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Abstract: Fractional composition, as well as the temperature of the agglomeration process, affect the
quality and mechanical properties of briquettes. In this research, shredded forest logging residues
were investigated. Compaction tests were carried out for several specially prepared mixtures made
of shares of fractions with different particle sizes. The moisture content, density of briquettes,
specific work of compaction, mechanical durability, and biomass susceptibility to compaction were
analyzed. Studies have confirmed the significant impact of the fractional composition of compacted
biomass on its susceptibility to process parameters and the quality of the final product. Statistical
analysis confirmed that the density of the briquette, its durability, the specific work of compaction,
and the susceptibility of the tested biomass to compaction strongly depend on the particle size of
the compacted biomass. An increase in temperature to 73 ◦C increased specific work by 40% and
contributed to the high quality of briquettes in the range from 0.768 to 1.14 g·cm−3.
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1. Introduction

The increase in human development causes an increase in energy demand in the modern world.
This can inflict many negative effects of energy production methods on the environment. The increasing
consumption of fossil fuels from year to year has resulted in the emission of huge amounts of greenhouse
gases and pollutants into the atmosphere. In the longer term, this will lead to the further deterioration
of the natural environment [1]. The protection of pure air and reduction of gases emitted to the
atmosphere are very important for societies, not only of the European Union [2,3] but of all countries
in the world. To promote sustainable development, support of renewable energy generation projects
such as biomass, and promoting the transformation of the energy structure towards the diversification
of these sources is crucial.

Faced with pressures related to the environmental degradation and scarcity of energy resources,
demand for renewable energy with low environmental pollution is growing more and more, therefore
it is extremely important to use sound and scientific decision-making methods regarding material
processing and biomass energy production. The increase in demand for replacement of conventional
fuels and reduction of CO2 emissions motivates the search for new products based on green energy [4,5].
One of the raw materials with huge potential are forest residues. Therefore, the authors decided to
conduct detailed research on this not-well-known renewable material.
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There are many publications that specify the guidelines for the harvesting and processing of
biomass, and also determine how energy from biomass may affect the environment. The research has
shown that only a few of the ways in which biomass is processed relate to the processing of biomass to
bioenergy [6]. Aherne et al. [7] found that only harvesting of aboveground wood biomass, i.e., crowns
and branches, would have an indifferent effect on the environment and would not deplete the cationic
base resources of the soil in the long term. On the other hand, Eggers et al. [8] have pointed out that
the development of the innovative and cost-effective management systems for harvesting biomass
from the young stands can provide the possibility of supplying a significant amount of the bioenergy
while preserving the biodiversity or the ecosystem value.

The logging residues are un-merchantable wooden by-products created in the process of obtaining
wood from forests and in the process of treating forest stands while cutting the undergrowth, which can
be an important resource in energetic biomass. Due to their dispersion over large forest areas,
they are difficult to collect, which results in high costs of obtaining them for e.g., fragmentation
and agglomeration [9]. In addition, the costs of transporting such material and its storage are also
high in terms of low bulk density, low energy content per volume, and high moisture content of the
material [10]. Biomass briquetting can reduce these costs, emissions of gases, and the risk of fires [11].
Precisely for fire-fighting and breeding reasons, logging residues cannot remain on the forest surface
and must be cleared before performing subsequent treatments. They can be used for energy purposes
in their original form, after processing into bundles [12,13] or chips [14], where the chipping precursors
were the Scandinavian countries [15]. Due to the fact that logging residues as energy biomass are not
yet a fully utilized energy source, they could constitute, after fragmentation, a suitable feedstock for
refined fuels—i.e., briquettes production. Considering the possibility of producing briquettes from
shredded logging residues, their heterogeneous composition should be taken into account. In contrast
to the compaction of wood chips, sawdust, or other plant waste, logging residues contain wood, bark,
leaves, needles, and mineral contaminants from forest soil.

Plant waste from the wood industry with uniform composition and homogeneous particle size
(sawdust, shavings, wood dust) has been widely used for briquette production for many years.
Researchers working on this type of biomass examined the physical parameters (bulk density, moisture
content, and particle size), chemical parameters (carbon, hydrogen, nitrogen, sulfur, oxygen and ash
contents) as well as energy parameters (net and gross calorific values) of biomass intended for energy
purposes. Many scientists have already dealt with these problems, in relation to logging residues [16].
However, there are no descriptions in the literature regarding the production of briquettes from
contaminated logging residues with heterogeneous composition and heterogeneous particle size [11].

Knowledge of particle sizes is crucial in terms of briquettes quality, and particle sizes influence
the mechanical properties of agglomerates. In the case of shredding the logging residues, the particle
size distribution [17] and the size of the obtained chips mainly depend on the size of the wood
chipper [18], wood species [19], the part of the tree, or the setting and sharpening of the knife [20].
Cutting with a blunt knife gives chips with smaller dimensions and thus increases the proportion of
fine fractions [21,22].

In many publications, the authors emphasize that in order to obtain a briquette with an adequate
durability described by the durability coefficient [23], it is necessary to choose not only the appropriate
process parameters (compaction pressure, temperature, length-to-diameter ratio), but also biomass
parameters (moisture content, particle size and distribution, lignin content, type of material, etc.) [24–28].

According to the results of tests on briquettes made of different particle sizes (2–5 mm and
7–10 mm), which were conducted by Gürdil and Demirel [29], it was found that briquettes made of
particles of smaller sizes had smoother surfaces than those produced from larger particles, were more
durable, and were characterized by higher densities, which was also confirmed by the studies of other
authors [25,30–33].

Another parameter affecting the quality of briquettes is temperature. According to Taulbee [31],
increasing the compaction temperature increases the strength of briquettes. Pressure and temperature
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are important parameters during materials compaction and affect the optimization of the process [34].
In addition, the increase in temperature causes plasticizing of the particles and activation of natural
binders in the material [35].

Therefore, the aim of this study was to investigate and determine the effect of the fractional
composition of shredded forest logging residues on the mechanical properties of briquettes obtained
from them in the pressure agglomeration process.

2. Materials and Methods

2.1. Material

The investigated material was obtained from the forest area in the Chojnów forest district in
Poland (GPS WGS84: 52.0492 N; 21.0563 E). The mixture of logging residues, including branches and
needles from 80-year-old Scots pine (Pinus sylvestris L.) wood, was processed in a beater shredder
BT 13HP-90 mm (REDMET, Dębica, Poland). The detailed characteristics of the raw material used for
the briquetting was described in previous publications [36,37].

Shredded logging residues were divided into fractions using a sieve separator, according to the
ISO 17827-1 [38] and ISO 17827-2 standards [39]. Four fraction groups were separated during the
separation. During the 120-s trial, the research material was divided into the following fractions:
f 1—(0 ÷ 1 mm), f 2—(1 ÷ 4 mm), f 3—(4 ÷ 8 mm), f 4—(8 ÷ 16 mm). The separated fractions were
weighed. The mass of the i-th fraction (m f i) was determined using an electronic scale with an accuracy
of ±0.01 g. The equation for calculation the share of i-th fraction (α f i) is given in the formula:

α f i =

 m f i∑4
i = 1 m f i

·100% (1)

Methodology for Preparing Biomass Mixtures

Compaction tests were carried out separately for each isolated fraction (samples A1, A2, A3,
A4) and for several specially prepared mixtures. This was done to evaluate the parameters of the
briquetting process, the durability of the briquettes produced from individual biomass fractions,
and then the impact of the fractional composition on these parameters.

A summary of the percentage distribution of fractions in individual test series is presented in
Table 1.

Table 1. Percentage share of fractions for briquetted mixtures.

No
Fraction Share (αfi), %

Series Symbol
f 1 (0 ÷ 1 mm) f 1 (1 ÷ 4 mm) f 1 (4 ÷ 8 mm) f 1 (8 ÷ 16 mm)

1. 100 0 0 0 A1
2. 0 100 0 0 A2
3. 0 0 100 0 A3
4. 0 0 0 100 A4
5. 50 25 25 0 B
6. 75 0 0 25 C
7. 75 0 25 0 D
8. 75 25 0 0 E

Source: own study.

According to the literature recommendations given by Wang et al. [40], in mixtures B, C, D, and E
a high proportion of the finest fraction f 1 was used.

The briquetting process for the separated fractions was investigated at three temperatures—22 ◦C,
73 ◦C, and 103 ◦C—while for the mixtures, two temperature levels of 73 ◦C and 103 ◦C were used.
These temperatures referred to the temperatures of biomass inside the compaction die.
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2.2. Material Moisture Content

Moisture content of tested biomass, amounting to 10%, was determined in accordance with the
EN13183-1:2004 standard [41]. Samples of 50 ± 0.5 g were weighed on the electronic scales RADWAG
WTC 600 (RADWAG, Radom, Poland) with an accuracy of ±0.01 g and then after drying at 105 ◦C for
24 h the moisture content (MC, %) was determined using a formula:

MC =
mbw −mbd

mbw
·100% (2)

where mbw is a mass of wet sample (g), mbd is a mass of dry sample (g).

2.3. The Agglomeration Process

The agglomeration process was carried out on a stand equipped with a universal testing machine
type Veb Thüringer Industriewerk Rauenstein (TIRA, Germany) with the maximum force of 100 kN
and closed die [37]. The obtained unit pressure was around 60 MPa and was a result of pistons’ size
and die diameters [42–46]. The internal diameter of the die was 45 mm, the height of the die was
300 mm, and the speed of piston displacement was 2 mm·s−1. The volume of the compaction die was
477 cm3, therefore the obtained samples had a such volume (Figure 1).
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Figure 1. Schematic diagram of agglomeration stand (compaction die); 1—compaction die, 2—support,
3—bottom, 4—piston [37].

The temporary force occurring on the piston (±1 N) and the piston displacement (±0.01 mm)
were recorded in the program HBM Catman v.2.1 (Hottinger Baldwin Messtechnik GmbH, Darmstad,
Germany) with a frequency of 1 Hz. The maximum unit pressure of piston was 63 MPa. To maintain the
temperature with an accuracy of ±1 ◦C micanite heaters connected to the controller EMKO ESM-3710
(EMKO Elektronik A.S., Bursa, Turkey) were mounted on the external surface of compaction die.
A device TM2000 (Lutrom Electronic Enterprise Co LTD, Taiwan) with thermocouple type K were used
to measure the temperature of the biomass inside the die with an accuracy of ±0.5 ◦C. The mass of a
single dose of material was checked before each test on the laboratory scales WTC 600 (RADWAG,
Radom, Poland) with an accuracy of ±0.01 g.

2.4. The Density of the Briquettes

The densities (ρ, kg·m−3) of the briquettes, related to dry matter (DM), were determined using
mass of the compacted sample, its moisture, and its volume at the maximum compaction pressure.
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ρdry =
mp

v
·

(
1−

MC
100

)
(3)

where: ρdry is a briquette density related to DM (kg·m−3), mp is a mass of the material with specific
initial moisture content (kg), v is a briquette volume at maximum pressure of agglomeration (m−3),
MC is an initial moisture of compacted material (%).

2.5. Specific Work of Compaction

The total compaction work LT was determined arithmetically on the basis of compaction force
measurement results as a function of the piston stroke.

LT =

xk∫
xp

f (x)dx ≈
xk − xp

n

 n−1∑
i = 1

f (xp + i
xk − xp

n
) +

f
(
xp

)
+ f (xk)

2

 (4)

The specific work of compaction was determined using the equation [47]:

Lu =
LT

mp
(5)

where: LT is a total compaction work (J), Lu is a specific work of compaction (J·g−1), f is a function
of compaction force to piston displacement, xk, xp are coordinates of the pistons’ elementary
displacement (m), n is the number of the pistons’ elementary displacements, mp is a mass of compacted
material (g), and i is a dividing point counter.

2.6. Durability of Briquettes and Biomass Susceptibility to Compaction

The mechanical durability of agglomerates was determined according to the EN-ISO 17831-2:2016-02
standard [48]. The mass of tested samples was 2.0 ± 0.1 kg. The material was placed in the drum
chamber with rotational speed of 21 rev·min−1 and 105 rotations were done [49,50]. Briquettes were
separated from smaller particles and dust after the trial using a screen with openings of diameters equal
to two thirds of a single briquette diameter. Then the sieved material was weighed on the electronic
scales WLC 6/12/F1/R (RADWAG, Radom, Poland) with an accuracy of 0.1 g and the durability
coefficient (Ψ) was calculated using the formula:

Ψ =
mpt

mp
·100 (6)

where mpt is a mass of briquettes after the durability test (g), mp is a mass of briquettes before the
durability test (g).

The value of susceptibility to compaction index kc ((J·g−1)/(g·cm−3)) was determined using
the equation:

kc =
LU

ρc − ρp
(7)

where ρc, ρp are maximum and initial densities of compacted biomass, respectively (g·cm−3).

2.7. Statistical Analysis

Obtained results were analyzed using the Statistica v.13 program [51]. All tests were carried out in
five replications. The effects between dependent variables for compaction temperatures and material
moisture contents were determined using a multivariate ANOVA analysis at the significance level
α = 0.05 and mean analysis was done.
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3. Results

3.1. The Effects of the Temperature and Fractional Composition of Compacted Biomass on the Density of
Briquettes and Specific Work of Compaction

The values of densities for briquettes produced at different parameters of the process were
summarized in Table 1. Tests of mixtures with symbol A were carried out at three temperatures: 22, 73,
and 103 ◦C. Based on the analysis of these results and taking into account the fact, that in each case the
lowest density was obtained at room temperature (22 ◦C), testing of the rest of the mixtures was limited
to two temperatures. For the majority of tested mixtures, the highest density of produced briquettes
was obtained for the temperature of 103 ◦C. For mixture E, the density at a temperature of 103 ◦C was
1.11 kg·m−3. Analyzing all of the briquettes’ densities found a slight difference between the values of
this parameter for temperatures 73 and 103 ◦C. This observation may lead to the conclusion that there
is no purpose in increasing the temperature of the compaction process of shredded logging residues to
103 ◦C. The results of the statistical analysis for the density of briquettes (Table 2) indicate a significant
impact of the fractional composition on their densities. However, both the process temperature and
the interaction between the tested parameters had no significant effect on the densities of briquettes.

Table 2. Results of ANOVA analysis for factors influencing the durability coefficient (Ψ), specific work
of compaction (Lc), susceptibility to compaction index (kc) and briquette density (ρdry).

df SS MS F p-Value

Briquette density ρdry

MIX (A) 3 0.63 0.21 31.95 <0.0001
Temperature (B) 1 0.02 0.02 3.01 0.0867

Interaction (A × B) 10 0.06 0.01 0.94 0.5055
Error 80 0.53 0.01

Specific work of compaction Lc

MIX (A) 3 870.46 290.15 210.95 <0.0001
Temperature (B) 1 0.36 0.36 0.26 0.6120

Interaction (A × B) 10 158.92 15.89 11.55 <0.0001
Error 80 110.04 1.38

Susceptibility to compaction index kc

MIX (A) 3 2897.95 965.98 105.94 <0.0001
Temperature (B) 1 36.30 36.30 3.98 0.0494

Interaction (A × B) 10 527.70 52.77 5.79 0.0002
Error 80 729.48 9.12

Durability coefficient Ψ

MIX (A) 3 0.14 0.05 14.28 0.0004
Temperature (B) 1 0.06 0.06 18.74 0.0001

Interaction (A × B) 3 0.20 0.07 20.58 <0.0001
Error 32 0.11 0.003

The values of the specific work of compaction were very diverse (Table 3). For fine fractions
(samples A1, A2, and A3) their values did not exceed 18 J·g−1, regardless of the process temperature.
The highest value of specific work of compaction was obtained during compaction of sample E at
103 ◦C, in which chips of fraction f 1 and f 2 were in a proportion of 75% to 25%, respectively. This effect
may result from a very good packing of the finest biomass particles, wherein the addition (25%) of
the f 2 fraction contributed to the plasticity of the compacted biomass. In the case of the four tested
mixtures B, C, D, and E, in each case an increase in the specific work of compaction was observed due
to the increase in the temperature. The increased temperature caused an increase in the plasticity of
the biomass and a higher density (longer movement of the compaction piston for the same mass of
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biomass). Taking into account the level of test probability (Table 2), which is significantly lower than
the significance level of p = 0.05, there was a strong relationship between the fractional composition
and between the interaction (fractional composition, temperature) and specific work of compaction.
There was no such relationship for the temperature of this process.

Table 3. The effects of interactions of temperature and fractional composition for mean values of
briquettes densities (ρdry, kg·m−3) related to the dry matter; (F(2, 24) = 11.81; p = 0.0003; SE = 2.75) and
specific work of compaction (Lu, J·g−1); (F(2, 24) = 15.94; p < 0.0001; SE = 0.67).

Series Symbol
Temp. Briquettes Density Specific Work of Compaction
◦C kg·m−3 J·g−1

A1
22 1.04 ± 0.11 15.52 ± 0.82
73 1.10 ± 0.12 11.61 ± 0.74
103 1.11 ± 0.07 12.38 ± 0.66

A2
22 0.98 ± 0.05 17.15 ± 1.25
73 1.04 ± 0.09 11.72 ± 0.97
103 1.05 ± 0.08 15.80 ± 1.38

A3
22 0.84 ± 0.09 15.97 ± 1.19
73 1.01 ± 0.08 14.17 ± 1.72
103 1.04 ± 0.08 13.90 ± 1.27

A4
22 0.77 ± 0.08 28.26 ± 1.38
73 0.80 ± 0.07 20.39 ± 1.75
103 0.86 ± 0.06 20.06 ± 2.30

B
73 1.06 ± 0.03 29.40 ± 0.72
103 1.14 ± 0.06 34.25 ± 0.53

C
73 0.90 ± 0.07 31.83 ± 0.91
103 0.96 ± 0.09 33.62 ± 0.83

D
73 1.02 ± 0.08 29.83 ± 0.84
103 1.06 ± 0.10 34.13 ± 0.94

E
73 1.14 ± 0.09 28.14 ± 0.78
103 1.11 ± 0.06 34.55 ± 0.79

3.2. The Effects of the Temperature and Fractional Composition of Compacted Biomass on the Susceptibility to
Compaction and Durability of Briquettes

Similarly, as in the case of the results of specific work of compaction, significant differences in
the values of susceptibility to compaction were observed (Table 4). Significantly lower values were
obtained for the three smallest fractions (from about 13.2 to about 22.5 (J·g−1)/(g·cm−3)). Analyzing
the results summarized in Table 4, it was noted that the share of the thickest fraction f 4 increased the
susceptibility to compaction index. For compaction of the A4 series (100% fraction of f 4), the highest
value of the discussed parameter (42.40 (J·g−1)/(g·cm−3)) was obtained at a process temperature of
22 ◦C. For the mixture C with the fraction f 4 of 25% (75% of fraction f 1), the susceptibility to compaction
at a process temperature of 73 ◦C was 39.62 (J·g−1)/(g·cm−3). In most of the studied cases, increasing
the process temperature resulted in a reduction in susceptibility to compaction. The exception was the
compaction of samples from the E series, where the increase in temperature was observed together
with an increase in susceptibility to compaction. The results of statistical analysis indicated a significant
impact of the process temperature on the biomass susceptibility to compaction. In each case, the test
probability level (Table 2) was lower than the significance level of p = 0.05.

The durability of briquettes obtained from the separated fractions of shredded logging residues is
presented in Table 4. Some briquettes were automatically broken down into smaller parts, which is
why Table 4 contains the results of durability tests only for mixtures of fractions. Satisfactory durability
was not obtained in any of the analyzed cases. The briquettes of B series (50% of fraction f 1, 25% of
fraction f 2, 25% of fraction f 3) were characterized by the highest durability of 68.1% and 72.5% for
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temperatures 73 ◦C and 103 ◦C, respectively. In three of the four tested mixtures, the increase in
temperature improved the durability of the obtained briquettes.

Table 4. The effects of interactions of temperature fractional composition for mean values of susceptibility
to compaction index (kc, (J·g−1)/(g·cm−3)); F(2, 24) = 4.33; p = 0.0248; SE = 1.04) and durability coefficient
(Ψ, %); (F(2, 24) = 7.34; p = 0.0033, SE = 0.01).

Series Symbol
Temp. Susceptibility to Compaction Index Durability Coefficient
◦C (J·g−1)/(g·cm−3) %

A1
22 18.82 ± 1.86 0.0
73 13.20 ± 2.20 0.0
103 13.92 ± 1.78 0.0

A2
22 20.49 ± 1.65 0.0
73 13.11 ± 0.83 0.0
103 17.63 ± 2.40 0.0

A3
22 22.54 ± 4.01 0.0
73 15.92 ± 2.15 0.0
103 15.22 ± 1.31 0.0

A4
22 42.40 ± 4.57 0.0
73 29.26 ± 4.72 0.0
103 26.34 ± 2.59 0.0

B
73 26.93 ± 0.97 68.1 ± 6.2
103 24.17 ± 1.93 72.5 ± 3.0

C
73 39.62 ± 6.22 42.0 ± 2.9
103 30.12 ± 3.36 67.4 ± 5.2

D
73 29.83 ± 3.27 64.2 ± 5.9
103 26.84 ± 2.70 50.9 ± 5.3

E
73 23.58 ± 2.79 51.1 ± 1.0
103 26.44 ± 3.02 66.1 ± 2.7

This effect was caused by liquefaction of resinous substances and activation of natural binders
contained in biomass, which after solidification constituted a natural binder in the compacted material.
Only in the case of samples from the D series did an increase in temperature cause a reduction in the
durability of briquettes. This is due to the fact that the 4–8 mm fraction, which constituted 25% of this
mixture, contained mostly fragments of bark and needles, i.e., matter with worse binding properties
(lower content of resin substances and hemicellulose). As in the case of testing the susceptibility to
compaction, also in the case of durability, the results of statistical analysis indicated a significant effect
of the process temperature on the biomass susceptibility to compaction. In each case, the probability
level of testing (Table 2) was significantly lower than the significance level of p = 0.05.

4. Discussion

Analysis of changes in the values of the examined density, specific work of compaction, durability
of briquettes, and susceptibility to compaction showed that the fractional composition of compacted
biomass had a major impact on these parameters. The highest density was obtained for mixtures with
75% of the finest fraction (0–1 mm) with an addition of fractions (4–8 mm) or (8–16 mm). The data also
showed that the lowest density was obtained for briquettes made of 100% from the thickest fraction
(8–16 mm). The highest densities were obtained for the mixture E (75% of fraction 0–1 mm and 25% of
fraction 1–4 mm) for both temperature values. These values are consistent with the requirements of
PN-EN ISO 17225-3 standard [52], which states that for briquettes made from logging residues the
density should be greater than 0.9 g·cm−3. Statistical analysis of results did not show a significant
effect of either temperature or interaction between temperature and fractional composition on the
density of briquettes. In most of the analyzed cases, increase in the temperature caused an increase in
the density. As Chen and Kuo [53] report, higher temperatures allow for obtaining higher density of
briquettes. Similar trends were emphasized in works by Gürdil and Demirel [29], as well as Kaliyan
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and Morey [25,30], Taulbee et al. [31], and Tumuluru et al. [32,33]. Attention is drawn, however, to the
fact that increasing the temperature to 103 ◦C does not significantly increase the density. Considering
the higher energy expenditure, it should be indicated that agglomeration at a higher temperature is
less economically viable.

The obtained maximum density of individual briquettes did not exceed 1.14 g·cm−3, which is the
value corresponding to the density of pellets. As stated by Tumuluru et al. [33], due to the limited
pressure, the briquettes have unit densities smaller than 1 g·cm−3. High density of agglomerates is
a required phenomenon from the point of view of transport and storage, and as recommended by
Kaur et al. [54] is also beneficial for the combustion process, because it extends burning time.

The analysis of the data presented in Table 2 indicated that the specific work of compaction
was strongly dependent on the fractional composition and the interaction between the fractional
composition and temperature. On the other hand, the process temperature itself had no significant
effect on the specific work of compaction. A detailed analysis of the test results (Table 3) showed that for
all examined mixtures B, C, D, and E an increase in temperature resulted in an increase in the specific
work of compaction. This is in line with the trend for other biological materials. The results were not
clear and no similar relationship was noticeable in the case of compaction of separated fractions.

Durability is an important factor in proving the quality of briquettes. Similarly to Taulbee et al. [31],
we found that increase in compaction temperature causes an increase in the strength of briquettes.
In the studied range, the temperature had a significant influence on the durability of briquettes made
of shredded logging residues. The used woody material is based on cellulose, lignin, hemicellulose,
and resin, which at high temperature act as a binder [31], which improves the durability of briquettes.
Also, according to Lisowski, the increase in temperature causes plasticizing of the particles and
activation of natural binders in the material [35], which in turn leads to improved product durability.
Unfortunately, in all cases the mechanical durability coefficient of tested briquettes ranging 42–72.5%
was unacceptable and lower than 80–98% was obtained for briquettes made of wood sawdust, shredded
plants, or crushed cones [55–60]. The highest value of durability coefficient in presented research was
obtained for mixture B (50% of fraction 0–1 mm, 25% of fraction 1–4 mm, and 25% of fraction 4–8 mm)
compacted at 103 ◦C. Size of particles and share of specific fractions also affected the low values
of durability. According to Taulbee et al. [31] and Tumuluru et al. [32,33] a greater contact surface
and more durable intermolecular connections are found for smaller particles. The obtained results
correspond to the results of Ndindeng et al. [61], who report that briquette durability and density
increase with decrease in agglomerated particle sizes. Moreover, according to Chou et al. [62] and
Ryu et al. [63] smaller particles can result in a more dense structure. The volume of a single compacted
sample could also have an adverse effect on the durability of obtained briquettes. It should also be
stated that, according to many literature sources [64], the height of the compaction die has a significant
impact on the biomass agglomeration process. A high volume of sample (height of the die) had a
negative effect on the pressure distribution in the volume of the produced briquette.

5. Conclusions

Studies have confirmed the significant impact of the fractional composition of compacted
biomass on its susceptibility to process parameters and the quality of the final product. Statistical
analysis confirmed that the density of the briquette, its durability, specific work of compaction,
and the susceptibility of the tested biomass to compaction strongly depend on the particle size of
compacted biomass.

The obtained values of densities ranged from 0.768 to 1.14 g·cm−3 were consistent with those
obtained by many researchers for various types of compacted material and the requirements contained
in relevant standards.

The most favorable, from the point of view of density and durability of briquettes, was the
temperature of 73 ◦C. Unfortunately, also at this temperature a satisfactory durability coefficient was
not obtained.
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Specific work of compaction depends on the process temperature. An increase in temperature to
73 ◦C increased this parameter by about 40%.

Increase in the process temperature up to 73 ◦C results in an increase in the susceptibility to
compaction index.

Taking into account the great potential of forest biomass, it is crucial to carry out more research
on this feedstock. In particular, tests should refer to the impact of the volume of the sample in single
compaction (height of the die) on the durability and density of briquette.

Author Contributions: Conceived and designed the experiments: T.N., A.G. and K.R.; performed the experiments:
T.N., A.G. and K.R.; analyzed the data: T.N., A.G. and M.D.; writing—original draft preparation, review and
editing: T.N., A.G. and M.D.; supervision: T.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Davis, S.J.; Caldeira, K. Consumption-based accounting of CO2 emissions. Proc. Natl. Acad. Sci. USA 2010,
107, 5687–5692. [CrossRef] [PubMed]

2. Veum, K.; Bauknecht, D. How to reach the EU renewables target by 2030? An analysis of the governance
framework. Energy Policy 2019, 127, 299–307. [CrossRef]
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23. Lisowski, A.; Świętochowski, A. Mechanical durability of pellets and briquettes made from a miscanthus
mixture without and with the separation of long particles. Pol. Soc. Agric. Eng. 2014, 1, 93–100.

24. Ishii, K.; Furuichi, T. Influence of moisture content, particle size and forming temperature on productivity
and quality of rice straw pellets. Waste Manag. 2014, 34, 2621–2626. [CrossRef] [PubMed]

25. Kaliyan, N.; Morey, R.V. Factors affecting strength and durability of densified biomass products.
Biomass Bioenergy 2009, 33, 337–359. [CrossRef]
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44. Frączek, J.; Mudryk, K.; Wróbel, M. Energy expenditures in the process involving Salix viminalis L. Willow
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