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Abstract: Currently, woodchips and logging residues form the greatest share of biomass fuels used to
generate heat in combined heat and power plants. They are supplied from various regions of the
EU. The calorific values of the wood species used as biomass may vary significantly depending on
the moisture and composition of the fuel, harvest seasonality, location, and other factors. This article
presents the main resources of forest biomass and its characteristic features, as well as the calorific
value of woodchips depending on the moisture content. Our research is based on the source data
of forest resources from the State Forests National Forest Holding (PGLLP) in Poland. The research
conducted by the main forestry enterprise in Poland covered a period of four years. The data on the
harvesting of woodchips and logging residues converted into the calorific values of biomass were
based on our research and a review of reference publications. Standard methods were used in the
research, which included an analysis of the species and assortment structure of the forest biomass of
energetic significance that was available for use. The research showed that the moisture content of
the woodchips and lump wood was about 30%. The average annual energy value of the wood in the
total area of forest resources was 0.07 GJ/ha, whereas the highest value was 0.14 GJ/ha. Between
2018 and 2021, the average energy resources of forest biomass in Poland increased from 351.8 TJ to
498.4 TJ.

Keywords: energy biomass; woodchips; moisture content; calorific value

1. Introduction

The use of renewable energy sources (e.g., woody biomass), which are by definition
carbon-neutral, may significantly reduce greenhouse gas emissions. Forest products can
provide substitutes for fossil fuels [1,2]. In the context of climate change, plant sinks of
greenhouse gases may play an essential role in removing carbon from the atmosphere
through the appropriate management of forest crops [3–7]. The demand for bioenergy
is increasing as a result of efforts to reduce the negative influence of humans on the
environment and due to the increasing energy problems in the modern world. Biomass, as
a renewable source, is an important element of sustainable development. It is viewed as
socially attractive in the EU member states because, in contrast to most types of fossil fuels,
it can reduce air pollution and greenhouse gas emissions [8–14].

The promotion of the advantages and possibilities of using renewable energy sources
(RES) in Poland and other member states of the European Union (EU) has led to a significant
increase in the number of power plants using biomass, especially woody biomass. Globally,
the share of biomass currently amounts to 8–15% of the final consumption of thermal
energy, electricity production and transport [8,15–22], whereas in the EU, this share is
16% [23]. In addition, according to the National Renewable Energy Action Plans (NREAPs)
of the EU member states, biomass production is predicted to increase by almost 37% by
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2020 [24], whereas by 2050, the share of energy produced from biomass in the total primary
energy production worldwide will range from 33% to 50% [16,22,24,25].

In an attempt to mitigate the effects of climate change, the world’s governments are
looking for methods to facilitate the adoption of policies and action plans to reduce CO2
emissions, such as the international Paris Agreement, the European Union (EU) Climate
Pact, the European Green Deal, and the UN Climate Change Conference (COP26) [26–28].

The global increase in the amount of harvested biomass is estimated at 112–220 billion
tonnes annually [24–31]. However, the annual global production of biomass which can be
used for energy production is estimated at about 3 billion tonnes of forest biomass [15],
1.1–3.1 billion tonnes of agricultural biomass and its residues [15,32,33], and about 1.1 billion
tonnes of municipal waste [24].

As far as the use of global and European woody biomass resources is concerned, it is
important to take not only the total efficiency of forest resources into account, but also the
composition of the biomass with respect to different energy conversion technologies [34,35].
Woody biomass is characterised by a higher content of lignin and a lower content of
cellulose and hemicelluloses, which results in a higher energy value. Due to these features,
woody biomass is preferred for energy combustion [36–39].

In most European countries, a large amount of woody biomass (forest residues) can be
used to produce heat and electricity. It can also provide a raw material for a wide range
of products, including biofuels, cellulose fibre, wood-based panels and, ultimately, other
energy resources [15,40–45].

Woodchips obtained from the woody residues of softwood species are used as a solid
biofuel by heating plants, as well as combined heat and power plants. Low-quality forest
products and residues provide one of the sources of biomass for energy purposes [46–48].
Currently, about two-thirds of softwood pellets are used for individual and industrial
purposes in Europe. A similar share of pellets produced in North America (Canada and
the US) is distributed to Europe and Asia [49].

In order to use woody biomass as a renewable energy source, it is necessary to sort it
properly [29,50]. The quality requirements for woody biofuels are regulated by international
standards, which define the quality of solid biomass as a fuel. In 2014, ISO 17225-1 [51]
and ISO 17225-4 [52–54] were introduced. These standards define the sources of origin
and the size of biomass particles [55]. ISO 17225-1 describes the possible sources of forest
biomass, because its origin affects the final quality of the biofuel [51,56,57]. Log debris
consists of treetops and branches, as well as low-quality, small-size round wood. There are
five subclasses of log debris:

• Fresh/green broad-leaved (including leaves);
• Fresh/green coniferous (including needles);
• Stored broad-leaved;
• Stored coniferous;
• Blends and mixes.

There are also quality classes for non-industrial applications that proceed in the
following order: A1, A2, B1, and B2 [55], whereby chips from logging residues are classified
as A1 or A2. The highest quality is characterised, above all, by the lowest moisture content
and the lowest number of mineral impurities.

It is usually difficult to use forest biomass directly for energy purposes due to its form
and large variety of assortments. All stages of the production of this fuel, i.e., logging,
storage and preparation for effective combustion, are important for the rational manage-
ment of biomass. It is necessary to apply a pre-treatment, i.e., chipping [58–62]. Optimal
grinding and stacking ensure the best properties of the woodchips, and the storage period
is also important for preventing the deterioration of the biomass quality [63–68]. Due to
the growing demand for bioenergy in the winter months, it is necessary to store woody
fuels, especially woodchips [69,70]. The long-term storage of forest biomass before its use
for energy leads to various changes in its structure. The physicochemical and biological
degradation of biomass during storage decreases its energy value [16–18]. This factor
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causes the loss of dry matter and decreases the calorific value of biomass [19–21]. When
forest biomass is stored properly, its moisture content is reduced, and its actual energy
value improves [71–77]. In order to obtain the optimal moisture content (below 30%) and,
thus, increase the calorific value of the fuel, before chipping, forest residues should be
stored for about 5–7 months in a separate area. The level of material loss during the storage
of wet woody biomass is influenced by factors such as ambient temperature, rainfall, the
storage area, storage time, moisture content, and the form of the stored biomass [33,78–80].
A study on the storage of biomass in the form of woodchips over one year showed that
its calorific value decreased by 25–55% as a result of biochemical reactions and moisture
adsorption [30,31].

Due to the domestic potential of Poland, biomass is promoted as a fuel for the pro-
duction of heat and electricity, and actions are implemented to supply this biomaterial [81].
Poland is a country with large forest areas (30% of the area) and has enormous potential
for the production of biomass. Currently, the share of biomass in the total potential of
renewable energy sources (RES) is 50%, and it is expected to rise to 70% in 2050 [82]. The
total energy potential of woody biomass in Poland, which includes residues from forestry
and the wood industry, is estimated at 13–16 million m3 [83]. Of 40 million m3 of wood
harvested, as much as 35–40% is processed as biomass. About 65% of woody biomass is of
industrial origin, whereas the remaining 35% is formed of wood residues from forests [84].
In Poland, some forest residues, such as fatwood and green chips, are still not used for the
‘production’ of renewable biomass for energy purposes.

The aim of this study was to investigate the available potential of forest biomass
and its energy potential in Poland. The research aim was to assess the abundance and
energy potential of biomass at a defined moisture content during storage. The results
of the research can be used to develop our knowledge of forest biomass harvesting and
storage. They will also aid in the assessment of its potential influence on the energy security
of individual and industrial recipients. Another aim of the study was to compare the
calorific values of biomass derived from the basic domestic wood species of industrial
significance [84].

Biomass harvesting can secure very large amounts of wood as a renewable resource
for energy production in a relatively short period of time [85,86]. This study provides
the results of investigations of the calorific value of wood, as well as the index, showing
the decrease in its calorific value, which enables wood density and moisture content—the
values used in the production of thermal energy. Thus, it is possible to obtain a picture of
the biomass energy potential (GJ), defined by the available volume of biomass (m3), which
is generated in forestry practices.

2. Materials and Methods

Generally accepted methods of data quantification, processing, presentation, statistical
observation, and of summarising and grouping observational materials were used in the
study. Indicators of the species structure and productivity in the forest areas under analysis
were used in the study.

The following methods of quantitative analysis were used to assess the effectiveness
of forest biomass harvesting: statistical observation (recording information on specific
resources), the calculation of mean values and dynamics of change, and the summary and
grouping of indicators according to specific change traits.

The first step in the analysis of the indicators was to take the absolute values of the
forest biomass resources into account. These values are the basic indicators used for the
harvest calculation, and they are used to calculate the potential mean values and relative
energy abundance of forests.

The following assortments were distinguished:

• Poles (M1)—minimum length 1.5 m, maximum curvature 15 cm/m;
• Round wood (S3A)—rot unacceptable, diameter measured using the bark, 7–11 cm at

1 m from the thicker end;
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• Residual wood (M2E),
• Medium-sized firewood (S4)—acceptable soft rot of up to 50%, minimum upper

diameter without bark 5 cm;
• Industrial S2AP assortments—acceptable rot of up to 50%.

These assortments also need to meet the requirements for energy wood according
to the definition given in the Directive of the European Parliament and the Council of
the European Union 2018/2001 of 11 December 2018, as a source of renewable energy
(Renewable Energy Directive, RED II) [87].

The aim of the study was to use a system of analytical indicators which comprehen-
sively characterise the production and energy activities of forests, analyse the causes of the
changes in these indicators, and identify and measure the cause-and-effect relationships
between them.

Data on wood production were collected from national forest bases, statistical year-
books, and databases, and by contacting national experts from 17 administrative units of
the PGLLP between 2018 and 2021. The compiled statistics were in line with the national
definitions. The data on wood production were harmonised by calculating the share of the
volume of harvested forest biomass in each administrative unit in relation to the total wood
production in Poland. These shares were calculated as the mean values for the individual
years for which regional data were available.

Then, these shares were multiplied using the harvesting data available at the national
level. This calculation was based on data on annual round wood production (m3) from
the Central Statistical Office [88–90], because these data are presented in accordance with
harmonised definitions, and such data were available for each year in the period under
analysis. In order to use these data for statistical analysis, the amount of timber harvested
was divided by the forest area in each region (Figure 1). In order to define the problems
resulting from differences in the availability of energy biomass in the national units, the
share of each unit in the energy abundance of a given Regional Directorate of State Forests
(RDSF) was calculated and divided by the forest area in 2021, according to the data from
the Central Statistical Office [88] (Table 1). This resulted in a set of maps of harmonised
statistics of wood biomass production (GJ/ha/year) at the level of administrative units.
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Table 1. Adopted structure of the designation of forest managers (RDSF) in the territory of Poland
[88–90].
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2.1. Location Factors

Scientific publications were reviewed to identify the potential location factors which
could affect the probability of forest biomass harvesting in a specific place. The main focus
of the review was the identification of forest managers responsible for logging as well as
the supply of forest biomass [88–90].

In order to match the spatial resolution of our abundance factors with the resolution
of the wood production statistics, the mean values of our location factors were calculated
for each administrative unit with forest biomass production statistics. For this purpose, the
relevant maps of the location factors were multiplied by a fractional map of the forest cover
and the share of species (Table 2). A forest map was used to match the forest area statistics
available at the regional and national levels.

Table 2. Adopted structure of the basic share of the occurrence of species in the area of timber
resources under the management of RDSF [88–90].

Forest Area Managed by Regional Directorates of the State Forests

RDSF pine spruce fir beech oak hornbeam birch alder aspen poplar

Share forest %

Bk 1 63.2 12.5 0 0 6.0 2.4 5.6 8.3 0.7 0

Gk 2 64.0 2.3 0 15 4.8 0.6 4.9 3.1 0.2 0

Kt 3 61.0 5.2 2.1 7.6 8.8 0.4 5.1 4.7 0.2 0.2

Kr 4 17.2 3.4 37.1 26.9 7.3 0.7 1.1 1.8 0.1 0

Ks 5 29.5 2.4 26.2 25.9 3.1 1.8 2.5 2.0 0.4 0

Lb 6 66.6 0.6 1.6 3.2 11.2 2.9 4.1 6.5 1.0 0.2

Lo 7 78.4 0.1 0.7 1.7 8.1 0.8 3.5 4.9 0.2 0

Ol 8 63.9 8.3 0 5.1 5.0 0.7 7.4 6.2 0.6 0

Pi 9 85.5 3.1 0 1.1 3.2 0 2.5 3.9 0.1 0

Po 10 72.0 1.0 0 1.1 14.0 0.7 2.6 5.0 0 0.2
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Table 2. Cont.

Forest Area Managed by Regional Directorates of the State Forests

Rm 11 65.0 0.6 12.7 3.9 8.0 0.8 2.1 2.9 0.4 0

Sn 12 75.3 2.9 0 4.8 5.8 0.2 3.3 3.9 0.1 0.1

Sk 13 64.8 6.2 0 11.7 3.9 0.5 7.2 4.4 0.3 0

T 14 85.8 0.5 0 0.8 6.0 0.3 1.8 3.2 0.2 0

Wa 15 80.7 0.3 0.4 0.3 6.4 0.4 3.9 5.1 0.5 0

Ww 16 37.2 25.4 0.1 7.1 12.2 0.3 3.7 4.2 0.5 0

Zg 17 83.1 0.8 0 1.0 5.9 0.2 2.3 3.6 0.5 0.2

2.2. Share of Species

The species structure plays a significant role in wood harvesting (Figure 2). Conif-
erous trees predominate in the forests in Poland, where pine is the leading species in the
production of woody biomass. The share of coniferous species is about 87%.
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Figure 2. Structure of the basic share of the occurrence of species of forest resources in Poland [88–90].

In practice, it is necessary to determine the share of the harvesting of individual tree
species immediately after felling, mainly due to the questions of economic significance and
the abundance of biomass separation. Pinewood has the greatest share in the harvesting of
individual RDSFs. The share of woody biomass derived from trees of a medium density is
increasing. In practice, the structure of forest stands is considered to be a species indicator of
the wood harvested (Table 2). A higher energy value of biomass is assumed for coniferous
trees of a higher density, and the use of a larger volume of thick wood for industrial
purposes is taken into account. As can be seen in Figure 2, pine is the most popular and
most common wood species in Poland. Its share amounts to about 65% of the area of wood
resources (75% being coniferous trees). The shares of the other tree species are as follows:
spruce 8%, fir 4.4%, beech 3%, oak 4%, birch 2%, and other 10.8% (Statistical Yearbook of
Forestry 2020).
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2.3. Calorific Values Accepted in the Research

According to Gendek and Nurek [91], the calorific value of forest chips with a mois-
ture content of 28–47% is 9–13 MJ/kg, whereas the calorific value of dry matter is about
19–19.5 MJ/kg. Zhao et al. [92] found differences in the calorific value of individual tree ele-
ments (trunk wood, branches, and leaves/needles), which ranged from 18.9 to 20.6. MJ/kg.
Barontini et al. [93] observed that, after the stacking of coniferous woodchips, their calorific
value was about 16 MJ/kg. Density is the factor with a direct influence on the calorific
value of wood. According to Šmelko et al. [94], the density of light conifers (spruce, fir) is
370–470 kg/m3, whereas the density of medium-heavy conifers and deciduous species is
510–570 kg/m3. Pretzsch [95] provided similar values, i.e., 377 kg/m3 for poplar, about
380–490 kg/m3 for conifers, 520–560 kg/m3 for hardwood, and up to 650 kg/m3 for acacia.
It is not only the density of the wood but also the density of other fractions, such as bark,
that significantly affect the calorific value. According to Petráš et al. [96–98], the average
density of poplar bark is 350–470 kg/m3 and the average density of all three fractions of
the four coniferous species (spruce, fir, pine, and spruce) is about 335–550 kg/m3, whereas
the density of these fractions of deciduous trees is 380–670 kg/m3.

The calorific value of dry biomass is also known. According to Ellenberg [95], it is
20.34–21.14 MJ/kg for branches and roots of trees with bark. The total energy value of
beech trunk, branches, and roots is 19.72–20.10 MJ/kg, whereas the energy value of bark is
20.78–23.13 MJ/kg. Klašnja and Kopitovič [99] found that the energy value of acacia bark
was 15.5–19.5 MJ/kg lower than the energy values of its wood. Oszlányi and Biskupski [100]
found that the heat of combustion of the wood, bark, and leaves of hornbeam, common
maple, oak, and oak bark ranged from 18.12 to 20.65 MJ/kg. According to Pnyakowicz
and Dzurenda [101], the heat of combustion of the leaves of several tree species ranged
from 16 to 20 MJ/kg. In the experiments conducted by Petráš et al. [102,103], the average
values of the heat of combustion of maple and poplar wood and bark ranged from 18.4 to
18.0 MJ/kg, whereas the average calorific value of pine bark was about 1 MJ/kg less. The
heat of combustion of biomass also depends on the content of other non-wood substances,
such as terpenes and resins. According to Demko [104], the average calorific value of
spruce and pine resins ranges from about 38.5 to 38.9 kJ/g. Larcher [105] concluded that
woody species are more abundant in energy than herbaceous species due to their higher
carbon content. Among plant substances, the highest energy content can be found in lignin,
at 26.4 kJ/g, lipids, at 38.9 kJ/g, and terpenes, at up to 46.9 kJ/g. The results of domestic
research on the heat of combustion of poplars and maples [106,107] were used as the basis
for measuring the value of this parameter in 11 other economically important tree species.
These experiments have been in progress since 2016. In this way, it is possible to calculate
the heat of combustion for whole forest stands, taking the influences of tree species and
biomass moisture into account (Figure 3).

The material management and wood harvesting system of the PGLLP includes the
felling and pre-felling use of forests. Wood is harvested through renewal, care, and sanita-
tion loggings in accordance with the breeding and protection needs of forest stands. The
cubic metre (m3) is the unit used for the calculation of the production of woody biomass.
The calorific value of wood of a specific density is calculated by accounting for the wood
volume and changes in the moisture content (Table 3). The review of the scientific publica-
tions resulted in the assumption that the average moisture content in woody biomass for
energy production is 30%, as this is the most common value for woodchips. A moisture
content of 30% is an approximate value achieved by the proper storage and seasonal man-
agement of energy wood chips. In the literature, the moisture content level depends on
both the initial moisture content of the wood raw material and the storage conditions and
often reaches values in the range of 25–55% [36,108,109].
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Table 3. Calorific value of wood in GJ depending on the moisture content of the wood species per
unit volume [110,111].

Calorific Value of Wood (GJ/m3)

Moisture (%) Oak, Beech Birch Poplar Larch Pine Adler Spruce Fir Hornbeam

0 10.83 9.69 6.65 8.74 7.98 7.6 7.0 11.8
15 10.59 9.47 6.5 8.55 7.8 7.43 6.8 11.5
20 10.49 9.38 6.44 8.46 7.73 7.36 6.8 11.4
25 10.37 9.28 6.37 8.37 7.64 7.28 6.7 11.3
30 10.24 9.17 6.29 8.27 7.55 7.19 6.6 11.2
35 10.09 9.03 6.2 8.15 7.44 7.08 6.5 11.0
40 9.92 9.87 6.09 8 7.31 6.96 6.4 10.8
45 9.71 8.69 5.96 7.84 7.16 6.81 6.3 10.6
50 9.46 8.47 5.81 7.64 6.97 6.64 6.1 10.3
55 9.16 8.19 5.62 7.39 6.75 6.43 5.9 10.0
60 8.78 7.85 5.39 7.08 6.47 6.16 5.7 9.6
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Figure 3. Variability in the calorific value of species on a density scale [109–115].

3. Results

The capacity of woody biomass harvesting of forests in Poland refers to the amount of
wood assortments destined for chipping and processing into biofuels or for the production
of wood materials. This research referred to the Regional Directorates of State Forests
(RDSF) in Poland.

Between 2018 and 2021, the total amount of wood biomass harvested in Poland by the
State Forests was over 24 million m3. The biomass included both wood intended for po-
tential industrial processing (according to the Wood Quality and Dimension Classification
System, raw wood groups M1 and S3A) and the bulk amount intended for processing into
energy biomass (according to the Wood Quality and Dimension Classification System, raw
wood groups M2, S2AP, S4, and fatwood). In 2019 and 2021, the amount of wood materials
harvested for chipping was stabilised (Table 4). Between 2018 and 2019, the resources of
this form of biomass increased from 4,570,000 m3 to 6,780,000 m3, i.e., by 148%. In 2021,
they fell to 6,481,000 m3, which was 142% of the amount of biomass harvested in 2018. The
decrease in this amount was significantly influenced by the separation of the S2P energy
resource group according to European directives.
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Table 4. Forest biomass resources by directorate (RDSF) in Poland.

RDSF 2018 2019 2020 2021

* 100% m3 % m3 % m3 %

Bk 364,517 443,920 122 419,953 115 398,868 109

Gk 505,288 401,169 79 369,971 73 341,873 68

Kt 254,894 627,630 246 649,242 255 685,133 269

Kr 118,961 183,009 154 167,101 140 168,372 142

Ks 91,051 224,829 247 212,935 234 226,134 248

Lb 344,508 481,019 140 461,561 134 440,827 128

Lo 148,269 215,968 146 208,740 141 203,538 137

Ol 275,458 432,761 157 423,041 154 422,963 154

Pi 297,970 353,102 119 336,106 113 323,021 108

Po 342,581 556,984 163 497,502 145 446,884 130

Rm 180,618 309,731 171 303,682 168 301,964 167

Sn 333,183 738,625 222 731,203 219 774,574 232

Sk 194,939 364,798 187 364,083 187 375,204 192

T 373,046 416,991 112 451,025 121 444,149 119

Wa 128,787 179,159 139 173,914 135 166,818 130

Ww 357,584 590,959 165 567,993 159 566,499 158

Zg 258,642 260,017 101 202,938 78 194,505 75

Total PL 4,570,296 6,780,672 148 6,540,992 143 6,481,325 142

*—volume of 100% being the reference for the following years.

Thin wood M1 (‘small poles’) is a high-value raw material used for industrial needs
and energy purposes. As shown in Table 5, the amount of M1 assortment harvested in
individual years gradually decreased from 312,000 m3 in 2018 to 167,000 m3 in 2021, which
is about 54% of the amount harvested in 2018. This assortment has a high energy value due
to its lack of acceptable biological degradations. The greatest share of this wood biomass
assortment is harvested in western Poland.

Table 5. Presentation of the structure of M1w wood biomass from 2018–2021.

RDSF
M1 2018 M1 2019 M1 2020 M1 2021

* 100% m3 m3 % m3 % m3 %

Bk 1994 1525 76 753 38 729 37

Gk 1291 1211 94 1219 94 1180 91

Kt 454 511 113 288 63 279 61

Kr 185 167 90 145 78 140 76

Ks 53 23 43 21 40 20 38

Lb 651 287 44 202 31 195 30

Lo 280 301 108 184 66 178 64

Ol 2795 3193 114 1367 49 1323 47

Pi 75,861 64,237 85 49,452 65 47,852 63

Po 7433 7754 104 4603 62 4454 60

Rm 683 376 55 572 84 553 81
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Table 5. Cont.

RDSF
M1 2018 M1 2019 M1 2020 M1 2021

* 100% m3 m3 % m3 % m3 %

Sn 51,793 41,065 79 27,610 53 26,717 52

Sk 26,433 23,371 88 19,779 75 19,139 72

T 8830 10,437 118 9159 104 8863 100

Wa 5 0 0 0 0 0 0

Ww 14,350 12,977 90 10,747 75 10,399 72

Zg 119,361 106,555 89 47,210 40 45,683 38

Total PL 312,452 273,990 88 173,311 55 167,705 54

M1: “small pole”. Length from 1.5 m. Permissible curvature of 15 cm per 1 m. *—volume of 100% being the
reference for the following years.

M2E wood (wood logging residue) forms a significant share of the forest biomass used
for energy purposes (Table 6). Between 2018 and 2021, the share of this wood in the market
increased by almost 100%, i.e., from 427,000 m3 in 2018 to 834,000 m3 in 2021. This increase
was caused by the use of this wood for energy biomass processing. This assortment is
mostly harvested in central Poland.

Table 6. Structure of woody biomass M2 from 2018–2021.

RDSF M2 2018 M2 2019 M2 2020 M2 2021

* 100% m3 m3 % m3 % m3 %

Bk 62,693 72,411 116 83,304 133 86,022 137

Gk 20,304 44,501 219 49,904 246 51,532 254

Kt 12,951 16,699 129 36,902 285 38,106 294

Kr 0 0 0 0 0 0 0

Ks 0 1408 0 3368 239 ** 3478 247 **

Lb 16,279 30,636 188 46,134 283 47,639 293

Lo 6755 11,523 171 15,813 234 16,329 242

Ol 50,872 67,611 133 72,003 142 74,352 146

Pi 15,376 35,776 233 51,783 337 53,472 348

Po 59,195 80,022 135 64,395 109 66,496 112

Rm 609 3787 622 9354 1536 9659 1586

Sn 19,978 38,643 193 33,442 167 34,533 173

Sk 28,151 60,660 215 60,630 215 62,608 222

T 87,130 158,216 182 205,102 235 211,793 243

Wa 18,855 31,871 169 33,795 179 34,897 185

Ww 23,604 25,409 108 16,899 72 17,450 74

Zg 4002 10,734 268 24,824 620 25,634 641

Total PL 426,754 689,907 162 807,652 189 834,000 195

M2E: residual wood. ** Percentage increase over 2019. *—volume of 100% being the reference for the follow-
ing years.

Currently, S3A wood (Table 7) is mainly industrially processed, but it is also a potential
resource of energy biomass. The amount of these resources did not exceed 83,000 m3 in
2018, and in 2019, 2020, and 2021, it gradually decreased by 28%, 51%, and 56%, respectively,
to reach 32,000 m3 in 2021. This class of raw material is not dominant in the forest biomass
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market. Like M1 biomass, the highest share of this woody biomass assortment is harvested
in western Poland.

Table 7. Change in the structure of S3 woody biomass from 2018–2021.

RDSF S3 2018 S3 2019 S3 2020 S3 2021

* 100% m3 m3 % m3 % m3 %

Bk 2158 1871 87 1162 54 1095 51

Gk 425 371 87 319 75 301 71

Kt 806 1165 145 443 55 417 52

Kr 25 31 124 28 112 26 104

Ks 21 22 105 189 900 178 848

Lb 4 3 75 248 6200 234 5850

Lo 5483 4282 78 2064 38 1 945 35

Ol 256 221 86 16 6 15 6

Pi 22,823 14,580 64 10,285 45 9691 42

Po 49 0 0 0 0 0 0

Rm 0 0 0 0 0 0 0

Sn 13,882 10,792 78 8992 65 8473 61

Sk 2601 2096 81 1834 71 1728 66

T 394 868 220 1093 277 1030 261

Wa 0 0 0 0 0 0 0

Ww 8251 4770 58 4767 58 4492 54

Zg 25,512 18,823 74 8909 35 8395 33

Total PL 82,690 59,895 72 40,349 49 38,020 46

3A: round wood (poles). Rot, insect infestation, and visible foreign bodies are not permissible. Permissible
curvature up to 10 cm per 1 m. Diameter measured on the bark at a distance of 1 m to the thicker end: 7–11 cm.
*—volume of 100% being the reference for the following years.

Fatwood plays the least significant role in energy biomass harvesting (Table 8). Accord-
ing to the PGLLP harvesting data, between 2018 and 2021, the amount of this assortment
decreased from about 7200 m3 to 1600 m3 (by 78%). This raw material has untapped
potential for further processing as biomass [90].

Table 8. Stump wood biomass structure from 2018–2021.

RDSF
2018 2019 2020 2021

* 100% m3 m3 % m3 % m3 %

Bk 572 999 175 293 51 106 19

Gk 468 818 175 239 51 87 19

Kt 283 494 175 140 49 51 18

Kr 551 1005 182 292 53 106 19

Ks 927 913 98 259 28 94 10

Lb 324 491 152 144 44 52 16

Lo 351 532 152 156 44 57 16

Ol 405 614 152 180 44 66 16

Pi 270 409 151 120 44 44 16
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Table 8. Cont.

RDSF
2018 2019 2020 2021

* 100% m3 m3 % m3 % m3 %

Po 444 742 167 205 46 75 17

Rm 296 494 167 137 46 50 17

Sn 680 1172 172 351 52 128 19

Sk 454 781 172 234 52 85 19

T 192 332 173 309 161 112 58

Wa 287 499 174 463 161 168 59

Ww 479 831 173 771 161 281 59

Zg 217 374 172 105 48 38 18

Total PL 7200 11,500 160 4400 61 1600 22

*—volume of 100% being the reference for the following years.

S4 firewood is the most important group of raw material resources. In 2019, more
than 3,740,000 m3 was harvested, but this amount dropped to 2,705,000 m3 in 2021. Most
S4 firewood is harvested in central Poland (about 23%) and the least is harvested in the
western and south-eastern areas (about 2–3%) (Table 9). The share of the resources of this
firewood exceeds 50% of the energy biomass produced in Poland. Between 2018 and 2021,
its potential gradually decreased due to the larger amount of S2P energy wood harvested,
whose share increased by 28%.

Table 9. Change in the structure of S4w wood biomass from 2018–2021.

RDSF
S4 2018 S4 2019 S4 2020 S4 2021

* 100% m3 m3 % m3 % m3 %

Bk 297,100 290,450 98 254,100 86 217,769 73

Gk 482,800 303,800 63 265,400 55 227,454 47

Kt 240,400 223,000 93 207,200 86 177,575 74

Kr 118,200 102,000 86 83,000 70 71,133 60

Ks 90,050 86,250 96 66,350 74 56,863 63

Lb 327,250 332,250 102 291,850 89 250,122 76

Lo 135,400 130,700 97 118,600 88 101,643 75

Ol 221,130 210,590 95 191,720 87 164,308 74

Pi 183,640 176,280 96 159,680 87 136,849 75

Po 275,460 440,700 160 399,200 145 342,123 124

Rm 179,030 178,640 100 161,120 90 138,083 77

Sn 246,850 210,200 85 203,100 82 174,061 71

Sk 137,300 119,150 87 115,250 84 98,772 72

T 276,500 182,000 66 167,100 60 143,208 52

Wa 109,640 108,720 99 99,760 91 85,496 78

Ww 310,900 308,600 99 285,000 92 244,251 79

Zg 109,550 91,050 83 87,850 80 75,289 69

Total PL 3,741,200 3,494,380 93 3,156,280 84 2,705,000 72

S S4: medium-sized firewood. Soft rot is permissible up to 50%. Minimum top diameter without bark is 5 cm.
*—volume of 100% being the reference for the following years.
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S2AP wood is an assortment of significance in regard to energy, which is intended
for industrial processing. This is a significant group of raw material resources. In 2019,
2,250,000 m3 was harvested, whereas in 2021, the amount was more than 2,725,000 m3. In
2012, this assortment was separated as a biomass group, and it forms a dominant share
of the amount of wood harvested in western and central Poland (Table 10). The resources
of this firewood as part of the biomass produced in Poland, including energy biomass,
amount to about 40%. Between 2018 and 2021, its potential gradually increased due to the
growing amount of post-disaster wood harvested.

Table 10. Change in the structure of S4w wood biomass from 2018–2021.

RDLP
S2P 2018 S2P 2019 S2P 2020 S2P 2021

m3

Bk 0 76,663 80,341 93,147

Gk 0 50,469 52,890 61,320

Kt 0 385,761 404,269 468,706

Kr 0 79,807 83,636 96,966

Ks 0 136,213 142,748 165,500

Lb 0 117,352 122,983 142,585

Lo 0 68,630 71,923 83,387

Ol 0 150,532 157,755 182,899

Pi 0 61,820 64,786 75,112

Po 0 27,766 29,099 33,737

Rm 0 126,433 132,499 153,618

Sn 0 436,753 457,708 530,662

Sk 0 158,740 166,356 192,872

T 0 65,138 68,263 79,143

Wa 0 38,070 39,896 46,255

Ww 0 238,372 249,809 289,626

Zg 0 32,481 34,040 39,465

Total PL 0 2,251,000 2,359,000 2,735,000
S2AP: medium-sized wood. Rot, insect infestation, and visible foreign bodies are not permissible. Permissible
curvature up to 12 cm per 1 m. Minimum top diameter without bark is 5 cm.

Energy Value

As the statistics indicate, between 2018 and 2021, the share of the energy potential of
biomass from renewable sources increased significantly in Poland (Table 11). This points to
the progressive reorganisation of the possibilities of using forest biomass for energy. The
interest in sources of energy that provide an alternative to fossil fuels is increasing due to
economic and environmental conditions.

In order to assess the possibilities of using wood harvesting by-products, the calorific
value potential of the amount of processed wood with a 30% moisture content was deter-
mined. As can be seen in Table 12, the amount of woody biomass harvested and sold in
individual years increased steadily. Greater amounts of raw wood were harvested between
2018 and 2021. Initially, this increase amounted to 146% of the potential in 2018, and it
stabilised at 142% in 2021. As a result of the work conducted by foresters, who manage the
forest species diversity, it was possible to demonstrate the dominant role of pine biomass,
whose energy potential was estimated at about 300,000 GJ (equivalent to 64% of the annual
energy potential of the forest biomass harvested by the State Forests). As a consequence of
this situation, the energy potential of biomass increased to about 500,000 GJ per year.
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Table 11. Energy value (GJ) generated by biomass by species impact (for a biomass moisture content
of 30%).

Year

Species

Pine Spruce Fir Beech Oak HornbeamBirch Alder Aspen Poplar Total

GJ/Year

2018 * 100% 229,992 16,709 6860 26,888 34,080 4139 16,281 15,628 1029 172 351,779

2019 333,655 26,259 12,557 41,485 52,173 5976 24,416 23,207 1478 289 521,495

% 145 157 183 154 153 144 150 148 144 168 148

2020 322,227 25,403 11,913 39,939 50,116 5722 23,667 22,375 1420 274 503,056

% 140 152 174 149 147 138 145 143 138 159 143

2021 318,353 25,355 12,182 40,335 49,303 5586 23,528 22,064 1398 271 498,375

% 138 152 178 150 145 135 145 141 136 158 142

Own elaboration based on the available data. *—volume of 100% being the reference for the following years.

Table 12. Energy potential of the forest biomass in RDSFs in Poland (for a biomass moisture content
of 30%).

Year 2018 2019 2020 2021

RDSF GJ * 100% GJ % GJ % GJ %

Bk 28,202 34,345 122 32,491 115 30,860 109

Gk 39,351 31,242 79 28,813 73 26,624 68

Kt 19,601 48,265 246 49,927 255 52,687 269

Kr 9303 14,312 154 13,068 140 13,167 142

Ks 7019 17,332 247 16,415 234 17,432 248

Lb 27,277 38,086 140 36,545 134 34,903 128

Lo 11,519 16,779 146 16,217 141 15,813 137

Ol 21,260 33,401 157 32,650 154 32,644 154

Pi 22,790 27,007 119 25,707 113 24,706 108

Po 26,587 43,226 163 38,610 145 34,682 130

Rm 13,610 23,339 171 22,883 168 22,754 167

Sn 25,359 56,217 222 55,652 219 58,953 232

Sk 15,600 29,194 187 29,137 187 30,027 192

T 28,586 31,954 112 34,562 121 34,035 119

Wa 9847 13,698 139 13,297 135 12,754 130

Ww 26,244 43,371 165 41,686 159 41,576 158

Zg 19,624 19,728 101 15,397 78 14,757 75

Total PL 351,779 521,495 148 503,056 143 498,375 142

Own elaboration based on the available data. *—volume of 100% being the reference for the following years.

The energy potentials of forest by-products and woodchips, as well as the estimated
energetic significance of individual species, were used to calculate the share of energy
which could be generated from biomass combustion (Table 12) in individual RDSFs. The
share of individual species in forests in Poland and their calorific values were also used
to determine the calorific value of forest biomass. The highest biomass potentials were
determined for the Katowice (Kt), Krosno (Ks), and Szczecin (Sn) RDSFs, where the biomass
potential increased by 269%, 248%, and 232%, respectively.
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The profitability of the processing of forest wood products depends on various factors,
including their quantity, form, and market demand. As can be seen in Figure 4 and Table 1
(surface structure), larger forest areas do not translate into greater possibilities of selling
such by-products to, e.g., enterprise manufacturing boards, or converting them into energy
material. Smaller business entities (RDSF) usually use wood material directly for energy
purposes. Therefore, it is important to determine the demand of individual groups of forest
producers for energy. Between 2019 and 2021, the abundance in relation to the average
RDSF area stabilised at 0.07 GJ/ha. Assuming a conversion factor of 1 MWh = 3.6 GJ,
the calorific value of the available biomass in 2018, 2019, 2020, and 2021 amounted to
97,716 MWh, 144,860 MWh, 139,738 MWh, and 138,438 MWh, respectively.
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Figure 4. Biomass energy potential in relation to the forest area in separate areas of Poland per ha
(for a biomass moisture content of 30%). Own elaboration based on the available data.

4. Discussion

Forest biomass mostly consists of low-quality wood produced during forestry works,
damaged wood, dead wood, post-disaster wood, and fatwood. Renewable raw materials
which are not suitable for the wood industry are mostly used for energy purposes. Between
2018 and 2021, the average amount of wood assortments harvested annually in Polish
forests for fragmentation with woody biomass potential was about 6.5 million m3.

The potential of domestic woody biomass is even more important due to the fact that,
since 2013, more than 50% of energy woody biomass was imported to Poland from Belarus
and Ukraine. However, due to recent geopolitical changes, this trend has ceased. As a
result, the availability of biofuels has been significantly reduced.

The high demand for biomass, combined with its shortage, leads to the risk of rising
prices and a partial lack of energy security in the market. Consequently, it is possible to
make use of the available woody biomass resources which have not been used thus far,
including their forest biomass potential [112–115].

Forest biomass combustion generates net CO2 emissions. This is criticised by environ-
mentalists, who indicate that total emissions of greenhouse gases exceed the capacity of
the world’s forests to absorb carbon dioxide. The harvesting of forest biomass reduces the
amount of CO2 absorbed by forests but generates space for new afforestation and increases
the degree of environmental regeneration [116].

The bioenergy sector in Poland is developing dynamically. By 2020, it reached the
level of about 1512 MW. Woody biomass is the main fuel of the Polish bioenergy sector
(in 2019, it was about 65%). Throughout the period under analysis, i.e., between 2018 and
2021, the share of bioenergy in the consumption of primary energy from RES systematically
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decreased. In 2019, it dropped to 81% due to the greater use of solar and wind energy.
Between 2018 and 2021, woody biomass formed a considerable share in the consumption
of energy among households in Poland, which is estimated at 10–12 million m3 [112–114].

Considering the market for woody biomass used for energy purposes should improve
the efficiency of the processing of raw materials into wood products and, ultimately, the
process of converting it into energy [117–120].

The economic downturn, which has already begun in Poland, in the European Union,
and around the world, creates great opportunities for limiting various market segments,
including the market for woody biomass for energy purposes [121,122]. This may be
facilitated by developing rules for the harvesting and distribution of biomass within the
forest-wood sector and securing the supply of energy in Poland [83,120].

In economic practice, the optimal use of various types of resources of woody biomass
for energy-supplying purposes is a significant problem in regard to the development of
its market [123]. The use of clean by-products of forestry production to generate energy
does not pose a threat. However, it is necessary to ensure the further development of
the technology, so that the combustion products emitted into the atmosphere are in a
completely oxidised form, with a minimum impact on the environment. The production of
valuable fuel from wood biomass usually requires additional costs for its fragmentation and
drying to create a form facilitating its combustion or transport (e.g., pellets). Therefore, the
availability of biomass and the profitability of the entire process, from biomass harvesting
and throughout the supply chain from suppliers to recipients, are decisive factors affecting
its use for energy [124–126].

The development of renewable energy sources, including the market for woody
biomass for energy purposes, is largely determined by economic aspects and active support
through legal and financial policies, enabling competition for many renewable biomass
technologies in the energy markets [118,119].

The economic downturn, which has already begun in Poland, the European Union,
and the world, provides ample opportunity for limiting various market segments, includ-
ing the market for woody biomass for energy purposes [121,122]. The global biomass
supply amounted to 55.6 EJ in 2018. Solid biomass plays an important role in the energy
composition [127]. Solid biofuels account for 44.6% of all RES consumed in the European
Union and are a major source of clean energy [128].

The type of wood, its storage time, and other conditions affect the calorific value
and, thus, the energy efficiency during combustion and, most importantly, the chemical
composition of the wood ash formed. In an ash fraction of below 100 µm, a high content of
Ca, K, Si, and Fe and potentially toxic elements can be observed. Further research is needed
that takes into account the chemical properties of woody biomass and its commercial
products as additional criteria for the evaluation of CO2 emissions [129,130].

5. Conclusions

This research was based on a review of scientific publications. It discussed the abun-
dance of renewable energy resources of forest origin, adjusted according to the EU objectives
concerning renewable energy and environmental protection.

Due to the increasing degree of forest management and the technological development
of wood processing, there have been changes in the use of by-products, which are a valuable
source of energy biomass.

Coniferous species have dominant influences on the harvesting of woody biomass
resources. Forest habitats and mixed forests, where these species occur most frequently,
play a significant role in woody biomass harvesting.

Both the demand for, and supply of, forest biomass for bioenergy purposes have
increased noticeably. Biomass scarcity may result in the further transformation of weaker
habitats into production land and lead to an intensified search for alternatives to this
form of energy that are generated from renewable materials. On the other hand, the
increased demand for biomass also creates opportunities for increasing biodiversity, both
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in existing production sites and in brownfield lands. Long-term breeding may result in
greater diversity in the structure of forest crops, a lower consumption of resources, and
greater structural diversity of the natural landscape, which may have positive influences
on biodiversity.

It is possible to collect primary wood residues from production forests. The removal
of these forest residues, under strictly defined conditions of sustainable development, may
become economically attractive if there is an increased demand for biomass.

Additional biomass potential can be found in fatwood, as well as trees in the areas
which are not otherwise used because they have been abandoned, polluted, or degraded.

Whether the use of forest biomass has a positive or negative effect on biodiversity
largely depends on specific regional conditions, the type of biomass, changes in the use
of wood residues, and general biomass management practices. However, it is certain
that, in the future, the types of plantations and biomass harvested in Poland will be more
sustainable than other forest areas covered by the European Green Deal policy.
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101. Pňakovič, L’.; Dzurenda, L. Combustion characteristics of fallen fall leaves from ornamental trees in city and forest parks.

BioResources 2015, 10, 5563–5572. [CrossRef]
102. Petráš, R.; Mecko, J.; Oszlányi, J.; Petrášová, V.; Jamnická, G. Landscape of Danube inland-delta and its potential of poplar

bioenergy production. Biomass Bioenergy 2013, 55, 68–72. [CrossRef]
103. Petráš, R.; Mecko, J.; Petrášová, V. Energy potential in production of fast-growing poplar clones in Slovak regions. Acta Reg.

Environ. 2013, 10, 53–56. [CrossRef]
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