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Abstract: Forest dendromass is still the major raw material in the production of solid biofuels, which
are still the most important feedstock in the structure of primary energy production from renewable
energy sources. Because of the high species and type diversity of production residues generated at
wood processing sites, as well as at logging sites, the quality of commercial solid biomass produced
there has to be evaluated. The aim of this study was to assess the thermophysical characteristics
and the elemental composition of ten types of commercial solid biofuels (pinewood sawdust; energy
chips I, II, and III; veneer sheets; shavings; birch bark; pine bark; pulp chips; and veneer chips),
depending on their acquisition time (August, October, December, February, April, and June). Pulp
chips had the significantly lowest moisture content (mean 26.92%), ash content (mean 0.39% DM—dry
matter), nitrogen (N) content (mean 0.11% DM), and sulfur (S) content (mean 0.011% DM) and the
highest carbon (C) content (mean 56.09% DM), hydrogen (H) content (6.40% DM), and lower heating
value (LHV) (mean 13.61 G] Mg~!). The three types of energy chips (I, II, and III) had good energy
parameters, especially regarding their satisfactory LHV and ash, S, and N content. On the other hand,
pine and birch bark had the worst ash, S, and N contents, although they had beneficial higher heating
values (HHVs) and C contents. Solid biofuels acquired in summer (June) had the lowest levels of
moisture and ash and the highest LHV. The highest moisture content and the lowest LHV were found
in winter (December).

Keywords: dendromass; forest biomass; solid biofuels; wood chips; sawdust; bark; lower heating
value; ash content; elemental composition; sulfur content; nitrogen content

1. Introduction

Forests occupy 9274.8 thousand ha of land, which accounted for 29.7% of the area in
Poland at the end of 2022 [1]. Publicly owned forests dominated in terms of ownership
structure, as they accounted for 80.8% of the total forest areas. Coniferous trees accounted
for 68.6% of the forest area, and deciduous trees accounted for 31.4% [2]. Broken down
into species, pine (Pinus sylvestris L.) accounted for nearly 58.6% of forest areas, and it
was the dominant species. Oak trees occupied the largest area among deciduous trees
(8.0%). Pine is a common species in Poland and in Europe [3], and it is one of the most
economically important species [4]. This species is widely used for timber production,
in the furniture and construction industries, and for paper pulp production. Moreover,
the production residue of this species is used for bioenergy generation [5]. Forests and
wood resources provide the basis for the development of many branches of industry in
Poland [6]. In 2022, 44,646.7 thousand cubic meters of wood were acquired in Poland,
including 42,702.8 thousand cubic meters of large timber, 1943.8 thousand cubic meters
of small timber, and 0.8 thousand cubic meters of stumpwood. Compared with 2021, the
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quantity of harvested wood grew by 5.7%, with that of large timber increasing by 4.9%
and that of small timber increasing by as much as 25.2% [1]. This dendromass is acquired
by the wood industry, which produces higher added-value products, and the process is
accompanied by the generation of production waste, which can be (and is) used in energy
generation.

Forest dendromass is still the major raw material in the production of solid biofuels,
which are still the most important feedstock in the structure of primary energy production
from renewable energy sources. Solid biofuels account for as much as 70%, with the average
for the EU being about 40% [7]. Forests and the wood processing industry are sources
of dendromass as production residues, e.g., twigs, edgings, shavings, sawdust, bark, etc.
It is estimated that more than 63% of dendromass residue is derived at sawmills [8-10],
and sawmill residues can account for as much as approximately 55% of a log charge [11].
This residue is used for a variety of purposes, including the production of chipboard and
fiberboard, paper pulp, boxes, cardboard, bedding for farm animals, and compost [12-14].
They can be used as feedstock for power plants, combined heat and power plants, and
heating plants [15,16]. This is the reason for the growing demand for these materials,
including wood chips, especially for the generation of bioenergy [17,18]. Finding suitable
sources of biomass to use as energy feedstock in commonly used conversion technologies
is a current and important issue. It is critical to understand the energy equivalence of
biomass for its effective use in bioenergy generation [19]. Dendromass consists mainly of
bark, wood, and green material (small twigs and leaves), with wood accounting for 60-75%
of deciduous dendromass, bark accounting for 5-20%, and green biomass accounting for
15-20%. As for coniferous dendromass, wood accounts for 70-80%, bark accounts for
5-15%, and green material accounts for 10-15% [20].

Because of the high species and type diversity of production residue generated at
wood processing sites, as well as at logging sites [21], the quality of commercial solid
biomass produced there has to be evaluated. There is a lack of precise information in this
regard, and this is very important from the point of view of logistics companies, biomass
producers, and end users of these solid biofuels. Therefore, the aim of this study was to
assess the thermophysical and elemental composition of ten types of commercial solid
biofuels (pinewood sawdust; energy chips I, II, and III; veneer sheets; shavings; birch bark;
pine bark; pulp chips; and veneer chips), depending on the month of their acquisition
(August, October, December, February, April, and June).

2. Materials and Methods
2.1. Study Object

This study dealt with ten types of dendromass marketed by Quercus Sp. z o.0. This
company is one of the leading producers of dendromass transported by lorries and trains,
both to large power plants and combined heat and power plants, as well as to small
local heating plants [22,23]. Depending on the type of energy-generating installation and
its technical equipment, as well as the contracts signed, the company supplies various
biofuel types (dendromass) to different end customers. Therefore, it produces and offers
different solid biofuels from raw materials obtained from wood processing plants and forest
logging sites to suit end customers’ requirements. Ten solid biofuel types offered by the
company were examined in this study (Figure 1): (1) pinewood sawdust; (2) energy chips
I, which comprised sawmill edgings, shavings, bark, sawdust, and branches from forest
logging sites; (3) veneer sheets generated in poplar and linden processing; (4) shavings
from pinewood and fir processing; (5) energy chips II, which comprised sawmill edgings,
shavings, bark, sawdust, post-handling waste, and so-called “fronts”; (6) birch bark; (7) pine
bark; (8) pulp chips, which consisted of pure (no bark) deciduous and coniferous wood;
(9) energy chips III, which comprised sawmill edgings, bark, sawdust, and post-handling
waste; and (10) veneer chips, which consisted of pure (no bark) poplar, linden, and aspen.

All of these solid biofuel types were prepared and stored in an open concrete-paved
logistics yard at the company site. Samples of each solid biofuel type were collected for
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one year in two-month intervals, i.e., they were collected six times. The collection of
representative samples started in early August 2018 and continued early into the following
months: October 2018, December 2018, February 2019, April 2019, and June 2019. Heaps
of each of the solid biofuels were collected from random places during these periods. The
samples were packed into plastic bags, 3-5 kg in each, and transported to the laboratory
for analyses.

Figure 1. Types of tested commercial solid biofuels.

2.2. Laboratory Analyses

The tests were started by separating the laboratory samples, which was followed by the
determination of selected thermophysical characteristics and elemental composition. First,
the moisture content (MC) of biomass was determined in an FD BINDER drier at 105 °C, in
accordance with PN-EN ISO 18134-2 [24]. After being completely dried, dendromass was
ground in a Retsch SM 200 laboratory mill equipped with a 1 mm mesh sieve. An Eltra Tga-
Thermostep thermogravimetric oven was used to determine the ash content at 550 °C as
well as the volatile matter (VM) and fixed carbon (FC) content at 650 °C, in accordance with
PN-EN ISO 18122:2016-01 [25] and PN-EN ISO 18123:2016-01 [26]. The nitrogen (N) content
of the dendromass was determined using the Kjeldahl method with a K-435 mineralizer
and a BUCHI B-324 distilling device. The carbon (C), hydrogen (H), and sulfur (S) contents
were determined with an ELTRA CHS-500 automatic analyzer in accordance with PN-EN
ISO 16948:2015-07 [27] and PN-EN ISO 16994:2016-10 [28]. The higher heating value (HHV)
was determined with the dynamic method in an IKA C2000 calorimeter. Subsequently,
the HHV, moisture, and hydrogen content were used to calculate the lower heating value
(LHV) in accordance with PN-EN ISO 18125:2017-07 [29] (Equation (1)). All the laboratory
analyses were performed at each biofuel acquisition time in triplicate. In consequence,
180 analyses were performed for each attribute.

LHV = (HHV — 206 x H) x (1 — 0.01 x MC) — 23.0 x MC 1)

where
LHV—Ilower heating value (J g_l),'
HHV—higher heating value (J g~! DM);
H—hydrogen content (% DM);
MC—moisture content (%).

2.3. Statistical Analysis

The statistical analyses of all the data for the thermophysical characteristics and
elemental composition were based on two-way ANOVA. Ten types of solid biofuels were
the first factor in the analysis, and six acquisition times were the other. The arithmetic
mean, the coefficient of variation, and the standard deviation were calculated for each of the
analyzed attributes. Homogeneous groups were identified with Tukey’s honestly significant
difference (HSD) test at the level of significance of p < 0.05. Moreover, descriptive statistics
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were determined for the whole data set: mean, median, minimum value, maximum value,
lower quartile, upper quartile, standard deviation, and coefficient of variation. Moreover,
an agglomerative hierarchical clustering analysis was performed for the biofuel types
and their attributes. The input data were standardized in columns before the analyses.
Ward’s method was applied for data agglomeration. Clusters were identified with Sneath’s
criterion. Two cut-off lines were applied: the first at 2/3 Dmax and the second at 1/3 Dpax,
where Dpnax denoted the maximum measure of distance D. All the statistical analyses were
performed with STATISTICA 13 software (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results and Discussion
3.1. Thermophysical Characteristics

All of the thermophysical characteristics under study, i.e., MC, Ash, FC, VM, HHYV, and
LHYV, were differentiated significantly by the primary factors (biomass type and acquisition
time) as well as by interactions between them and were below 0.001 (p < 0.001). Among
the solid biofuels under study, pulp chips had the significantly lowest moisture content
(26.92%) and was considered homogeneous group “h” (Table 1). The moisture content
of the veneer sheets was also below 30%, but it was in a different homogeneous group,
“g”. There were another five biofuel types within the interval between 30 and 40% of
mean moisture content, including three types of energy chips (I, II, and III). The moisture
content of birch bark slightly exceeded 40%, and that of pinewood sawdust was higher
(44.5%). The significantly highest moisture content (51.56%) was determined for pine
bark, homogeneous group “a”. Higher moisture contents for consecutive solid biofuel
acquisition times were determined in the winter and autumn months than in spring and
summer. In consequence, the significantly highest value of this attribute was determined in
December (47.43%), homogeneous group “a”. The moisture content exceeding 40% was
also determined in solid biofuels obtained in October and February. The biofuel moisture
content in August and April ranged from 37 to 38%. The lowest moisture content was
determined in the biofuels obtained in June (19.51%), with the coefficient of variation in
that month exceeding 38%. The moisture content of the solid biofuels under study ranged
from 10% to nearly 70% for energy chips Il obtained in June and pine bark obtained in
December, respectively (Figure 2). This is not surprising because the moisture content of
solid biofuels may be diverse and many depend mainly on the season of the year; the
weather conditions; the methods of dendromass acquisition and processing; the period
of storage, if any; and the plant species from which the dendromass was obtained. It is
obvious that the moisture content of freshly harvested dendromass will be higher compared
with periodical storage for natural drying. The maximum moisture content of raw wood or
branches may reach 70% for bark [30]. Moreover, depending on the species and conditions,
the moisture content of freshly felled wood can range from 35 to 60%. On the other hand,
the moisture content of wood dried in the open can decrease to 20-25%, and that of wood
dried under a roof can decrease to 15-20%. Therefore, the moisture content of sawdust
from fresh pinewood was about 60%, and it was over 50% for sawmill residue [31]. An
equally high moisture content (over 59%) was determined in sawdust from the industrial
processing of pinewood, and the moisture content of chips produced from small logs and
twigs was slightly lower (52.5%) [32]. The moisture content of wood slabs, as measured in
other studies (55%), was higher than that of sawdust (43%) and was 49% in P. sylvestris [33].
A lower moisture content (38%) was determined in chips from pinewood edgings, which
was a consequence of their several weeks of storage in summer and their drying under
natural conditions [22]. This was confirmed in other studies, in which the wood chip
moisture content ranged from 29 to 46%, depending on the acquisition time, with the
mean being 38.3% [23]. The higher moisture content in the cited studies was determined
in chips in winter (45.6%). The value of this attribute decreased significantly in spring
and summer (by 8 and 17 percentage points (pp.), respectively). The moisture content of
the chips reached 41% in autumn. The moisture content of chips obtained from logging
residues in Sweden was higher and was 50.6% immediately after harvesting, and then,



Energies 2023, 16, 7973 50f18

it decreased with the storage period [34]. The moisture content of logging residues from
various tree species, when dried in summer, was definitely lower and ranged from 23
to 36% for Norway spruce and Black alder, respectively [35]. The moisture content of
short-rotation woody crop (SRWC) dendromass was also diverse. Black locust biomass
contained definitely less moisture (approx. 40%) compared with willow (approx. 50%) and
poplar (approx. 60%) [36-39].

Table 1. Solid biofuel thermophysical characteristics depending on the biomass type and its acquisi-

tion time.
Solid Biomass
Type and MC Ash FC VM HHV LHV
Acquisition (%) (% DM) (% DM) (% DM) (G] Mg~1DM) (G Mg 1)
Time

P;:%z:f 4450 (21.50) 0478 (25.21) 19.74 © (1.58) 79.80 4 (0.50) 20.20 f (1.36) 9.48 8 (21.42)
Energy chipsT  38.70 4 (23.06) 1.37 © (35.29) 20.93 € (4.73) 77.69 8 (1.76) 20.46 4 (1.74) 10.88 © (18.14)
Veneer sheets 29.42 8 (38.91) 0.61f(28.91) 18.22 1 (3.55) 81.182 (0.91) 19.87 1 (1.97) 12.45 b (19.44)
Shavings 36.70 f (45.59) 0.58 f (49.54) 19.49 f (0.81) 79.93 4 (0.44) 19.98 8 (1.98) 11.01 9 (32.33)
Energy chips IT  39.84 € (21.06) 1.25 4 (46.58) 20.37 4 (4.14) 78.39 f (1.74) 20.21 £ (0.76) 10.48 f (16.81)
Birch bark 40.03 © (16.13) 2590 (21.41) 2411 (7.52) 73.30 M (2.47) 21.412 (0.67) 11.14 € (12.38)
Pine bark 51.56 @ (33.39) 4.46 2 (43.98) 27.87 2 (3.51) 67.66 1 (3.94) 20.72 € (1.68) 8.33 1 (47.52)
Pulp chips 26.92 1 (33.18) 0.39 1 (33.04) 19.46 f (1.63) 80.15 © (0.47) 20.77 ® (1.09) 13.61 2 (15.13)
Energy chips Il 37.91 © (34.61) 0.97 € (5.42) 20.25 9 (3.29) 78.77 € (0.93) 2027°¢(0.94) 10919 (25.94)

Veneer chips

36.97 f (25.82)

0.45 8h (18.34)

18.65 8 (1.71)

80.89 2P (0.43)

19.90 1 (1.94)

10.87 € (17.58)

August 37.00 € (12.93) 1.244(89.09)  20.84bd (13.62)  77.92" (5.03) 20.44° (2.10) 11.19° (8.86)
October 44.76 0 (14.86) 1.62°(100.44)  20.89 b< (13.95) 77.49 4 (5.78) 20.58 @ (2.36) 9.624(13.82)
December 47.43 2 (24.93) 0.98 € (80.24) 20.73 4 (13.92) 78.28 2 (4.64) 20.44 0 (2.47) 8.98 ¢ (28.91)
February 43.00 © (15.80) 1.34 © (92.38) 20.93 b (13.09) 77.72 € (5.06) 19.99 4 (2.94) 9.69 9 (16.48)
April 37.8249(39.32)  1.742(129.37)  21.262 (15.31) 77.00 © (6.99) 20.40 © (2.43) 11.01 © (28.04)
June 19.51 f (38.55) 0.96¢(77.90)  20.80° (14.41)  78.242 (4.76) 20.43 b< (2.87) 14.99 2 (10.61)

abedefgh Homogenous groups for the main source of variation separated for each attribute and separated for
each factor (coefficients of variation—%).

OPinewood sawdust B Energy chips I B Veneer sheets B Shavings O Energy chips I B Birchbark EPinebark EPulp chips B Energy chips III B Veneer chips

%

December

August October

February April June

Figure 2. The moisture content of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.
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The pulp chips had the significantly lowest ash content—0.39% DM—and was con-
sidered homogeneous group “h” (Table 1). A low ash content—below 0.5% DM—was
also determined in veneer chips and pinewood sawdust. The ash content of veneer sheets
and shavings was 0.6% DM, homogeneous group “f”. The ash content of energy chips
ranged from 0.97 to 1.37% DM for energy chips III and I, respectively. A definitely higher
ash content was determined in birch and pine bark (2.59% and 4.46% DM, respectively).
For the consecutive dates of solid biofuel acquisition, the lowest ash content (<1% DM)
was determined in June and in December, homogeneous group “e”. The value of this
attribute in August and February was higher by 30-40%, and that in October and April
was higher by 69% and 81%, respectively. The ash content at the acquisition times under
study had a very high coefficient of variance, ranging from 78 to 129%, in June and April,
respectively. The ash content of the solid biofuels under study ranged throughout the
experiment from 0.2% to nearly 8.0% for pulp chips obtained in December and pine bark
obtained in April, respectively (Figure 3). Pine bark contained the highest ash levels at
most of the acquisition times under study. Its higher content in birch bark compared with
pine bark was determined only in December.

OPinewood sawdust B Energy chips I @ Veneer sheets @ Shavings O Energy chips I EBirchbark BPinebark @Pulp chips B Energy chips III M Veneer chips

% DM

August

IHII PNl O T e 1T IHI. |H||

October December February April June

Figure 3. The ash content of the solid biofuel types under study depending on the acquisition time;
error bars denote standard deviation.

In general, bark contains more ash than wood [40]. Therefore, sawmill residue contains
less ash than forest residue because of the higher bark and mineral content [41]. The ash
content of wood slabs was higher (0.5% DM) compared with sawdust, which was caused by
the fact that wood slabs contained an admixture of bark whose ash content was higher [33].
The ash content of pinewood sawdust from a sawmill, as determined in a different study,
was 0.36% DM [42], and it was higher in sawdust from forest residues (0.50% DM) [43].
A very low ash content (0.26% DM) was determined in wood chips produced from P.
sylvestris slabs [22]. The ash content, as measured in chips supplied over a period of two
years, ranged from 2.05 to 4.75% DM [23]. The ash content determined in wood chips in
Sweden was similar (2.88% DM) [34]. The ash content of dendromass was differentiated
significantly by the species and part of the tree. It was found to be 0.24% DM in the pure
wood of Norway spruce and 7.80% DM in the bark of European beech [20]. The ash contents
of P. sylvestris stem wood (0.22% DM), branch base (0.48% DM), branch twigs (1.56% DM),
and stem bark (1.78% DM) were also highly diverse [44]. The ash contents of Picea abies
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wood, bark, and needles were also diverse (0.28%, 2.32%, and 3.22% DM, respectively) [45].
Similar relationships between the ash content of wood and the bark of the species were
demonstrated by Neiva et al. [46]. The ash content, as determined in the branches and bark
of Greek spruce, was higher (3.2% and 9.5% DM, respectively) [47].

Pine bark contained the significantly highest FC levels (27.87% DM) and the signifi-
cantly lowest VM levels (67.66% DM) (Table 1). The FC content of birch bark was lower
by more than 3 pp., and the VM content was higher by more than 5 pp. Moreover, the
FC content was over 20% DM in all three types of energy chips. It was less than 20% in
the other five solid biofuel types. The highest FC content with respect to the consecutive
harvest dates for the solid biofuels (21.26% DM) and the lowest VM content (77.00% DM)
was determined in April. The FC content, as determined on other dates, ranged between
20.73 and 20.93% DM, and the VM content was between 77.49 and 78.28% DM. The FC
content ranged between 16.9% DM and 28.7% DM throughout the experiment for veneer
sheets acquired in October and pine bark acquired in April (Figure 4). The VM content
ranged from 63.2% DM to 82.6% DM for pine bark acquired in April and veneer sheets
acquired in October (Figure 5).

OPinewood sawdust B Energy chips I @ Veneer sheets MShavings [ Energy chips II B Birchbark EPinebark @Pulp chips B Energy chips II M Veneer chips

% DM

August

October December February April June

Figure 4. The fixed carbon content of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

The FC content of wood slabs, as determined in a different study (21.4% DM), was
higher than that of sawdust (20.0% DM), and the mean for P. sylvestris biomass was 20.7%
DM [33]. The significantly higher VM content was determined in sawdust (79.7% DM) than
in wood slabs (78.1% DM) because of a strong negative correlation between FC and VM.
The VM content of Picea sp. sawdust, as determined in a different study, was close (79.2%
DM) [48] or higher, at 80.7% DM [49] and 82.1% DM [50].

Birch bark had the significantly highest HHV (21.41 G] Mg~! DM, homogeneous
group “a”) (Table 1). The value of this attribute for pulp chips and pine bark was lower
by 3%, and it was higher than 20.7 G] Mg~! DM. The HHV of more than 20 G] Mg~! DM
was also determined for pinewood sawdust and all three types of energy chips (I, II, and
III). The HHV determined for the other three solid biofuels (veneer sheets, shavings, and
veneer chips) did not exceed 20 G] Mg~! DM and was lower than the highest value by
approx. 7%. Regarding consecutive dates of solid biofuel acquisition, the lowest HHV
(19.99 GJ Mg~! DM) was determined in February, homogeneous group “d”. The value
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of this attribute, as determined in the other months, ranged from 20.40 to 20.58 G] Mg ™!
DM in April and October, respectively. The HHYV, as calculated for the solid biofuel types
under study, ranged from 19.34 to 21.60 G] Mg~! DM throughout the experiment for veneer
sheets obtained in February and for birch bark obtained in October, respectively (Figure 6).
Birch bark had the highest HHV calculated at most of the dates under study. It was higher
only for pine bark acquired in June. HHV was significantly correlated with the N, S, C,
FC, and ash contents (Table 2). The HHV of P. sylvestris wood slabs, as determined in a
different study (20.49 GJ Mg’1 DM), was close to that for sawdust (20.45 GJ Mg’1 DM) [33].
A similar HHV of coniferous biomass (20.4 GJ Mg‘l DM) was reported by Pretzsch [51],
and it was lower for deciduous trees (19.8 GJ Mg_1 DM). Further, Telmo [52] determined
the HHV of coniferous wood to be 20.5 G] Mg ! DM and 20.2 G] Mg~! DM for deciduous
dendromass. According to literature reports, a higher HHV was determined for bark
compared with other dendromass types [21,53], and this was also confirmed in this study.

OPinewood sawdust B Energy chips I @ Veneer sheets B Shavings O Energy chips I E Birch bark EPine bark @Pulp chips B Energy chips IIT M Veneer chips

August October December February April TJune

% DM

Figure 5. The volatile matter content of the solid biofuel types under study depending on the
acquisition time; error bars denote standard deviation.

Table 2. Simple correlation coefficient between the solid biofuel attributes under study:.

Feature MC HHV LHV Ash FC VM C H S N
MC (%) 1.00
HHV (M] kg !

DM) 0.03 1.00
LHV MJ kg™  —0.99* 0.09 1.00

Ash (% DM) 0.41* 0.41* —0.36 * 1.00

FC (% DM) 0.34* 0.54 * —0.27* 0.87* 1.00

VM (% DM) —038*  —051* 0.31* —094*  —099*% 1.00

C (% DM) —0.02 0.59 * 0.09 0.11 0.17* —0.16 * 1.00

H (% DM) —0.10 —0.02 0.09 —055*  —0.59* 0.60 * 0.11 1.00

S (% DM) 0.24* 0.61* —0.16 * 0.78 * 0.82* —0.83*  0.16* —038*  1.00

N (% DM) 0.23* 0.62* —0.16 * 0.70 * 0.78 * —077*  022* —035* 0.89* 1.00

* Significant values (p < 0.05).
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OPinewood sawdust B Energy chips I @ Veneer sheets B Shavings OEnergy chips I @ Birchbark HEPinebark @Pulp chips B Energy chips I B Veneer chips

1 arvgiom

August

October December February April June

Figure 6. Higher heating value of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

Obviously, the LHV was negatively correlated with the moisture content (—0.99)
(Table 2). Therefore, pulp chips (with the significantly lowest moisture content) had the sig-
nificantly highest LHV among the solid biofuels under study (13.61 G Mg ™!, homogeneous
group “a”) (Table 1). The second homogeneous group “b” included veneer sheets, with the
LHV being lower by 9% (12.45 G] Mg~ !). Further, the LHV of birch bark and shavings was
lower by 19%, and it was slightly over 11 G] Mg~!. The LHV of the three types of energy
chips and veneer chips was lower than the highest value by 20-23%, homogeneous groups
“d, e”. The LHVs of pinewood sawdust (9.48 GJ Mg_l) and pine bark (8.33 GJ Mg_l) were
lower by 30 and 39%, compared with pulp chips, which was a consequence of their high
moisture content. The significantly highest LHV among the solid biofuel acquisition times
was determined in June (14.99 G] Mg~!) in the homogeneous group “a”. The LHV slightly
exceeded 11 GJ Mg"1 in another summer month (August) and in the spring (April), and
it was lower by 25-27%. The LHV was lower by 35-36% in autumn (October) and winter
(February). The lowest value of this attribute (8.98 GJ Mg_l) was determined in December,
and it was lower by 40%. The LHV of the solid biofuels under study ranged from 4.37 to
nearly 17.21 G] Mg~! throughout the experiment for pine bark obtained in December and
pulp chips obtained in June, respectively (Figure 7).

The LHV of wood chips determined in a different study was 10.46 G] Mg [23]. The
value of this attribute was significantly affected by the period when they were acquired. The
significantly highest LHV (12.35 G] Mg™!) was determined for the chips in summer when
their moisture content was the lowest. The value of this attribute decreased significantly
in spring, autumn, and winter, by 14%, 19%, and 28%, respectively. In a study in Sweden,
the LHV of fresh wood chips was lower (8.35 G] Mg™), and it increased to 9.00 GJ] Mg
after four months of storage [34]. The LHV of fresh P. sylvestris biomass, as determined in
a different study, did not exceed 9 G] Mg\ and it was 8.63 G] Mg™! [33]. This attribute
for sawdust was significantly higher (9.91 G] Mg™!) than for wood slabs (7.35 G] Mg™1).
These values lay within the same range as the results of the authors” experiment for chips
obtained in autumn and winter. The LHV for chips obtained in late autumn from naturally
dried logging residues of Norway spruce and Scots pine was higher (14 GJ Mg‘l) [35].
It was lower for black alder (12.5 GJ Mg‘l) and silver birch (11.3 GJ Mg‘l). The LHV of
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fresh SRWC dendromass varied depending on the plant species. The LHV calculated for
black locust was significantly the highest (10.25 G] Mg™) [54]. The value of this attribute
for willow and poplar was significantly lower by 21% and 34%, respectively, which was a
consequence of a higher moisture content of willow and poplar compared with black locust.

OPinewood sawdust B Energy chips I [ Veneer sheets B Shavings O Energy chips I EBirchbark [ Pine bark [ Pulp chips B Energy chips III B Veneer chips

GJMg!

August

October December February April June

Figure 7. The lower heating value of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

3.2. Elemental Composition

The C, H, S, and N contents were significantly differentiated by the primary factors
and the interactions between them and were below 0.001 (p < 0.001). The pulp chips had the
significantly highest C content (56.09% DM) in homogeneous group “a” (Table 3). The same
homogeneous group included birch bark, and its C content was lower by 0.3 pp. The C
content of the six solid biofuels ranged from 54 to 55% DM in homogeneous groups “b, ¢, d”.
The lowest C content was determined in veneer sheets (53.44% DM). The C content for the
five biofuel acquisition times ranged from 54 to 55% DM in homogeneous groups “a, b, ¢”.
The lowest value of this attribute was determined in August (53.85% DM). The C content
of the solid biofuels under study ranged from 51.9% DM to 56.7% DM throughout the
experiment for veneer sheets obtained in June and pulp chips obtained in June, respectively
(Figure 8). The C content was correlated positively with HHV and FC and negatively with
VM (Table 2). The mean C content of P. sylvestris biomass, as determined in a different
study, was 53.43% DM [33], with sawdust (54.21% DM) containing more of this element
by 2.4 pp. than wood slabs. A lower C content (48.4% DM) was determined in Pinus sp.
sawdust in China [55] and in Hevea brasiliensis sawdust (48.5% DM) obtained from a wood
processing plant [56]. Betula pendula wood chips also contained less C (50.4% DM) [57]. A
high C content was found in SRWC poplar and willow biomass (over 53.3% DM) compared
with black locust (52.6% DM) [54]. This attribute was found to be lower in a different
study [38]. Moreover, black locust and poplar (over 51.5% DM) contained more C than
willow (48.8% DM).
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Table 3. The solid biofuel elemental composition depending on the biomass type and the acquisi-

tion ime.
Solid Biomass Type C H S N
and Acquisition Time (% DM) (% DM) (% DM) (% DM)

Pinewood sawdust 54.14 4 (1.04) 6.20 °de (4.39) 0.011 © (21.75) 0.14f (7.31)
Energy chips I 54.91" (1.51) 6.20 °de (4.87) 0.017 b (22.45) 0.27 € (23.13)
Veneer sheets 53.44 ¢ (2.02) 6.22 de (4.21) 0.013 <4 (29.95) 0.13 f (17.01)
Shavings 54.20 < (1.08) 6.19 e (3.47) 0.012 de (27.35) 0.14 f (14.08)
Energy chips I 54.20 < (1.04) 6.15 ¢ (2.21) 0.016 b (18.56) 0.24 4 (14.06)
Birch bark 55.78 @ (1.40) 6.24 b<d (3.94) 0.033 @ (24.01) 0.55 2 (21.56)
Pine bark 54.53 € (1.26) 5.64 f (2.32) 0.032 2 (14.07) 0.41° (10.00)
Pulp chips 56.09 @ (2.02) 6.402 (1.12) 0.011 € (24.72) 0.11 8 (20.76)
Energy chips 1T 54.77 b¢ (1.99) 6.320 (2.59) 0.014 € (22.05) 0.20 € (22.54)
Veneer chips 53.79 d¢ (1.62) 6.27 b (2.32) 0.013 <4 (18.46) 0.20 € (10.19)
August 53.85 4 (2.02) 6.392 (3.73) 0.02 2 (43.59) 0.23 © (51.33)
October 54.96 2 (1.87) 6.19 © (3.47) 0.017 © (42.69) 0.23 © (56.87)
December 54.85 2P (1.70) 6.27 b (3.55) 0.015 9 (40.91) 0.22 4 (52.3)
February 54.71 abe (2.35) 6.21 b (4.45) 0.014 4 (46.81) 024" (51.32)
April 54.48 € (2.03) 6.06 4 (4.01) 0.018 b (68.79) 0.28 2 (75.73)
June 54.67 b< (2.08) 5.97 € (4.78) 0.017 © (55.05) 0.23 ¢ (61.71)

abcdefs Homogenous groups for the main source of variation separated for each attribute and separated for each
factor (the coefficients of variation—%).

OPinewood sawdust B Energy chips I @ Veneer sheets B Shavings O Energy chips II @ Birchbark EPinebark BPulp chips B Energy chips II B Veneer chips

August

October

December

February

April

Tune

Figure 8. The carbon content of the solid biofuel types under study depending on the acquisition

time; error bars denote standard deviation.

The H content of the nine solid biofuel types exceeded 6% DM, with the highest value
being determined in pulp chips (6.40% DM) (Table 3). The lowest H content was determined
in pine bark (5.64% DM). The H content for the five dates of the biofuel acquisition exceeded
6% DM, with the highest being determined in August (6.39% DM). The lowest value of the
attribute was determined in June (5.97% DM). The H content throughout the experiment
ranged between 5.53% DM and 6.66% DM for pine bark obtained in February and birch



Energies 2023, 16, 7973

12 of 18

bark obtained in August (Figure 9). This attribute was correlated positively with VM and
negatively with ash and FC content (Table 2).

OPinewood sawdust B Energy chips I H Veneer sheets @ Shavings O Energy chips I EBirchbark @ Pinebark EPulp chips B Energy chips III B Veneer chips

% DM

August

October December February April June

Figure 9. The hydrogen content of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

The mean H content of P. sylvestris biomass, as determined in a different study, was
6.64% DM [33], with sawdust (6.75% DM) containing more of this element by 0.22 pp.
than wood slabs. A high H content was also determined in Pinus sp. wood chips (6.64%
DM) [58] and sawdust (6.72% DM) from China [59]. The element content of Populus sp.
sawdust in that country was lower (5.91% DM) [60]. A similar H content (approx. 5.9%
DM) was also determined in the biomass of poplar, willow, and black locust [54]. A higher
H content of the species biomass (6.2-6.4% DM) was determined in a different study [38].

The pulp chips and pine sawdust had the significantly lowest S content (0.011% DM)
in homogeneous group “e” (Table 3). The S content of the six solid biofuels did not exceed
0.017% DM in homogeneous groups “b, ¢, d”. The highest S content was determined in
birch and pine bark (0.033 and 0.032% DM), respectively. Therefore, these values were
higher by 300% compared with the lowest S content. The S content for the five dates of
the biofuel acquisition was lower than 0.019% DM in homogeneous groups “b, ¢, d”. The
highest value of this attribute was determined in August (0.020% DM). The S content of
the solid biofuels under study ranged between 0.007% DM and 0.046% DM throughout
the experiment for veneer sheets obtained in February and birch bark obtained in April
(Figure 10). This attribute was significantly negatively correlated with VM, H, and LHV
and positively with the other parameters under analysis (Table 2).

The mean S content of P. sylvestris biomass determined in a different study was 0.009%
DM [33], with wood slabs (0.011% DM) containing more of this element than sawdust
(0.007% DM). This may have been a consequence of the higher bark content of wood slabs,
as bark contains more sulfur than wood [21,61]. The S content of the solid biofuels from
forest dendromass, as demonstrated in the current study, lay within the range indicated for
wood (0.01-0.05% DM), as well as for Pinus spp. wood (0.009-0.03% DM) [21]. A higher S
content can be expected in dendromass from SRWC. Meanwhile, the element content of
the SRWC willow and poplar did not exceed 0.026% DM, and it was 0.033% DM in black
locust [54]. The S content of willow, poplar, and black locust in a study in Spain [38] was
higher (0.03, 0.04 and 0.05% DM), respectively. Therefore, the S content for black locust
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was similar to or higher than those for pine and birch bark in this study. This is important
information as the sulfur dioxide emission from biomass combustion depends on the sulfur
content, combustion temperature, and the amount of S retained in the ash [62].

OPinewood sawdust B Energy chips I [ Veneer sheets W Shavings D Energy chips I EBirchbark EPine bark EPulp chips B Energy chips I M Veneer chips
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Figure 10. The sulfur content of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

The pulp chips had the significantly lowest N content—0.11% DM—and was consid-
ered homogeneous group “g” (Table 3). The N content of the three solid biofuels (pinewood
sawdust, veneer sheets, and shavings) did not exceed 0.15% DM in homogeneous group
“f”. The element content of energy chips III and veneer chips was 0.20% DM. The N content
of energy chips II and I was under 0.30% DM. It increased to 0.41% DM in pine bark and to
0.55% DM in birch bark. Therefore, these values were higher by 370% and 500% compared
with the lowest N content of pulp chips. As for the dates of biofuel acquisition, the N
content ranged from 0.22 to 0.28% DM in December and April, respectively. The N content
of the solid biofuels under study ranged between 0.07% DM and 0.81% DM throughout the
experiment for pulp chips obtained in October and birch bark obtained in April (Figure 11).
The N content was significantly negatively correlated with VM, H, and LHV and positively
correlated with S, FC, and ash (Table 2).

The mean N content of P. sylvestris biomass determined in a different study was 0.12%
DM [33], with wood slabs (0.15% DM) containing more of this element than sawdust (0.08%
DM), which could be a consequence of a higher bark content of wood slabs. As in this
study, other authors also demonstrated a definitely higher N content of bark compared
to wood [21,63]. Moreover, a higher N content of this solid biofuel results in higher NOx
emissions [64]. A low and similar N content to the current results was determined in P.
sylvestris sawdust (0.13% DM) obtained in Spain [65]. Further, the element content of SRWC
biomass was higher, and it was 0.38 and 0.43% DM in willow and poplar, and it was 0.91%
DM in black locust [54]. The N content of black locust determined in a different study [38]
was high (0.63% DM). Therefore, these N content values were even higher than in pine and
birch bark in the current study.
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Figure 11. The nitrogen content of the solid biofuel types under study depending on the acquisition
time; error bars denote standard deviation.

3.3. General Characteristics of Dendromass Solid Biofuels

Table 4 shows the descriptive statistics for the whole data set for all the dendromass
solid biofuels of forest origin, obtained at two-month intervals during one year. These
results show that the strongest dispersion, expressed as a coefficient of variation, was
determined for ash content (>107%). The span (minimum—maximum) of this important
attribute was very wide, and it ranged from 0.19 to 8.13% DM, with a mean of 1.31% DM.
A lower but also strong dispersion was found for the N and S contents (60.1% and 52.0%),
respectively. The N content spanned from 0.07 to 0.82% DM, with a mean of 0.24% DM.
The values ranged from 0.006 to 0.046% DM for sulfur content, and the mean was 0.017%
DM. The average variability of 25-34% was determined for LHV and moisture content,
and the mean values for these attributes were 10.91 MJ kg ! and 38.25%, respectively. The
moisture content lay within a broad range (minimum—maximum) from 10 to 70%, and
LHYV ranged from 4.18 to 17.28 G] Mg 1. Low variability (coefficient of variation < 15%)
was determined for FC, VM, HHYV, and C and H contents. Moreover, the higher result
uniformity (coefficient of variation <3%) was determined for the C content and HHV.

Table 4. Selected statistical analysis indicators for the attributes under study (N Valid = 180).

Feature

Mean

Coefficient
of Variation
(%)

Minimum Maximum Lower Upper Standard

Median Value Value Quartile Quartile Deviation

MC (%)
HHV (MJ kg~!
DM)
LHV (M] kg™ 1)
Ash (% DM)
FC (% DM)
VM (% DM)
C (% DM)

H (% DM)
S (% DM)
N (% DM)

38.25
20.38

1091
1.31
20.91
77.78
54.59
6.18
0.017
0.24

39.67 10.04 70.29 30.26 46.16 13.04 34.10
20.32 19.29 21.65 20.00 20.67 0.54 2.66

10.56 4.18 17.28 9.27 12.79 2.81 25.70
0.89 0.19 8.13 0.47 1.73 1.41 107.02
19.69 16.41 28.78 19.25 21.53 291 13.90
79.50 63.08 83.13 76.79 80.31 4.19 5.38
54.39 51.52 57.12 53.76 55.40 1.14 2.10
6.24 541 6.81 6.05 6.37 0.28 4.53
0.014 0.006 0.046 0.011 0.019 0.009 51.96
0.20 0.07 0.82 0.14 0.28 0.14 60.11
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The cluster analysis based on the values of all the attributes of the ten solid biofuels
from forest dendromass at the cut-off point of 2/3 Dmax allowed for grouping them into
two main clusters (Figure 12a). Pine bark and birch bark made their own cluster. The
other eight biofuel types (veneer sheets, pulp chips, veneer chips, shavings, pinewood
sawdust, and three types of energy chips) made a second, separate cluster. When the
analysis accuracy increased, four clusters were identified at the cut-off at 1/3 Dmax. Pine
bark and birch bark made two separate clusters. Moreover, pulp chips formed a separate
cluster. A fourth cluster included all the remaining seven types of solid biofuels, including
three types of energy chips: pinewood sawdust, veneer sheets, shavings, and veneer chips.
Two clusters were identified for the analyzed biofuel attributes at the cut-off at 2/3 Dmax
(Figure 12b). One cluster included LHV, H content, and volatile matter content. The next
cluster included the other seven analyzed parameters: moisture content; ash content; FC;
HHYV; and C, S, and N content. With an increase in the accuracy of the analysis, three
clusters were identified at the cut-off at 1/3 Dpax. The first cluster remained unchanged. A
second cluster was identified, containing HHV and C content. The third cluster included
the remaining five analyzed parameters.

Pinew ood saw dust
Shavings
Veneer chips

Veneer sheets

Energy chips | j
Energy chips Il

Energy chips Il

Moisture

Ash

FC

S

Pulp chips

N

HHV

C

LHV

VM

Birch bark

Pine bark

33

Ty

67 33 67

100*D/Dye 100*D/Dpyay
(a) (b)

Figure 12. The dendrogram of a hierarchical cluster analysis showing the similarities between solid
biofuels from dendromass (a) and their thermophysical characteristics and elemental composition (b).
The red vertical line marks the Sneath criterion (2/3 Dmax) and (1/3 Dmax). D—linage distance;
Dmax—maximum linage distance.

4. Conclusions

This study characterized the thermophysical characteristics and the elemental compo-
sition of ten solid biofuel types produced over a period of one year from dendromass of
forest origin, traded between producers and end customers. This is very important from
both the scientific and practical perspectives as it will affect the further effectiveness and
justifiability of solid biofuels used for heat and electricity generation. This study showed
that the solid biofuel quality was significantly differentiated by the biomass type from
which they were produced and the acquisition time, and the interactions of these two
factors. Pulp chips proved to be the most valuable solid biofuel because of their beneficial
thermophysical characteristics and elemental composition. However, this material is also
known to have other potential applications. Therefore, its price and availability, depending
on the demand for it from other branches of industry, may put some restrictions on the
power generation sector. Consequently, attention should be drawn to the three types of
energy chips (I, II, and III) produced from various production residues, which also had
beneficial energy-related parameters. The other biofuels can be (and are) successfully
used for energy generation, although the properties of pine and birch bark were the least
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beneficial. Obviously, the thermophysical characteristics of all of the solid biofuels obtained
in the summer (June) were better. Nevertheless, they can be successfully used in the all-year
supply chain for dendromass used for energy generation. Data on changes in the quality of
various commercial solid biofuels are important both for companies dealing with the pro-
duction and logistics of production residues of forest origin and also for end consumers of
such biofuels who use them as energy feedstock. Obviously, various bioenergy installations
can be dedicated to various biofuel types with respect to their thermophysical characteris-
tics and elemental composition. Nevertheless, the knowledge of commercial solid biofuel
characteristics can facilitate the organization of supply logistics and can provide a specific
installation with the optimal fuel produced from production residues of forest origin.
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