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Abstract: Sustainable forest management, which accounts for the multiple roles played by forests,
includes seed collection from selected areas for forest renewal and regeneration. The process of
harvesting conifer seeds generates considerable amounts of waste biomass that can be used as a
source of energy to supplement the local solid fuel market. Therefore, their quality is an important
consideration. The mass fraction of Scots pine seed extraction residues was determined in this study.
The thermophysical properties and elemental composition of the residues and spent Norway spruce
and European larch cones (after seed extraction) were evaluated. An analysis of Scots pine seed
extraction residues revealed that only cones had practical application. They accounted for more
than 99% of total residue biomass and were characterized by the lowest content of ash, sulfur, and
chlorine. The calorific value of cones of the analyzed tree species ranged from 17.08 to 18.29 MJ kg1,
the chlorine content was 0.010-0.041% DM, and the sulfur content was 0.019-0.043% DM. Due to the
specificity of the extraction process, the generated waste, including cones, had a very low moisture
content of 6.86-10.02%, which significantly increased their value as solid fuel.

Keywords: cones; seed extraction residues; Scots pine; Norway spruce; European larch;
lignocellulosic biomass; HHV; LHV; ash content; sulfur content; chlorine content

1. Introduction

The main aim of the European Union’s (EU) energy policy is to increase the share of
renewable energy in total energy consumption [1]. Solid biofuels have the largest share of
renewable energy production, which exceeded 40% in the EU and 64% in Poland in 2022 [2].
Solid biomass for energy generation is derived mainly from forests and the timber industry [3-9],
and it consists of sawmill waste such as branches, woodchips, bark, and sawdust [10,11]. Forest
residues account for around 1% of waste biomass used in energy generation [12]. These residues
are processed by forest biorefineries into value-added products [13-17].

At the end of 2022, the total forest area in Poland was estimated at 9,275,000 ha,
marking an increase of 5.9% from 1990. Coniferous trees cover 68.7% of the total forest area,
mostly Scots pines (85%), as well as spruces (7.5%) and larches (4.9%) [18].

Rational forest management practices promote the continuous and sustainable devel-
opment of forests, as well as the regeneration of forests where timber is harvested [19]. In
recent years, around 66,000 ha of forests were regenerated and planted in Poland each year
on average [20]. Despite the steady increase in the percentage of naturally regrown forests
(from 4.1% in 1990 to 19.8% in 2022), artificial regeneration continues to play the main role
in forest restocking [18].

Seeds for forest restocking are obtained from dedicated seed stocks, including parent trees
and seed tree stands. At the end of 2022, the area of seed tree stands registered in Poland reached
nearly 253,000 ha, and Scots pine seeds were harvested in around 60% of these stands [18]. Seed
production in these stands varies across years and is largely influenced by seed yields (seed
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years) and current demand. According to Aniszewska and Kuszpit [21], between 2009 and 2012,
more than 254 Mg of conifer cones, including Scots pine cones (89.9%), spruce cones (4.6%),
fir cones (3.0%), and larch cones (2.5%), were harvested each year in Poland on average. An
analysis of certificates of origin for forest reproductive materials revealed that approximately
360 Mg of Scots pine cones, 48.8 Mg of fir cones, 17.9 Mg of spruce cones, and 11 Mg of larch
cones were harvested in 2022 in Poland [22]. A similar amount of Scots pine cones (350 Mg)
was harvested for the same purpose in 2021 [22].

The seed extraction process generates waste biomass, including empty cones, seed
wings, empty seeds, and other minor impurities. Cones are most difficult to manage
because their volume increases during drying, and they require considerable storage space.
Research has shown that cones can be a source of various valuable raw materials [14].
However, in practice, they are usually used for ornamental purposes, such as Christmas
decorations. Cones are also used as fuel in some seed extraction plants.

The rational management of seed extraction residues plays an important role in sus-
tainable forestry practices [23]. Spent cones, the by-products of seed extraction, constitute a
secondary source of forest biomass and can be effectively used in energy generation. Seeds
are extracted from cones by drying, which decreases the moisture content of cones, and
their calorific value is not influenced by weather. Cones are a stable and supplementary
source of biomass in local energy markets [24,25].

The properties of biomass from the process of seed extraction should be determined
if it is to be used for energy production [7]. The content of fixed carbon, volatile matter,
and ash is important in the process of biomass combustion, and the elemental composition
of biomass is analyzed to estimate its calorific value (C, H, O) and environmental impact
(N, S, Cl) [26]. The nitrogen content of biomass affects nitrogen oxide emissions during
combustion [27]. Nitrogen oxides are among the major air pollutants responsible for the
greenhouse effect and acid rain [28]. Chlorine and sulfur also contribute to the formation
of deposits and corrosion in boilers [29].

The aim of this study was to determine the proportions of mass fractions and selected
physical parameters of Scots pine seed extraction residues, and to evaluate the thermophys-
ical properties and elemental composition of Scots pine, Norway spruce, and European
larch cones after seed extraction.

2. Materials and Methods
2.1. Materials

Residual biomass from the process of extracting seeds from the cones of female conif-
erous trees was obtained from a seed extraction plant in Jedwabno (Regional Directorate
of State Forests in Olsztyn, Poland). The plant processes around 25 Mg of cones per year
on average. Seed extraction residues from three species of coniferous trees (Scots pine,
Norway spruce and European larch) were analyzed in the study. These species have their
natural habitats in the plant’s operation area. The residues were obtained from spent cones
that were harvested in the 2021/2022 season in local forest districts for the purpose of forest
restocking. In Scots pines, waste biomass fractions were examined in all stages of seed
extraction and processing (cleaning, dewinging, fractioning) (Figures 1 and 2). Only spent
cones were analyzed in Norway spruces and European larches. European larch seeds are
extracted in a thermal and mechanical process, and the resulting waste biomass consists
of two sub-fractions—central cone stems and woody seed scales—which were evaluated
separately (Figure 2).

2.2. Laboratory Analyses

Scots pine seed extraction residues were divided into mass fractions by weighing each
fraction in three different batches of Scots pine residues. The proportions of mass fractions
were determined based on the mean values noted in each batch. The specific weight of
each fraction was determined. The bulk density of each fraction (kg m~3) was calculated
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by placing each fraction in a cylindrical container with a volume of 5.0 dm? (cones/seed
wings) or 0.5 dm? (remaining fractions) and determining their net mass.

Stages of seed extraction from cone Seed extraction residues

cone drying

seeds tumbling from dehiscent cones
|

v > Empty cones
winged seed precleaning
l » Residues from precleaning winged seeds
seed dewinging
v » Seed wings
dewinged seed cleaning
v — Residues from cleaning dewinged seeds
seed upgrading
i —» Empty seeds
seed packaging

Figure 1. Stages of seed extraction from cones and generation of residues.

LCSc

- SW RC ES

Figure 2. Samples of cones and seed extraction residues (LCSc—woody seed scales of larch cones;
LCS—central larch cone stems; SC—spruce cones; PC—pine cones; RP—residues from precleaning
winged pine seeds; SW—pine seed wings; RC—residues from cleaning dewinged pine seeds; ES—empty
pine seeds).

The moisture content of each fraction was determined by drying the samples in a
BINDER FD 53 oven (Tuttlingen, Germany) at a temperature of 105 °C (%)
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(PN-EN ISO 18134-1:2015-11 [30]) and weighing the samples on RADWAG WBT 2000
laboratory scales (Radom, Poland) to the nearest 0.01 g. The samples were broken and
ground in a Retsch SM 200 cutting mill (Haan, Germany) equipped with a bottom sieve
with 1.0 mm mesh size. The mass of each sample was reduced to around 50 g according
to Standard PN-EN ISO 14780:2017-07 [31]. The samples were stored in closed laboratory
containers until further analysis.

The higher heating value (HHV) of biomass in each fraction was determined by the
thermodynamic method in an IKA C2000 basic calorimeter (Taufen, Germany). The lower
heating value (LHV) was calculated based on the HHV and the previously determined
hydrogen content and moisture content (PN-EN ISO 18125:2017-07 [32]).

The ash content of the biomass was determined in an ELTRA TGA-Thermostep thermo-
gravimetric analyzer (Neuss, Germany) according to Standard PN-EN ISO 18122:2016-01 [33].
The total content of carbon (C), hydrogen (H), and sulfur (S) in seed extraction residues was
determined with the ELTRA CHS-500 elemental analyzer (Neuss, Germany) according to
Standards PN-EN ISO 16948:2015-07 [34] and PN-EN ISO 16994:2016-10 [35]. The device was
calibrated using Eltra Coal Standard 92510-29. Nitrogen (N) content was determined by the
Kjeldahl method with a BUCHI K-435 digestion unit and a BUCHI B-324 distillation unit (Flawil,
Switzerland). Chlorine (Cl) content was determined with the use of Eschka’s mixture according
to Standard PN-ISO 587:2000 [36]. Ground samples with the addition of Eschka’s mixture
were combusted in a muffle furnace at a temperature of 650 °C. The samples were mineralized
and neutralized with nitric acid, and they were titrated with silver nitrate in the presence of
potassium dichromate, in accordance with Mohr’s method.

All laboratory analyses were conducted in triplicate for each type of seed extraction residue.

2.3. Statistical Analysis

The results were processed statistically by one-way analysis of variance. Arithmetic
means were calculated for all examined parameters. Homogeneous groups were deter-
mined by Tukey’s HSD test at a significance level of p < 0.05. Descriptive statistics (mean,
median, minimum value, maximum value, lower quartile, upper quartile, standard de-
viation, and coefficient of variation) were also determined for the entire dataset. Seed
extraction residues were subjected to a hierarchical cluster analysis. Before the cluster anal-
ysis, data were standardized in matrix columns. Data were clustered by Ward’s method.
Subsets (clusters) were determined with the use of Sneath’s criterion. Two cut-off lines
were applied at 2/3 Dmax and 1/3 Dmax, where Dpay is the maximum distance D between
clusters. All statistical analyses were conducted and a dendrogram was constructed in
Statistica 13 (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results and Discussion
3.1. Proportions (%) of Scots Pine Seed Extraction Residues (Percentage by Weight)

The proportions of the fractions of Scots pine seed extraction residues (percentage by
weight) are presented in Table 1. Spent cones accounted for more than 98% of all fractions,
while the remaining fractions represented around 0.5-0.6% each, excluding empty seeds
that accounted for less than 0.1% of the total weight of all Scots pine waste biomass
fractions. Minor differences can be observed in the proportions of waste fractions from
cleaning dewinged seeds between batches of Scots pine cones, but these variations do not
significantly affect the share of spent cones that constitute the dominant fraction in terms
of both mass and volume (own study, data not published). According to Tyszkiewicz [37],
the volume of spruce and larch cones doubles after drying. In larch waste biomass, the
proportion of the empty seed fraction is somewhat higher because the seed coat has a much
higher share of seed mass [38]. Therefore, cleaned larch seeds have to be sorted into size
fractions before the final separation of empty seeds.
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Table 1. The proportions (%) of Scots pine seed extraction residues (percentage by weight).

Seed Extraction Residues Percentage
cones 98.35
waste from precleaning winged seed 0.59
seed wings 0.46
waste from seed cleaning 0.51
empty seeds 0.09

3.2. Bulk Density of Seed Extraction Residues
The fractions of seed extraction residues differed significantly in bulk density (Figure 3).
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Figure 3. Bulk density of forest tree seed extraction residues (LCSc-woody seed scales of larch cones;
LCS-central larch cone stems; SC-spruce cones; PC-pine cones; RP-residues from precleaning winged
pine seeds; SW-pine seed wings; RC-residues from cleaning dewinged pine seeds; ES-empty pine
seeds; M homogenous groups for the main source of variation).

Bulk density was highest in the waste fraction from precleaning winged seeds of
Scots pine, which was composed of needles, cone fragments, and other impurities. Bulk
density was also relatively high in the waste fraction from cleaning dewinged seeds and
in the fraction of central larch cone stems. The seed wing fraction was characterized by
the lowest bulk density. The analyzed parameter was only 25% higher in spent spruce
cones. Other researchers [39] also found that bulk density was twice higher in empty pine
cones than in empty spruce cones. In the analyzed tree species, the bulk density of cones
can differ considerably across geographic locations [40]. The values of the bulk density of
cones, noted in this study, are comparable to the bulk density of woodchips. In the work of
Stolarski et al. [10], the bulk density of woodchips was determined to be in the range of
245.47-258.64 kg m 3. In turn, Spinelli et al. [41] found that the bulk density of woodchips
from various species of forest trees ranged from 266 to 347 kg m~3. The bulk density of
spruce cones increased more than six-fold (to approx. 670 kg m~2) after pelletizing (data
not published). Such a big difference can be attributed to the fact that empty spruce cones
are large and rigid and have thin scales that are deflected away from the cone axis, which
causes them to snag and creates large empty spaces during storage [42].
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3.3. Thermophysical Properties of Seed Extraction Residues

All fractions of seed extraction residues differed significantly in all thermophysical proper-
ties, i.e., moisture content (MC), content of fixed carbon (FC), volatile matter (VM) and ash, as
well as the higher heating value (HHV) and the lower heating value (LHV) (Table 2).

Table 2. Thermophysical characteristics of solid biofuels derived from different types of forest tree
seed extraction residues.

Types of Seed Extraction MC Ash FC VM HHV LHV
Residues (%) (% DM) (% DM) (% DM) (G] Mg~1 DM) (GJMg—1)
Woody seed scales of larch cones ~ 6.86 4 4 0.110 0.99 f 4+ 0.021 2859P +0.353  70.42°+0.333  20.79 ¢ £ 0.009 18.00 € £ 0.037
Central larch cone stems 9.99 2 £ 0.054 0.718 £0.017 28.08 € 4 0.031 71209 +£0.048  20.77°¢+£0.027  17.339 4 0.039
Spruce cones 6.93 4 +0.055 1.35¢ £ 0.008 31932 £0.097 66728 £0.105 21.07°9 +0.025 18.29® + 0.004
Pine cones 8.98 +0.008 0.93 f 4+ 0.035 24.06°+0.170  75.02°+£0205 20.30f+0.036  17.08°¢ £ 0.048

Residues from precleaning

. ) 7.40 ¢ £ 0.250 17.692 £0.015  17.66" +£0.025 64660 +0.040 21.14°¢+£0.073  18.28° +0.123
winged pine seeds
Pine seed wings 9.857 + 0.024 227440080 25509 +£0220 7223°4+0300 20919 +0.091 17479 +0.077
RSS‘d.“eS from cleaning 872P+£0191  3.63°+0080 18558 +0.110 77.822 +£0.030 25432 +0.122  21.622 +0.158
ewinged pine seeds
Empty pine seeds 10.02 2 4 0.143 7.93b 4+ 0.050 2256 f +0.015 69.52f +£0035 21.81P+0.026 1821bc+0.016

ah Homogenous groups for the main source of variation; +—standard deviation.

All types and fractions of seed extraction residues were characterized by a very low
moisture content in the range of 6.86-10.02% (Table 2). Moisture content was highest in
the empty seed fraction obtained after the final cleaning step in a gravity separator, and
in the seed wing fraction separated in the wet dewinging process. Woody seed scales of
larch cones and spent spruce cones formed a homogeneous group with the significantly
lowest moisture content. Only some types of biomass are characterized by such a low
moisture content [39,40]. Seed extraction residues are classified as secondary forest biomass
waste [22]. This type of waste biomass is obtained after thermal (spruce and pine) or
thermal and mechanical (larch) seed extraction processes. In drying cabinets, cones are
dried under controlled conditions to open up the scales (woody seed scales are deflected
away from the cone axis). Dried cones have a low moisture content, and therefore they
can be used as solid biofuel [8]. In the present study, spent spruce cones and larch cone
stems were characterized by significantly lower moisture content than Scots pine cones
and woody scales of larch cones. In contrast, Aniszewska and Gendek [39] found that
open spruce cones had significantly higher moisture content than open Scots pine and
larch cones. These discrepancies could be attributed to different cone-drying processes in
other seed extraction plants. Due to their low moisture content, seed extraction residues
are better suited for energy generation than other types of forest biomass [8,10,11,43]. The
moisture content of seed extraction residues is similar to that of processed solid biofuels,
such as pellets and briquettes derived from forest waste biomass [7,44—46].

Similarly to bulk density, considerable differences were also observed in the ash
content of seed extraction residues (Table 2). These differences resulted from a very high
content of minerals in waste from precleaning winged seeds (17.69% DM), empty seeds
(7.93% DM), and waste from cleaning dewinged seeds (2.27% DM). The lowest ash content
was noted in larch cone stems, followed by spent Scots pine cones and woody scales of
larch cones, which formed homogeneous group f. In these fractions, the concentration of
minerals did not exceed 1% DM. Ash content was relatively low (0.93-1.35% DM) in cones
(pine and spruce) and cone fragments (larch), which is a desirable trait in solid biofuels [7].
The examined cones contained less ash than other types of forest biomass, including timber
and sawdust of the same tree species, and their ash content was similar to that noted in
certain types of woodchips [46—48]. The concentration of ash in seed wings, waste from
cleaning dewinged seeds, and empty seeds was similar to that reported in pine and larch
bark [47]. The high ash content of waste from precleaning winged seeds could be associated
with the cone harvesting method. Depending on the type of seed stock, cones are harvested
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from standing or fallen trees. Cones harvested from fallen trees are often significantly
contaminated with sand and soil [49].

Fixed carbon (FC) content was highest in spruce cones, followed by woody seed
scales and stems of larch cones (Table 2). Fixed carbon content was lowest in waste from
precleaning winged Scots pine seeds and waste from cleaning dewinged Scots pine seeds
(17.7% and 18.6% DM, respectively). The difference between fractions with the highest
(spruce cones) and lowest FC content was 14.2 pp, i.e., nearly twice the lower value of
FC in seed extraction residues. The content of VM was highest in waste from cleaning
dewinged seeds, followed by spent Scots pine cones (Table 1), and lowest in waste from
precleaning winged seeds and in empty seeds. The difference between extreme values of
VM was 13.1 pp, which accounted for less than 1/5 of the lower value of this parameter.
Fixed carbon content and VM content are closely related traits due to the method of their
determination [50]. The content of VM in the cones of the examined tree species was
considerably lower than that reported by Patel et al. [51], and it was similar to that noted
in bark [52]. The observed differences in the content of FC and VM in the analyzed seed
extraction residues can be attributed to differences in their anatomical structure [8].

The HHV was significantly higher in waste from cleaning dewinged seeds than in
the remaining fractions of seed extraction residues (Table 2). Empty Scots pine seeds were
characterized by the second highest HHV, which was 17% lower relative to waste from
cleaning dewinged seeds. The analyzed parameter was lowest in Scots pine cones, and
it was only somewhat higher in both fractions of larch cones (20.77-20.79 G] Mg ! DM),
which formed a homogeneous group in this respect. The HHV of Scots pine cones was 25%
lower than that noted in waste biomass from cleaning dewinged seeds.

The waste from cleaning dewinged seeds was also characterized by the significantly
highest LHV relative to the remaining fractions (Table 2). Spruce cones, waste from
precleaning winged seeds, and empty seeds formed homogeneous group b in terms of
their LHV values. The LHV of empty seeds did not differ significantly from that of woody
seed scales of larch cones. The analyzed parameter was lowest in spent Scots pine cones.
Similar values of HHV and LHYV in the cones of the examined tree species were reported
by other researchers [7,35,41]. The HHV and LHV of conifer cones were higher than the
values noted in pinewood chips, other types of sawmill waste (sawdust, woodchips) from
coniferous trees, and the biomass of forest residues [10,47,52]. These parameters can be
increased through torrefaction [53].

3.4. Elemental Composition of Seed Extraction Residues

The content of carbon, hydrogen, sulfur, nitrogen, and chlorine differed significantly
in the biomass of the analyzed fractions of seed extraction residues (Table 3).

Table 3. Elemental composition of solid biofuels derived from different types of forest tree seed
extraction residues.

Types of Seed Extraction C H S N cl
Residues (% DM) (% DM) (% DM) (% DM) (% DM)
Woody seed scales of larch cones 53.35°¢ + 0.010 6.27 ¢ +0.026 0.029 f +0.0010 0.58 f +0.008 0.035 ¢ £ 0.0022
Central larch cone stems 53.33 ¢ 4+ 0.026 6.1149¢ £+ 0.011 0.019 & + 0.0003 0.40 & 4+ 0.002 0.020 4 + 0.0009
Spruce cones 58.58 b 4+ 0.422 6.05 ¢ + 0.076 0.043 © + 0.0005 0.69 ¢ +0.018 0.041° 4 0.0021
Pine cones 5452 9 4+ 0.055 6.34P 4+ 0.075 0.029 f + 0.0020 0.44 8 +0.025 0.010 © + 0.0000
Residues from precleaning 53.22€ 4+ 0.110 5.89 f +0.000 0.069 ¢ + 0.0005 2,132 +0.082 0.030 € + 0.0000
winged pine seeds
Pine seed wings 55.41 ¢ + 0.100 6.18 < £ 0.000 0.086 ¢ + 0.0015 1.96° + 0.008 0.010 € + 0.0000
Residues from cleaning 64.302 + 0.085 7.412 £ 0.015 0.115° + 0.0015 1.26 € + 0.004 0.010 ¢ = 0.0000
dewinged pine seeds
Empty pine seeds 54.63 9 +0.250 6.39 b £ 0.035 0.203 @ + 0.0020 0.82 4 + 0.000 0.055 2 + 0.0050

28 Homogenous groups for the main source of variation; +—standard deviation.

Waste biomass from cleaning dewinged seeds was characterized by the highest carbon
content, which was 5.7 pp higher than in spruce cones and 11 pp higher than in both larch
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cone fractions and waste from precleaning Scots pine seeds. The carbon content of cones
ranged from 53.3% DM (larch) to 58.6% DM (spruce).

Hydrogen content was below 6% DM only in waste biomass from precleaning winged
pine seeds (Table 3). This parameter was highest in waste from cleaning dewinged seeds.
Hydrogen content was highest in Scots pine cones (6.34% DM) and woody seed scales of
larch cones, which formed homogeneous group b in this respect. Hydrogen content was
lowest in spruce cones (6.05% DM) and larch cone stems, which formed homogeneous
group e within the terms of this parameter.

Empty seeds and waste biomass from cleaning dewinged seeds were characterized by
the highest sulfur content, which was an order of magnitude higher than in the remaining
fractions of seed extraction residues. Sulfur concentration was lowest in the biomass of
larch cone stems. In the evaluated cones, sulfur content ranged from 0.019% DM (larch
cone stems) to 0.043% DM (spruce cones). Sulfur concentration was identical in Scots pine
cones and woody seed scales of larch cones (Table 3).

The nitrogen content of the analyzed fractions ranged from 0.40% DM (larch cone
stems) to 2.13% DM (waste from precleaning winged Scots pine seeds) (Table 2). Three
residue fractions (waste biomass from seed precleaning and cleaning, and Scots pine seed
wings) were characterized by increased nitrogen concentrations (1.26-2.13% DM). Nitrogen
concentration was significantly lower in cones than in the remaining fractions of seed
extraction residues, and it ranged from 0.40-0.44% DM (homogenous group g comprising
larch cone stems and Scots pine cones) to 0.69% DM (spruce cones).

Chlorine concentration was highest in empty Scots pine seeds (0.055% DM), and lowest
in Scots pine cones, Scots pine seed wings, and waste biomass from cleaning dewinged
Scots pine seeds (0.010% DM) (Table 3). In the analyzed cones, chlorine content was lowest
in Scots pine cones (0.010% DM) and highest in spruce cones (0.041% DM). The elemental
composition of cones was similar to that reported in the literature. The examined cones
were somewhat more abundant in carbon and hydrogen than cones harvested in other
regions and seasons [46,51]. The sulfur and nitrogen content of the analyzed cones was
somewhat higher than that reported in forest waste biomass [10,11,47]. The concentration
of sulfur was highest in empty seeds, and similar observations were made in other studies
of forest waste biomass [54].

3.5. General Characteristics of Solid Biofuels Derived from Seed Extraction Residues

The descriptive statistics of the examined fractions of Scots pine seed extraction
residues are presented in Table 4.

Table 4. Thermophysical characteristics of solid biofuels derived from Scots pine seed extraction residues.

Parameter Mean Median Minimum Maximum Lower Upper Standard C(s:ﬁrizltei:)lltl()f
Value Value Quartile Quartile Deviation (%)
BD (kg m~3) 269.13 251.38 88.90 433.61 215.54 362.04 119.91 44.55
MC (%) 8.99 8.98 7.15 10.16 8.53 9.87 0.98 10.89
Ash (% DM) 6.49 3.63 0.89 17.70 2.19 7.98 6.29 96.88
FC (% DM) 21.66 22.56 17.63 25.72 18.44 24.23 3.18 14.66
VM (% DM) 71.85 7223 64.62 77.85 69.48 7522 4.70 6.54
HHV
(G Mg~ DM) 21.92 21.14 20.27 25.55 20.82 21.84 1.89 8.61
LHV
(GJ Mg 18.53 18.20 17.04 21.78 17.40 18.40 1.67 8.99
C (% DM) 56.41 54.63 53.11 64.38 54.38 55.51 414 7.35
H (% DM) 6.44 6.34 5.89 7.42 6.18 6.42 0.53 8.26
S (% DM) 0.10 0.09 0.03 0.21 0.07 0.12 0.06 60.42
N (% DM) 1.32 1.26 0.41 221 0.82 1.97 0.67 50.90
Cl (% DM) 0.02 0.01 0.01 0.06 0.01 0.03 0.02 80.42

Ash content was the most variable trait due to the very high content of minerals in
waste biomass from seed precleaning. In this fraction, ash content varies depending on
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the quality (purity) of processed cones. Even after precleaning, a certain amount of ash is
retained on the surface of cones, and it is released when seeds are removed from cones after
thermal processing. Ash is removed together with the extracted seeds, and it is transferred
to the precleaned waste fraction.

Considerable variation was also noted in the chlorine, sulfur, and nitrogen content
of seed extraction residues (coefficient of variation exceeded 50%). Sulfur concentration
ranged from 0.03% to 0.21% DM, which points to a seven-fold difference between minimum
and maximum values of this parameter. Nitrogen content ranged from 0.41% to 2.21% DM,
whereas chlorine concentration ranged from 0.01% to 0.06%, and the minimum and maxi-
mum values of these parameters differed nearly six-fold.

The cluster analysis, based on the values of all parameters of the eight fractions of
seed extraction residues, at the cut-off point of 2/3 Dyax produced three clusters (Figure 4).
The first cluster consisted of spent cones of all tree species (Scots pine, Norway spruce, and
two fractions of European larch cones) and Scots pine seed wings. The second cluster was
composed of waste biomass from precleaning winged Scots pine seeds and empty Scots
pine seeds. The third cluster contained waste from cleaning dewinged Scots pine seeds.
Six clusters were identified when a cut-off point of 1/3 Dmax was applied to increase the
accuracy of the cluster analysis. The first cluster comprised woody seed scales of larch
cones and spruce cones. The second cluster contained larch cone stems and spent Scots
pine cones. The remaining fractions of seed extraction residues (RP, SW, RC, ES) formed
separate clusters.

LCSc

SC

LCS

PC

SW

RP

ES

RC

10 20 30 33 40 50 60 66 70 80 90 100 110
100*D/D,

max

Figure 4. The dendrogram of a hierarchical cluster analysis showing the similarities between fractions
of seed extraction residues. Red vertical lines represent Sneath’s criterion (2/3 Dmax and 1/3 Dmax).
D—linage distance; Dmax—maximum linage distance.

Unlike energy from fossil fuels, energy from forest waste biomass contributes to
decreasing the emissions of carbon dioxide and other greenhouse gases [55]. Direct com-
bustion of forest waste biomass leads to the emissions of carbon dioxide, sulfur dioxide,
and other substances and particulate matter [46], but their levels are lower than those noted
during the combustion of fossil fuels [56,57]. The quality of forest waste biomass used as
a biofuel source has to be closely monitored to improve the efficiency of energy genera-
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tion [46]. An analysis of seed extraction residues revealed that they were highly diversified,
but the majority of them were characterized by desirable thermophysical properties and
elemental composition.

The use of forest waste biomass may be associated with adverse environmental impacts
on biodiversity and local habitats [22]. However, cones are not harvested on a large scale.
According to Aniszewska et al. [40], approximately 0.6-1.2 million tons of cones could
be collected in Polish forests each year, provided that it would not negatively affect soil
fertility or forest regeneration.

Due to its scale and specificity, the harvest of seed cones, described in this study, does
not pose such a threat [2,58]. The analyzed seed extraction residues are a by-product of
cone processing.

4. Conclusions

This study was undertaken was to evaluate the thermophysical properties and ele-
mental composition of eight fractions of seed extraction residues obtained in a professional
seed extraction plant. The type and composition of waste biomass is partly determined by
tree species, processing line, and the applied seed processing method. Most Polish seed
extraction plants operate similar types of equipment. The spent cone fraction is character-
ized by the largest mass and volume. Depending on tree species and the applied extraction
method, empty cones remain intact, break into smaller fragments, or are mechanically
crushed into differently sized fractions. Very large quantities of cone waste biomass are
generated during seed extraction, and they have to be effectively managed.

The specific weight of all waste biomass fractions was relatively low, and they could
be used on the local market. They could also be processed into pellets and briquettes to
decrease their volume, thus permitting their wider use.

The thermophysical properties and elemental composition of seed extraction residues
varied considerably. The fractions of empty cones of the examined tree species and Scots pine
seed wings were characterized by a low moisture content, low concentrations of ash and sulfur,
high content of fixed carbon and volatile matter, and high calorific value, which makes them
suitable for energy generation, with a low risk of negative environmental impacts.

The remaining fractions, which have a high content of ash, nitrogen, and sulfur, should
be used for other purposes, for example in the production of compost.
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