case only for the silver birch in 2021. On the other hand, the average LHV for
the silver birch, pedunculate oak and Norway spruce was in the third homogeneous
group, “c”, and for the Norway maple, in the second (“b”) group, with the value of this
characteristic being lower (in the range of 7–11%) than the average value for the European
ash (Figure 2c). The average LHV values for the branches of three other species, i.e., the grey
alder, Scots pine and European larch, were even lower (by 16–21%) and fell within a range of
8.84–8.33 GJ Mg−1 (homogeneous groups “d”–“e”). However, the last homogeneous group,
“f”, included the branches of the common aspen, whose average LHV amounted to only
7.59 GJ Mg−1, i.e., was 28% lower compared with the European ash. In another study, the
LHV of fresh chips from logging residues, mainly Norway spruce with a small addition
of Scots pine and birch, amounted to 8.35% GJ Mg–1 [37] and therefore fell within the
lower range obtained in the current study. On the other hand, the LHV of fresh Scots pine
biomass was, on average, 8.63 GJ Mg–1 [53]. However, since the LHV of commercial wood
chips during the autumn and winter seasons ranged from 8.9 to 9.95 GJ Mg–1 [44], the
cited values also fell within the range of results obtained in the current study. Similar LHV
values were obtained for fresh SRC shoots, including aspen, willow and black locust shoots,
and amounted, on average, to 6.80, 8.10 and 10.25 GJ Mg–1, respectively [54]. On the other
hand, the LHV for seasoned, naturally dried chips from logging residues of the black alder,
silver birch, Scots pine and Norway spruce was higher and amounted to 11.3, 12.5, 14.0 and
14.1 GJ Mg–1, respectively [43]. Obviously, this mainly resulted from the lower moisture
content of naturally dried logging residues of these species.
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Figure 2. The fixed carbon content (a), the higher heating value (b) and the lower heating value
(c), on average for the branches of the tree species under study from the three consecutive years of
harvesting and the average values for each year. a, b, c, d, e, f, g, h denote homogeneous groups for
the species presented separately for each characteristic; A, B, C denote homogeneous groups for the
year of harvesting presented separately for each characteristic; error bars denote standard deviations.
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Table 3. Pearson correlation coefficients for the studied characteristics.

Characteristic MC (%) FC
(% DM)

VM
(% DM)

Ash
(% DM)

HHV
(GJ Mg−1 DM)

LHV
(GJ Mg−1)

C
(% DM)

H
(% DM)

N
(% DM)

S
(% DM)

Cl
(% DM)

MC (%) 1.00
FC (% DM) 0.32 * 1.00
VM (% DM) −0.26 * −0.93 * 1.00
Ash (% DM) −0.27 * −0.62 * 0.27 * 1.00

HHV (GJ Mg−1 DM) 0.54 * 0.71 * −0.48 * −0.81 * 1.00
LHV (GJ Mg−1) −0.95 * −0.10 0.12 0.00 −0.24 * 1.00

C (% DM) 0.09 0.57 * −0.31 * −0.81 * 0.68 * 0.15 1.00
H (% DM) −0.24 * −0.25 * 0.36 * −0.12 0.04 0.28 * 0.08 1.00
N (% DM) −0.42 * −0.24 * 0.13 0.33 * −0.36 * 0.35 * −0.39 * 0.02 1.00
S (% DM) −0.27 * −0.13 −0.07 0.48 * −0.42 * 0.15 −0.54 * −0.23 * 0.70 * 1.00
Cl (% DM) −0.25 * −0.33 * 0.42 * −0.04 −0.19 0.22 0.12 0.17 0.26 * −0.11 1.00

* Significant values (p < 0.05).

3.2. The Elemental Composition of the Branches of the Tree Species under Study

The contents of most of the elements under study (C, H, N and S) were significantly
differentiated (p < 0.001) by the two main factors (the species and the year of harvesting) and
the interactions between them (Table 1). On the other hand, for the Cl content, no significant
effect of the year of harvesting was noted. The branches of the Scots pine were characterized
by the significantly highest carbon content of 55.03% DM on average (Figure 3a). A high C
content (on average, over 54% DM) was also exhibited by the branches of the silver birch
and the Norway spruce, followed by the European larch (on average, over 53.73% DM).
As for the branches of the four deciduous tree species, the average C content ranged from
51 to 52% DM, with the lowest value for this characteristic (an average of 49.99% DM)
found for the branches of the common aspen. In all the years of the study, the C content
of the common aspen branches was lower than that of the other tree species under study
(Table 4). In another study, the C content of commercial wood chips ranged from 53.44%
DM to 56.09% DM for veneer and chips for paper making, respectively [14]. On the other
hand, the C content on the Scots pine biomass was, on average, 53.43% DM [53]. A high C
content was also exhibited by the SRC shoots of the aspen and willow (on average, slightly
above 53.3% DM) as well as the black locust (slightly below 53% DM) [41]. However, in
another study, SRC willow contained less C (approximately 49% DM) than the black locust
and aspen (on average, over 51.5% DM) [40]. A low C content (48.4% DM) was determined
for Pinus sp. sawdust [55], Hevea brasiliensis sawdust (48.5% DM) [56] and Betula pendula
wood chips (50.4% DM) [57].

The H content of the branches of all the tree species under study was, on average, over
6% DM (Figure 3b). Although the differences between the species were not excessively
large, three homogeneous groups were distinguished. The highest H value (an average
of 6.31% DM) was noted for the branches of the silver birch, with European ash and Scots
pine also being included in the same homogeneous group. Five species were classified
into the next homogeneous group, “b”, while the last group, “c”, contained the European
larch (an average of 6.02% DM). Significantly greater variation between the branches of
the tree species under study was noted for the N content (Figure 4a). The significantly
highest average N content was determined in the branches of the grey alder (0.72% DM)
(homogeneous group “a”). Two further deciduous species (the European ash and Norway
maple) were included in the second homogeneous group, “b”, with an approximately
25% lower content of this element. Two further deciduous species (the silver birch and
pedunculate oak) were classified into another group, with an approximately 38–40% lower
N content. As for the coniferous species, the lowest N content (an average of 0.34% DM)
was determined for the branches of the common aspen; therefore, this value was lower
by almost 53% compared with this content in the branches of the grey alder. On the other
hand, the lowest average N content (0.32% DM) throughout the experiment was noted
for the branches of the Scots pine (homogeneous group “f”). In the branches of two other
coniferous tree species (the Norway spruce and European larch), the N content was higher
than that for the Scots pine while being lower in relation to most deciduous tree species.
Even lower N contents (an average of 0.12% DM) were found in the Scots pine biomass,
with more of this element (0.15% DM) being found in wood slabs than in sawdust (0.08%
DM), which might have been due to the greater proportion of the bark in wood slabs [53]. A
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low N content (0.13% DM) was also noted for other Scots pine sawdust [58]. The N content
is definitely higher in the bark compared with pure wood; therefore, commercial chips for
paper making (mainly from pine wood) contained an average of 0.11% DM of this element,
while the pine bark and birch bark contained 0.41% DM and 0.55% DM, respectively [14].
Similar relationships were also found in other studies [59]. A high N content was noted for
the SRC shoots of the willow (0.38% DM) and aspen (0.43% DM). However, the highest N
content (0.91% DM) was noted for the SRC shoots of the black locust [41], which resulted
from the actual free nitrogen fixation by this species. The cited N content in the black locust
shoots was even higher than the N content of the branches of the grey alder obtained in
the current study. It should also be stressed that a high N content of solid biofuel is not
desirable, as it leads to higher NOx emissions [60].
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Figure 3. The average carbon (a) and hydrogen (b) contents for the branches of the tree species under
study from the three consecutive years of harvesting and the average values for each year. a, b, c, d, e,
f denote homogeneous groups for the species presented separately for each characteristic; A, B, C
denote homogeneous groups for the year of harvesting presented separately for each characteristic;
error bars denote standard deviations.
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Table 4. The elemental composition of the branches of the tree species under study in the three
consecutive years of harvesting.

Species and the Year of
Harvesting

C
(% DM)

H
(% DM)

N
(% DM)

S
(% DM)

Cl
(% DM)

Common aspen, 2020 50.50 ± 0.08 f 6.07 ± 0.01 b 0.35 ± 0.01 d 0.021 ± 0.002 b 0.011 ± 0.001 d

Common aspen, 2021 49.02 ± 0.26 g 6.21 ± 0.10 a 0.30 ± 0.01 f 0.023 ± 0.002 b 0.010 ± 0.001 d

Common aspen, 2022 50.45 ± 0.03 f 6.03 ± 0.01 b 0.38 ± 0.04 d 0.028 ± 0.002 b 0.011 ± 0.002 d

Grey alder, 2020 52.96 ± 0.35 c 5.90 ± 0.09 b 0.64 ± 0.02 a 0.035 ± 0.001 a 0.025 ± 0.001 b

Grey alder, 2021 50.13 ± 0.12 f 6.24 ± 0.20 a 0.72 ± 0.05 a 0.029 ± 0.003 a 0.022 ± 0.001 c

Grey alder, 2022 51.55 ± 0.23 e 6.15 ± 0.01 b 0.81 ± 0.03 a 0.036 ± 0.001 a 0.012 ± 0.002 d

European ash, 2020 53.33 ± 0.45 c 6.17 ± 0.02 a 0.58 ± 0.01 b 0.032 ± 0.001 a 0.011 ± 0.003 d

European ash, 2021 51.90 ± 0.11 d 6.46 ± 0.22 a 0.47 ± 0.01 b 0.030 ± 0.003 a 0.010 ± 0.001 d

European ash, 2022 51.58 ± 0.24 e 6.07 ± 0.04 b 0.56 ± 0.06 b 0.039 ± 0.001 a 0.014 ± 0.002 d

Silver birch, 2020 54.46 ± 0.43 b 6.27 ± 0.03 a 0.41 ± 0.01 c 0.017 ± 0.001 c 0.030 ± 0.013 a

Silver birch, 2021 55.04 ± 0.20 a 6.19 ± 0.06 a 0.46 ± 0.01 c 0.015 ± 0.004 c 0.030 ± 0.005 a

Silver birch, 2022 54.62 ± 0.14 a 6.47 ± 0.01 a 0.41 ± 0.01 c 0.017 ± 0.001 c 0.035 ± 0.002 a

Pedunculate oak, 2020 52.50 ± 0.12 c 6.02 ± 0.04 b 0.41 ± 0.01 c 0.024 ± 0.001 b 0.011 ± 0.002 d

Pedunculate oak, 2021 52.51 ± 0.34 c 6.19 ± 0.05 a 0.46 ± 0.03 c 0.023 ± 0.003 b 0.011 ± 0.002 d

Pedunculate oak, 2022 51.46 ± 0.30 e 6.05 ± 0.10 b 0.49 ± 0.03 b 0.027 ± 0.002 b 0.011 ± 0.003 d

Norway maple, 2020 51.44 ± 0.11 e 5.90 ± 0.06 b 0.50 ± 0.02 b 0.022 ± 0.002 b 0.024 ± 0.003 b

Norway maple, 2021 52.05 ± 0.22 d 6.26 ± 0.16 a 0.61 ± 0.04 b 0.023 ± 0.003 b 0.022 ± 0.002 b

Norway maple, 2022 51.35 ± 0.23 e 6.02 ± 0.08 b 0.52 ± 0.02 b 0.028 ± 0.001 b 0.033 ± 0.003 a

Scots pine, 2020 55.20 ± 0.04 a 6.09 ± 0.08 b 0.26 ± 0.01 g 0.017 ± 0.001 c 0.013 ± 0.001 d

Scots pine, 2021 54.67 ± 0.23 a 6.19 ± 0.02 a 0.34 ± 0.01 e 0.015 ± 0.002 c 0.012 ± 0.001 d

Scots pine, 2022 55.22 ± 0.25 a 6.27 ± 0.02 a 0.35 ± 0.01 d 0.019 ± 0.001 c 0.016 ± 0.002 d

European larch, 2020 54.50 ± 0.40 b 5.70 ± 0.04 c 0.35 ± 0.02 d 0.026 ± 0.001 b 0.010 ± 0.001 d

European larch, 2021 53.54 ± 0.06 b 6.32 ± 0.16 a 0.35 ± 0.01 d 0.020 ± 0.003 b 0.014 ± 0.001 d

European larch, 2022 53.16 ± 0.65 c 6.04 ± 0.04 b 0.45 ± 0.01 c 0.025 ± 0.001 b 0.013 ± 0.001 d

Norway spruce, 2020 54.00 ± 0.37 b 5.96 ± 0.05 b 0.36 ± 0.01 d 0.018 ± 0.001 c 0.011 ± 0.001 d

Norway spruce, 2021 55.47 ± 0.19 a 6.16 ± 0.20 b 0.31 ± 0.01 e 0.017 ± 0.002 c 0.011 ± 0.001 d

Norway spruce, 2022 53.85 ± 0.09 b 6.19 ± 0.01 a 0.40 ± 0.01 c 0.016 ± 0.001 c 0.013 ± 0.001 d

a,b,c,d,e,f,g Homogeneous groups for the species × year of harvesting interaction presented separately for each
characteristic; ± standard deviations.

The branches of the grey alder and European ash were characterized by the signifi-
cantly highest average S content (0.034% DM) (Figure 4b) in the consecutive years of the
study (Table 4). In the second homogeneous group, “b”, the branches of three deciduous
tree species (the common aspen, pedunculate oak and Norway maple) and the European
larch were classified in terms of the average S content, with the value of this characteristic
being approximately 26–29% lower (Figure 4b). The remaining three tree species were
classified into the third homogeneous group, “c”, with the average S content being lower by
approximately 50–53% compared with the average content of the grey alder branches. The S
content was significantly positively correlated with the N content (0.70) and the ash content
(0.48) and negatively correlated with the C, HHV, H and MC contents (Table 3). Since
the S content is, in general, definitely higher in the bark as compared to pure wood [61],
commercial chips for paper making (mainly from pine wood) contained an average of
0.011% DM S, while the birch bark and pine bark contained 0.033% DM and 0.032% DM,
respectively [14]. Therefore, the S content of the branches of the grey alder and European
ash obtained in the current study was slightly higher than the content of this element in
the bark of the birch and pine. A similar (0.033% DM) [41] or higher (0.050% DM) [40] S
content was noted for the SRC shoots of the black locust. The S content of biomass is also of
importance, as SO2 emissions generated when combusting biomass are determined, inter
alia, by the content of this element in biofuels [62].
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Figure 4. The average nitrogen (a), sulfur (b) and chlorine (c) contents for the branches of the tree
species under study from the three consecutive years of harvesting, and the average values for
each year. a, b, c, d, e, f denote homogeneous groups for the species presented separately for each
characteristic; A, B, C denote homogeneous groups for the year of harvesting presented separately for
each characteristic; no letters denote no significant differences; error bars denote standard deviations.
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The branches of the silver birch contained significantly the most Cl (an average of
0.032% DM) (homogeneous group “a”) (Figure 4c) and in each of the consecutive years
of the study (Table 4). The branches of the Norway maple and grey alder were classified
into the next groups, “b” and “c”, for which the values for this characteristic were 19% and
38% lower, respectively (Figure 4c). On the other hand, the branches of the remaining six
tree species were classified into one homogeneous group, “d”, with an average Cl content
approximately 56–66% lower compared with that of silver birch. In another study [53],
the average Cl content of Scots pine biomass was 0.017% DM. In the cited study, wood
slabs contained more Cl (0.022% DM) compared with sawdust (0.011% DM), which was
due to the larger proportion of bark in the wood slabs, as bark is characterized by a higher
Cl content than wood [63]. The low Cl content of Scots pine wood (0.01% DM) was also
confirmed in other studies [64]. A high Cl content of biomass is undesirable, as it increases
K release and KCl formation [65]. In addition, during the biomass combustion process,
gaseous forms of HCl and Cl2 can be formed and precipitation of CaCl2 can occur.

3.3. Overall Characteristics of Forest Tree Branches as a Solid Biofuel

The significant variation in terms of the Cl and ash contents between the branches of
forest tree species and the years of the study was confirmed by high variation coefficients of
49.6 and 47.3%, respectively (Table 5). As for the Cl contents, the minimum value was only
0.008% DM, and the maximum value was 0.043% DM, while for ash, these values were 0.54
and 3.00% DM, respectively. On the other hand, the N and S contents exhibited an average
variation of 28–29%. Moreover, the range (the minimum value–the maximum value) for N
content was from 0.25 to 0.85% DM, while for S, it was from 0.012 to 0.040% DM. In turn,
the MC was characterized by an even lower variation (10.9%), with a range from 34.96 to
53.37%. However, the remaining characteristics of the tree branches under study (H, C, FC,
VM, HHV and LHV) were characterized by low variation (variation coefficient < 10%). A
cluster analysis for the eleven examined characteristics demonstrated that a cut-off of 2/3
Dmax resulted in two separate clusters (Figure 5b). MC, FC, HHV and C were included in
one cluster, with the remaining seven characteristics forming a second cluster. However,
with a cut-off of 1/3 Dmax, five clusters were formed. MC separated from FC, HHV and
C to form two separate clusters. Also, LHV formed its own independent cluster. The ash,
N and S contents formed another cluster, as did H, Cl and VM. It was also found for the
branches of the tree species under study that with a cut-off of 2/3 Dmax, two main clusters
were formed (Figure 5a). Three coniferous tree species (Scots pine, Norway spruce and
European larch) and six deciduous tree species formed two independent clusters of their
own. In contrast, when the accuracy of the analysis was increased (with a cut-off of 1/3
Dmax), five clusters were distinguished. Three coniferous tree species still formed a single
cluster, which indicates their very similar properties. However, it should be noted that
the Scots pine was more closely related to the Norway spruce than to the European larch.
The deciduous tree species, on the other hand, were divided into four clusters, with three
species (European ash, pedunculate oak and Norway maple) forming a common cluster,
which indicates their very similar properties. However, the pedunculate oak and Norway
maple were more closely related to each other than to the European ash. On the other
hand, three independent clusters were formed for the branches of the remaining three
deciduous tree species, i.e., the common aspen, grey alder and silver birch, which proves
their distinctiveness. It should also be mentioned that, in addition to the quality of the
dendromass, another important issue is the energy intensity of the woodchip production
process for different tree species. This is important because it can affect the final assessment
of the energy efficiency of the entire energy production process, from wood harvesting
through logistics to energy generation. Indeed, other studies have shown that when using
low-powered chippers, ash requires the most energy, followed by pine and spruce [66].
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Table 5. Statistical analysis indicators for the characteristics under study (N Valid = 81).

Characteristic Mean Median Minimum
Value

Maximum
Value

Lower
Quartile

Upper
Quartile

Standard
Deviation

Coefficient of
variation (%)

MC (%) 45.00 45.59 34.96 53.37 40.81 49.29 4.90 10.90
FC (% DM) 20.71 20.00 17.88 24.88 19.44 22.36 1.73 8.36
VM (% DM) 77.85 78.00 74.18 80.34 76.92 78.79 1.42 1.82
Ash (% DM) 1.44 1.37 0.54 3.00 0.84 1.93 0.68 47.30

HHV (GJ Mg−1 DM) 19.74 19.78 18.54 21.01 19.22 20.28 0.62 3.17
LHV (GJ Mg−1) 9.11 9.14 7.19 11.03 8.54 9.61 0.86 9.48

C (% DM) 52.83 52.85 48.76 55.66 51.55 54.46 1.77 3.35
H (% DM) 6.13 6.13 5.65 6.68 6.02 6.24 0.18 2.98
N (% DM) 0.45 0.42 0.25 0.85 0.35 0.52 0.13 29.07
S (% DM) 0.024 0.023 0.012 0.040 0.018 0.028 0.007 28.47
Cl (% DM) 0.017 0.013 0.008 0.043 0.011 0.022 0.008 49.55
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4. Conclusions

Tree branches, being a residue from the harvesting of forest trees for timber industry
purposes, represent a source of solid biomass for energy purposes. This study analyzed
the energy-important characteristics of fresh branches from nine different tree species
(including three coniferous species and six deciduous species) over three consecutive years.
The results obtained demonstrated significant variation between the species under study as
well as between the years of the study and the interactions between the main factors. This
information is important from scientific and practical points of view and can be helpful
in making a decision on using chips from the branches of various tree species as a solid
biofuel for renewable energy generation. The branches of all three coniferous tree species
(Scots pine, Norway spruce and European larch) were characterized by similar properties
and formed one common cluster, even though the Scots pine was more closely related
to the Norway spruce than to the European larch. Moreover, the branches of the Scots
pine were characterized by the highest HHV and C contents, by the lowest ash and N
contents, and by low S and Cl contents. On the other hand, the highest LHV was noted
for the branches of the European ash. Moreover, the European ash, pedunculate oak and
Norway maple formed a common cluster, indicating their very similar properties. However,
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the latter two species were more closely related to each other than to the European ash.
Furthermore, the branches of the common aspen, grey alder and silver birch formed three
independent clusters of their own, which demonstrates their distinctiveness. Information
on the characteristics of the energy properties of the branches of different tree species can
help in planning the supply of solid biofuel from branches of selected tree species to a
specific bioenergy installation. Variations in the moisture content, LHV and elemental
composition of branches in the studied species can directly impact a bioenergy plant’s cost
and efficiency. These factors must, therefore, be considered for optimal operation.
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