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Abstract: Studies on the use of biomass from short rotation coppices for briquette production as
a sustainable biofuel have been scarce in the literature. This study investigated the effects of two
process variables, hammer mill screen size at three levels (5.3, 10.3, and 25.4 mm) and moisture
content at three levels (13.6, 19, and 25% (w.b.)), on the properties of briquettes from poplar Max-4
trees. The whole tree was divided into two fractions, the crown and the stem, and briquettes were
produced from them. The effects of the variables on compressed density, relaxed density, relaxation
ratio, and the shatter index of the briquettes were analyzed. The results showed that the combined
interaction of the variables had no significant effects (p > 0.05) on the compressed density, relaxed
density, and relaxation ratio of the briquettes. However, hammer mill screen size and moisture
content both significantly influenced the shatter index irrespective of the tree fraction (p < 0.05).
Hammer mill screen sizes of 5.3 and 10.3 mm at moisture contents of 13.6 and 19% (w.b.) resulted
in good quality briquettes across the properties investigated for both the crown and stem poplar
tree fractions. This study shows that high-quality briquettes can be produced from poplar Max-4
woody biomass.

Keywords: poplar chips; briquettes; densification; fast growing energy tree; tree fractions; bioenergy;
short rotation coppice

1. Introduction

Biomass and bio-wastes have continued to remain an important alternative for sustain-
able heat and biofuel production in the present and future energy mix of developing and
developed countries. This is mostly because of its inherent desirable properties, including
low cost of production, low acidic emissions, and non-dependence on seasonal or weather
changes. In addition, its storability characteristics make it available for continuous energy
production [1,2]. In addition, its use for bioenergy offers significant economic benefits to
countries through the stimulation of GDP, particularly with the use of advanced biomass
processing and handling technologies, as demonstrated in [3,4]. Other important issues
such as meeting the sustainable energy demand of rural areas, energy security, reduction in
CO2 emissions, forest destruction, air pollution, and future energy production with mini-
mal environmental and health impact, and socio-economic related matters have generated
continued interest in renewable energy research and use [5,6]. However, the feasibility
of effectively utilizing biomass as an energy resource is dependent on addressing some
of its very unfavorable handling properties, including high moisture content, low bulk
density, and irregular shapes and forms, which affect the effectiveness and efficiency of
its transportation, storage, and utilization. This thus presents a clear need for continuous
studies addressing the logistic issues associated with biomass utilization, including other
challenges such as social, economic, sustainability, and environmental challenges [7]. The
mechanical densification of biomass materials into solid fuels in the form of pellets and
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briquettes is recognized as an effective means of addressing some of these challenges. Some
of the advantages associated with the densification of biomass include higher material and
energy density, lower logistic costs, higher energy conversion efficiency, and increased
long-term storage capability [8,9].

The majority of raw materials used for solid biofuel production, particularly for bri-
quettes, are mainly wood processing residues (e.g., wood shavings, sawdust, and wood
chips), agro-processing residues (e.g., corncob, bagasse, palm kernel shells, and rice husks),
grasses, energy crops, and food industry wastes [9–12]. However, there has been a growing
public interest and industry demand for the use of energy wood for biofuels. In the Euro-
pean Union, for example, the future supply of woody biomass for bioenergy is uncertain,
and a demand deficit is expected to be met through import due to growth in demand and
competition from other industries that compete for raw materials [13]. Energy woods or
fast-growing trees (otherwise referred to as short rotation coppices) from farmlands are
specialist or dedicated crops grown specifically for use as biofuel feedstock and are differ-
ent from wastes or residues from agriculture or forestry. The crops have been identified
as a promising option for the sustainable production of solid biofuels in developed and
developing countries for producing heat and energy production [14–16]. This is because it
is not just a sustainable biomass resource, it is also a potential source of income for farmers,
and it helps in addressing climate issues associated with the use of fossil fuels [17,18]. The
potential in the use of short rotation coppice (SRC) as a biomass resource for biofuels is a
significant development in alternative renewable energy due to its short-time high-yielding
capacity based on the selected fast-growing tree varieties [19,20]. Examples of such fast-
growing trees include poplar (Populus sp.), willow (Salix viminalis), and black locust (Robinia
pseudoacacia) [21–23].

The harvesting of these dedicated energy trees into chips includes all above-ground
woody biomass (stems and branches) using various machines and harvesting technologies
such as log, bundle, chip, and bale lines [16,24,25]. The chips are usually characterized by
high moisture content, different sizes, and low bulk density, thus presenting significant
challenges and cost implications in their transportation, storage, and use [26]. The densifica-
tion (briquetting and pelleting) of SRC chips presents an effective alternative to producing
uniform and high-density solid biofuels, thus reducing logistic costs and improving their
utilization efficiency as bioenergy fuel [27,28].

De Jesus Eufrade-Junior et al. [29] and de Jesus Eufrade-Junior, Guerra, Sansígolo, and
Ballarin [19], in their studies, assessed the quality of Eucalyptus briquettes from SRC. While
the authors reported higher energy properties in the leaves than for the woody fraction of
the tree, they concluded that the briquetting of Eucalyptus from SRC appears a feasible
option to increase added-value products from young energetic plantations. Kulig et al. [30]
examined the effects of binder addition (calcium lignosulphonate, 0 to 20%) and moisture
content (10 to 22%) on some parameters of compacted poplar wood sawdust. The authors
reported a 37% increase in the briquette density and a seven-fold increase in the mechanical
strength of the briquettes at all analyzed moisture content levels. Han et al. [31] compared
the fuel and densification characteristics of Japanese larch and Hyunsasi poplar using a
piston-type briquetting machine. They reported an optimum pressure holding time of 12 s
for the biomass and a linear relationship between applied pressure and briquette density.
However, the density of briquettes from Japanese larch was higher compared to that of
Hyunsasi poplar briquettes. Stolarski et al. [32] in comparing the quality and production
cost of briquettes made from different biomass utilized SRC including willow and Virginia
mallow chips. They concluded that the biomass were suitable as raw materials in the
production of quality and cost effective solid fuel such as briquettes.

Raw material properties, type, and the densification process are important factors that
could influence the properties of solid biofuels [9,33–35]. Furthermore, densification and
material variables such as density, material fraction, particle size, compaction pressure,
temperature, and moisture content have been varied in experimental studies with the goal
of optimizing production efficiency, cost, and briquette quality [8,36–38]. These variables
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play different roles in the final properties of densified biofuels depending on their levels
and interaction with other material and process variables. For example, leaves from forest
biomass have higher heating values compared to forest woods. However, they are known
to have higher ash content which invariably affects their cost and use in power conversion
systems [29,32,39]. Further, biomass moisture content does not only influence the bonding
strength of briquettes. It also affects the compression energy requirement [40].

A number of studies on the production of fuel pellets using SRC under varying
material properties and process conditions have been published in the literature [41–44].
However, similar studies on biomass briquette production are quite limited, and very little
is known about their quality under varying process conditions. In this context, this study
investigates the effects of moisture content in the range of 13.6 to 25% and hammer mill
screen size in the range of 5.3 mm to 25.4 mm on selected physical properties of briquettes
from poplar Max-4 (Populus maximowiczii Henry × Populus nigra L.) tree fractions. The
fractions considered in this study include the crown and the stem or trunk fractions. The
physical properties examined include those highlighted in Obi et al. [45] to be significant in
the quality assessment of biomass briquettes, such as compressed density, relaxed density,
relaxation ratio (briquette stability), and shatter index (impact resistance).

2. Materials and Methods
2.1. Feedstock and Material Preparation

Freshly harvested whole poplar Max-4 trees (Populus maximowiczii Henry × Populus
nigra L.) obtained from the SRCs research plantation at the Leibniz Institute for Agricultural
Engineering and Bioeconomy (ATB), Potsdam, Germany, were used for the study. The
trees were harvested in the month of February 2022 and, at the time of harvest, had
stem diameters of between 7 and 10 cm. The harvested whole trees were separated into
two fractions: only stem/trunk and crown only (branches and the upper tree part with
a stem diameter smaller than 4 cm). Wood chips were produced from the whole-tree
fractions (Figure 1a,b) using a stationary drum wood chipper (HE100 500 STA, JENZ
GmbH, Petershagen, Germany). A detailed operational overview of the wood chipper
has been described in Pecenka, Lenz, Jekayinfa, and Hoffmann [12]. Figure 1c shows the
chipper in operation, producing chips from the crown fraction. The chips were then dried in
an electric-powered drier to about 4% moisture content (defined as moisture mass fraction
on a wet basis (equation 1), w.b., from an initial tree moisture content of about 50% (w.b.)
immediately after harvesting from the research plantation.

Mositure content (w.b.) =
Mi − M f

Mi
× 100%, (1)

where Mi is the initial mass of the sample prior to drying and M f is the mass of the sample
after drying.

The wood chips produced from the whole-tree fractions were reduced to particles
using a hammer mill and sorted into different particle sizes using three different hammer
mill screens. The hammer mill screens with mesh diameter openings of 5.3 mm, 10.3 mm,
and 25.4 mm were used, resulting in six different batch samples—three samples for each
of the poplar whole-tree fractions. The drying of the biomass to about 4% moisture
content prior to milling was necessary in order to avoid clogging the hammer mill screens
during grinding. Each of the ground biomass batch samples was further conditioned
to three different moisture content levels of 13.6, 19, and 25% (w.b.), respectively, and
were subsequently used in poplar briquette production. The conditioning of the biomass
batch samples was performed by adding a predetermined amount of water to the biomass
samples and mixing manually, after which the samples were kept in a container for about
2 h to allow for uniform distribution of moisture [46].
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Figure 1. Wood chips from poplar trees (a) stem only (b) crown only (c) chipping machine in operation. 
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In terms of the whole-tree fractions, the tree crown (leaves and branches) generally 
have significantly higher ash content compared to the stem/trunk [51,52]. While Myeong, 
Han, and Shin [53] reported higher elemental content (C, H, and N) in yellow poplar tree 
branches compared to the stem, the oxygen content was higher in the stem of the tree. The 
authors added that the branches show higher energy content (higher heating value) com-
pared to the stems and suggested that tree crowns could serve as bio-solid fuels but would 
require appropriate ash removal mechanisms in combustion systems. Similarly, Gómez-
Martín et al. [54], in their study of the chemical composition of three clones of poplar SRC, 
reported a decrease in the tree ash content and higher heating value from the top to the 
base of each tree species. They noted that the carbon, hydrogen, sulphur, and ash content 
in poplar SRC were low compared to their corresponding content levels in fossil fuels. 
Chemical and elemental analysis of biomass is useful in determining the appropriateness 
of biomass as feedstock for bioenergy production. 

2.3. Briquetting Process 
A hydraulic-powered biomass briquetting pilot plant (RSN Maschinenbau GmbH, 

Model D-89231) at the Leibniz Institute for Agricultural Engineering and Bioeconomy, 
Potsdam, Germany, was used to produce poplar wood briquettes (Figure 2). The machine 
consists of a rectangular hopper, a feeding screw, feeding, briquetting pistons, and a cy-
lindrical press die. The press dye is equipped with a heating element around the heating 
zone and was heated to about 105 °C prior to the briquetting of the poplar biomass. After 
the dye had reached the pre-selected briquetting temperature, the poplar biomass sam-
ples, each weighing 5 kg, were poured into the hopper. The feeding screw moved the 
biomass into the feeding zone, where the biomass is pre-compacted by the feeding piston 
in the vertical direction. The pre-compacted biomass is compacted in the dye chamber by 
means of the horizontal briquetting piston, which pushes the compacted biomass out from 
the dye to produce cylindrical-shaped briquettes. (Figure 2). 

Figure 1. Wood chips from poplar trees (a) stem only (b) crown only (c) chipping machine in operation.

2.2. Ash and Elemental Composition of Poplar Wood

The poplar Max-4 wood (Populus maximowiczii Henry × Populus nigra L.) is charac-
terized by the following ash and elemental content expressed as a percentage of the dry
matter fraction: ash—2.22 to 3.19%, Carbon—51.36 to 52.32%, Hydrogen—4.65 to 4.85%,
Nitrogen—0.27 to 0.33%, and Sulphur—0.105 to 0.119% [47,48]. These data are within the
range earlier reported in the literature for wooden biomass from SRC poplar trees [49]. In
addition, the ash content falls within the range considered appropriate for biofuel den-
sification purposes [9]. The higher heating value for polar whole-tree range from 17.69
to 24.28 MJ kg−1 [48,50] and is thus within the range for biomass with bioenergy poten-
tial [51]. Higher heating value is an important characteristic in the evaluation and selection
of biomass feedstock as a fuel source.

In terms of the whole-tree fractions, the tree crown (leaves and branches) generally
have significantly higher ash content compared to the stem/trunk [51,52]. While Myeong,
Han, and Shin [53] reported higher elemental content (C, H, and N) in yellow poplar tree
branches compared to the stem, the oxygen content was higher in the stem of the tree.
The authors added that the branches show higher energy content (higher heating value)
compared to the stems and suggested that tree crowns could serve as bio-solid fuels but
would require appropriate ash removal mechanisms in combustion systems. Similarly,
Gómez-Martín et al. [54], in their study of the chemical composition of three clones of
poplar SRC, reported a decrease in the tree ash content and higher heating value from
the top to the base of each tree species. They noted that the carbon, hydrogen, sulphur,
and ash content in poplar SRC were low compared to their corresponding content levels
in fossil fuels. Chemical and elemental analysis of biomass is useful in determining the
appropriateness of biomass as feedstock for bioenergy production.

2.3. Briquetting Process

A hydraulic-powered biomass briquetting pilot plant (RSN Maschinenbau GmbH,
Model D-89231) at the Leibniz Institute for Agricultural Engineering and Bioeconomy,
Potsdam, Germany, was used to produce poplar wood briquettes (Figure 2). The machine
consists of a rectangular hopper, a feeding screw, feeding, briquetting pistons, and a
cylindrical press die. The press dye is equipped with a heating element around the heating
zone and was heated to about 105 ◦C prior to the briquetting of the poplar biomass. After
the dye had reached the pre-selected briquetting temperature, the poplar biomass samples,
each weighing 5 kg, were poured into the hopper. The feeding screw moved the biomass
into the feeding zone, where the biomass is pre-compacted by the feeding piston in the
vertical direction. The pre-compacted biomass is compacted in the dye chamber by means
of the horizontal briquetting piston, which pushes the compacted biomass out from the
dye to produce cylindrical-shaped briquettes. (Figure 2).
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Figure 2. A hydraulic-powered biomass briquetting machine. 

2.4. Experimental Design 
Briquetting of the milled poplar biomass fractions was carried out in a full factorial 

design with two factors, each at three levels: 
a. hammer mill screen size: 5.3 mm, 10.3 mm, and 25.4 mm, 
b. moisture content: 13.6%, 19%, and 25% (w.b.). 

To achieve the desired experimental moisture content, a calculated amount of water 
was added to the milled poplar chips at an initial moisture content of about 4% (w.b.). All 
samples of the milled poplar chips were analyzed for moisture content following the 
standard procedure of the oven-dry method [55]. The biomass briquetting study consisted 
of 27 experimental samples for each whole-tree fraction with three replications in order to 
improve the precision of the experimental results. 

About 110 kg of poplar chips were milled and compacted into briquettes in this study. 
The physical quality response parameters measured during the experiment include the 
compressed density, relaxed density, relaxation ratio (briquette stability), and impact re-
sistance (shatter index) of the briquette samples. Data obtained in the study were subjected 
to analysis of variance (ANOVA) using Minitab statistical software v19. [56], and Tukey 
method was used to determine significant differences among the means of various treat-
ments of the briquettes at a 5% significance level (p < 0.05). All experiments were conducted 
at the Leibniz Institute for Agricultural Engineering and Bioeconomy, Potsdam, Germany. 

2.5. Physical Properties 
Bulk density—The bulk density of the biomass samples was determined at 19% (w.b.) 

moisture content level following a standard test method (ASTM E873-82(2006)) by meas-
uring the volume of the sample using a measuring cylinder and an analytical balance to 
measure the corresponding mass [57]. The density of the biomass sample was calculated 
using mass/volume fraction (Equation (1)); 𝜌 = 𝑚𝑣  (2)

where 𝜌  is bulk density of the biomass sample (g/cm3), 𝑚 is the mass of the biomass 
sample (g), and 𝑣 is the volume of the biomass sample (cm3). 

Compressed density—The compressed density of the briquettes was determined im-
mediately after ejection from the briquetting die following the standard test method 
ASTM D2395-17 [58]. The density was calculated by dividing the mass of the briquette by 
its calculated volume. The volume was determined by measuring the diameter and height, 
while the mass was measured using a digital weighing balance. The compressed density 
(𝜌 ) was calculated following Equation (2). 

Figure 2. A hydraulic-powered biomass briquetting machine.

2.4. Experimental Design

Briquetting of the milled poplar biomass fractions was carried out in a full factorial
design with two factors, each at three levels:

a. hammer mill screen size: 5.3 mm, 10.3 mm, and 25.4 mm,
b. moisture content: 13.6%, 19%, and 25% (w.b.).

To achieve the desired experimental moisture content, a calculated amount of water
was added to the milled poplar chips at an initial moisture content of about 4% (w.b.).
All samples of the milled poplar chips were analyzed for moisture content following the
standard procedure of the oven-dry method [55]. The biomass briquetting study consisted
of 27 experimental samples for each whole-tree fraction with three replications in order to
improve the precision of the experimental results.

About 110 kg of poplar chips were milled and compacted into briquettes in this study.
The physical quality response parameters measured during the experiment include the
compressed density, relaxed density, relaxation ratio (briquette stability), and impact resis-
tance (shatter index) of the briquette samples. Data obtained in the study were subjected
to analysis of variance (ANOVA) using Minitab statistical software v19. [56], and Tukey
method was used to determine significant differences among the means of various treat-
ments of the briquettes at a 5% significance level (p < 0.05). All experiments were conducted
at the Leibniz Institute for Agricultural Engineering and Bioeconomy, Potsdam, Germany.

2.5. Physical Properties

Bulk density—The bulk density of the biomass samples was determined at 19% (w.b.)
moisture content level following a standard test method (ASTM E873-82(2006)) by mea-
suring the volume of the sample using a measuring cylinder and an analytical balance to
measure the corresponding mass [57]. The density of the biomass sample was calculated
using mass/volume fraction (Equation (1));

ρb =
m
v

(2)

where ρb is bulk density of the biomass sample (g/cm3), m is the mass of the biomass
sample (g), and v is the volume of the biomass sample (cm3).

Compressed density—The compressed density of the briquettes was determined imme-
diately after ejection from the briquetting die following the standard test method ASTM
D2395-17 [58]. The density was calculated by dividing the mass of the briquette by its
calculated volume. The volume was determined by measuring the diameter and height,
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while the mass was measured using a digital weighing balance. The compressed density
(ρco) was calculated following Equation (2).

ρco =
Mb
Vb

(3)

where ρco is the compressed density of briquette (g/cm3), Mb is the mass of the briquette
sample immediately after ejection (g), and Vb is the volume of the biomass sample (cm3).

Relaxed density—The relaxed density of the briquettes was calculated one week after
the briquetting process to give an indication of the relative stability of the briquette after
compaction. The relaxed density (ρre) of the briquette was determined following the
standard test method ASTM D2395-17 [58] and calculated as the ratio of the mass of the
briquette to its volume. The relaxed density was calculated following Equation (3).

ρre =
Mbr
Vbr

(4)

where ρre is the relaxed density of briquette (g/cm3), Mbr is the mass of the briquette
sample after one week (g) and Vbr is the volume of the biomass sample (cm3).

Relaxation ratio—The relaxation ratio of the briquettes, which provides an indication
of the relative stability of the briquettes after compaction, was calculated as a ratio of the
briquette compressed density to the relaxed density expressed as in Equation (4):

Rr =
ρco

ρre
(5)

Shatter index—To calculate the shatter index, the initial mass of each briquette sample
was taken, and the briquette was subjected to gravitational fall three times from a constant
height of 2 m [59,60]. The mass of the briquette sample retained on a sieve (2.36 mm)
was weighed and recorded. The shatter index of each briquette was calculated following
Equation (5):

Shatter index =
Mr

Mi
× 100% (6)

where Mi is the initial mass of the briquette sample, and Mr is the mass of the briquette
retained on the sieve.

3. Results and Discussion
3.1. Properties of Briquettes from Poplar-Max-4 Tree Fractions

Biomass briquettes were produced from two different whole tree fractions of poplar
Max-4, namely crown and stem fractions. The briquettes were produced at different
combinations of two factors: hammer mill screen sizes and moisture content levels. The
compressed density, relaxed density, relaxation ratio, and shatter index of the briquettes
were measured, and the effects of the two factors on the briquette quality parameters were
estimated. The bulk density of the ground biomass samples was measured at 19% (w.b.)
moisture content level. The biomass particles from the crown fraction of the whole tree
had a bulk density of 0.20 g/cm3, and that of the stem fraction was 0.21 g/cm3. The sieve
analysis of the raw materials comminuted in a hammer mill showed significant differences
in the particle size (characterized by the mean particle size X50) in dependence on the
screen size used for grinding (Figure 3). With the reduction in milling screen size from 25.4
to 5.3 mm, the average particle size simultaneously decreased from 2.21 to 0.64 mm.
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Figure 3. Particle size distribution and mean particle size (X50) for poplar wood milled in a hammer
mill at three different screen sizes.

3.2. Compressed Density

The ANOVA on the effects of hammer mill screen size, moisture content, and their
interactions on the measured compressed density of briquettes from the crown fraction of
the poplar Max-4 tree are presented in Table 1. The effect of screen size was significant on
the compressed density of the briquette (p < 0.05); however, the effects of moisture content
and the interaction between screen size and moisture content were not significant on the
compressed density of the briquette samples. For the briquettes from the stem-fraction
of poplar Max-4 trees, screen size and moisture content each significantly affected the
compressed density of the briquettes (p < 0.05); their combined interaction was, however
insignificant on the compressed density (p > 0.05) (Table 1). For the crown and stem fractions
of the biomass, the mean highest compressed density of 1.11 g/cm3 and 1.07 g/cm3,

respectively, were recorded at the 5.3 mm screen size. The corresponding moisture content
for the crown fraction was 19% (w.b.) and 13.6% moisture content (w.b.) for the stem fraction
of the tree (Table 2). The highest density values were higher than the mean values of 0.924
and 0.851 g/cm3 reported for briquettes from stem and branch fractions of eucalyptus SRC
fractions [29]. The lowest compressed density value of 0.82 g/cm3 was recorded for the
crown fraction at the 25.4 mm screen size having 13.6 and 25% (w.b.) moisture content
levels. Similarly, the stem or trunk fraction gave the lowest compressed density at the
25.4 mm screen size and 25% (w.b.) moisture content level.

The results in Table 2 suggest that, generally, large biomass particle size and high
moisture content could negatively affect the compressed density of biomass briquettes,
particularly for poplar wood biomass. Smaller biomass particle sizes of 5.3 mm and 10.3 mm
from poplar Max-4 wood at 13.6 and 19% moisture content (w.b.) generally produced
briquettes with higher compressed density. For briquettes from lodgepole pine, corn
stover, and switchgrass, Tumuluru [61] observed that a smaller hammer mill screen size
(4.8 mm) and lower moisture content (12% (w.b.)) resulted in a higher compressed density
value. However, increasing the hammer mill screen size to 12.7 mm while maintaining
the moisture content at a low level resulted in a lower density value. The compressed
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density values recorded for poplar tree fractions meet the minimum density of 0.60 g/cm3

recommended for safe transportation and storage of briquettes [62,63] except for the stem-
fraction at the 25.4 mm screen size and 25% moisture content (w.b.). Biomass from poplar
wood thus provides good quality briquettes with compressed density appropriate for safe
transportation and storage.

Table 1. ANOVA effects of screen size and moisture content on the compressed density of crown and
stem fractions of the briquette (p < 0.05).

Fraction Source DF Adj SS Adj MS F-Value p-Value

Crown Screen size 2 0.156 0.078 3.94 0.038
Moisture content 2 0.047 0.023 1.18 0.331

Sieve size * Moisture content 4 0.044 0.011 0.56 0.697
Error 18 0.357 0.020
Total 26 0.605

Stem Screen size 2 0.405 0.203 19.63 0.000
Moisture content 2 0.179 0.090 8.68 0.002

Sieve size * Moisture content 4 0.009 0.002 0.21 0.927
Error 18 0.186 0.010
Total 26 0.779

Table 2. Mean values of compressed density of briquettes from poplar tree fractions.

Screen Size (mm) Moisture Content (% w.b.)
Compressed Density (g/cm−3)

Crown Fraction Stem Fraction

5.3 13.6 0.92 a 1.07 a

19.0 1.11 a 0.95 a,b

25.0 0.93 a 0.90 a,b

10.3 13.6 1.03 a 1.05 a

19.0 1.02 a 0.91 a,b

25.0 0.93 a 0.85 a,b,c

25.4 13.6 0.82 a 0.80 a,b,c

19.0 0.85 a 0.72 b,c

25.0 0.82 a 0.57 c

Means that do not share the same letters ‘a’, ‘b’ or ‘c’ are significantly different.

3.3. Relaxed Density

For briquettes from both whole-tree fractions—crown and stem, the effect of hammer
mill screen size on relaxed density was significant (p < 0.05). However, the effect of moisture
content on the relaxed density was significant (p < 0.05) only for briquettes from the stem
fraction (Table 3). The combined effect of the factors for both whole-tree fractions was
insignificant at p > 0.05. The relaxed density of briquettes from the crown fraction of the
poplar tree ranged from 0.76 to 1.05 g/cm3, with the highest density recorded at the 5.3 mm
screen size and 19% (w.b.) moisture content interaction level (Table 4). The reported range
for the briquette was higher than the range of 0.729 to 0.986 g/cm3 reported for carbonized
corncob briquettes [64]. The relaxed density recorded for briquettes from the stem fraction
ranged from 0.37 to 0.97 g/cm3, which is within the range of 0.31 to 1.15 g/cm3 reported
for bamboo briquettes reinforced with poplar fiber [65]. The highest relaxed density value
was recorded at the 10.3 mm screen size and 13.6% (w.b.) moisture content interaction level.
The lowest relaxed density value was at the 25.4 mm and 25% (w.b.) interaction level.

The general trend observed from Table 4 suggests that the relaxed density of the
briquettes decreased with increasing mill screen size and moisture content level of the
biomass. The interaction between large particle biomass and high moisture content could
significantly affect the cohesive ability of densified biomass, thus leading to a significant
expansion in volume after ejection from the briquetting machine [9,65].
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Table 3. ANOVA effects of screen size and moisture content on the relaxed density of crown and
stem fractions of the briquette (p < 0.05).

Fraction Source DF Adj SS Adj MS F-Value p-Value

Crown Screen size 2 0.119 0.059 3.85 0.041
Moisture content 2 0.014 0.007 0.45 0.643

Screen size * Moisture content 4 0.122 0.031 1.99 0.140
Error 18 0.278 0.015
Total 26 0.533

Stem Screen size 2 0.900 0.450 33.75 0.000
Moisture content 2 0.177 0.089 6.64 0.007

Screen size * Moisture content 4 0.025 0.006 0.46 0.761
Error 18 0.240 0.013
Total 26 1.342

Table 4. Mean values of relaxed density of briquettes from poplar tree fractions.

Screen Size (mm) Moisture Content (% w.b.)
Relaxed Density (g/cm3)

Crown Fraction Stem Fraction

5.3 13.6 0.79 a 0.96 a

19.0 1.05 a 0.81 a

25.0 0.95 a 0.84 a

10.3 13.6 0.91 a 0.97 a

19.0 0.79 a 0.87 a

25.0 0.91 a 0.81 a

25.4 13.6 0.78 a 0.65 a,b

19.0 0.76 a 0.45 b

25.0 0.77 a 0.37 b

Means that do not share the same letters ‘a’ or ‘b’ are significantly different.

Saeed et al. [66] noted that the standard density for good quality briquette falls within
the range of 0.75 g/cm3 and above. As such, the high value of relaxed density recorded for
the poplar-tree fractions at lower screen size and moisture content suggests their suitability
for good-quality briquette production.

3.4. Relaxation Ratio

The relaxation ratio recorded for the briquettes from the two poplar whole-tree frac-
tions was not significantly affected (p > 0.05) by the factors and their interactions investi-
gated in this study, except for hammer mill screen size (Table 5). The significant effect of
mill screen size on the relaxation ratio of the briquettes was observed only for the stem
fraction. The calculated relaxation ratio for the briquettes from the crown fraction ranged
from 1.02 to 1.30, while the range for the stem fraction was from 1.06 to 1.61 (Table 6). The
relaxation ratio provides an indication of the stability of briquettes after production in
relation to their densities. Briquettes with a low relaxation ratio value and high relaxed
density value are considered to be relatively stable [67]. The briquettes produced from the
biomass at the 25 mm screen size were generally less stable for both whole-tree fractions.
The high instability of the briquettes observed from the relaxation ratio could be linked to
the low relaxed density observed for briquettes from the high particle size biomass sample
(25 mm screen size).
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Table 5. ANOVA effects of screen size and moisture content on relaxation ratio of crown and stem
fractions of the briquette (p < 0.05).

Fraction Source DF Adj SS Adj MS F-Value p-Value

Crown Screen size 2 0.019 0.009 0.16 0.852
Moisture content 2 0.058 0.029 0.50 0.615

Screen size * Moisture content 4 0.122 0.030 0.52 0.721
Error 18 1.053 0.058
Total 26 1.252

Stem Screen size 2 0.743 0.372 9.04 0.002
Moisture content 2 0.112 0.056 1.36 0.282

Screen size * Moisture 4 0.160 0.040 0.98 0.445
Error 18 0.740 0.041
Total 26 1.756

Table 6. Mean values of relaxation ratio of briquettes from poplar tree fractions.

Screen Size (mm) Moisture Content (% w.b.)
Relaxation Ratio

Crown-Fraction Stem-Fraction

5.3 13.6 1.19 a 1.12 a

19.0 1.06 a 1.17 a

25.0 1.02 a 1.07 a

10.3 13.6 1.14 a 1.09 a

19.0 1.30 a 1.14 a

25.0 1.02 a 1.06 a

25.4 13.6 1.05 a 1.23 a

19.0 1.14 a 1.61 a

25.0 1.12 a 1.55 a

Means that do not share the same letters ‘a’ is significantly different.

3.5. Shatter Index

The effect of hammer mill screen size, moisture content, and their interactions were
observed to significantly affect (p < 0.05) the shatter index of biomass briquettes from the
crown and stem fractions of the poplar Max-4 tree (Table 7). The index ranged from 55 to
100% for briquettes made from the crown fraction and 28.3 to 97.7% for the stem fraction
(Table 8). The 100% shatter index for crown-fraction briquettes was recorded for the biomass
from 5.3 mm screen size at 13.6 and 19% (w.b.) moisture content levels, while the highest
value for the stem-fraction briquettes was at the 5.3 mm and 19% (w.b) factors interaction.
Adapa et al. [62] noted that a durability rating of >80% is high, medium between 70 to 80%,
and low for durability <70%. Hansted, Nakashima, Martins, Yamamoto, and Yamaji [9]
suggested that briquettes with less than 10% material loss could be considered very little
friable. For the stem-fraction briquettes, this condition was met at the 5.3 mm screen size
and 13.6% and 19% (w.b.) moisture content interaction levels. A smaller hammer mill
screen size of 4.8 mm also yielded a high durability rating of >95% for lodgepole pine, corn
stover, and switchgrass briquettes at about 15% (w.b.) moisture content [60].

Generally, biomass from the 5.3 and 10.3 mm screen size and moisture content of 13.6
and 19% (w.b.) produced briquettes with acceptable qualities. A larger hammer mill screen
size of 25.4 mm and 25% (w.b.) moisture content resulted in briquettes with low densities,
relaxation ratio, and shatter index values. There could be opportunities to improve the
properties of the briquettes further using binders or briquetting the biomass fractions at
relatively higher temperatures. Further studies are needed in this regard to ascertain their
effects on the briquette quality. Based on the results obtained in this study, briquettes with
acceptable qualities can be produced from polar Max-4 tree crown and stem fractions. This
is because the compressed density, relaxed density, briquette stability, and shatter index of
the briquettes produced are adequate for safe transportation and storage.
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Table 7. ANOVA effects of screen size and moisture content on shatter index of crown and stem
fractions of the briquette (p < 0.05).

Fraction Source DF Adj SS Adj MS F-Value p-Value

Crown Screen size 2 1854.5 927.23 54.81 0.000
Moisture content 2 1416.3 708.16 41.86 0.000

Screen size * Moisture content 4 1440.8 360.21 21.29 0.000
Error 18 304.5 16.92
Total 26 5016.1

Stem Screen size 2 4762.4 2381.21 52.39 0.000
Moisture content 2 3435.9 1717.97 37.80 0.000

Screen size * Moisture content 4 2118.2 529.54 11.65 0.000
Error 18 818.1 45.45
Total 26 11,134.6

Table 8. Mean values of shatter index of briquettes from poplar tree fractions.

Screen Size (mm) Moisture Content (% w.b.)
Shatter Index (%)

Crown-Fraction Stem-Fraction

5.3 13.6 100.0 a 91.4 a,b,c

19.0 100.0 a 97.7 a

25.0 89.0 a,b 79.7 a,b,c

10.3 13.6 95.2 a,b 96.3 a,b

19.0 95.3 a,b 85.9 a,b,c

25.0 96.1 a,b 83.1 a,b,c

25.4 13.6 95.2 a,b 76.9 c

19.0 84.9 b 77.3 b,c

25.0 55.0 c 28.3 d

Means that do not share the same letters ‘a’, ‘b’, ‘c’ or ‘d’ are significantly different.

The strength of the biomass briquette could further be improved through the use of
binders or by heating the biomass to a higher temperature during compaction in order to
activate the lignin content of the biomass for improved cohesion among the particles. Kulig,
Skonecki, and Lysiak [30] observed an increase in the density of briquettes from poplar
wood sawdust following the addition of binders. Wang, Chen, Yu, and Yuan [64] reported
an improvement in the mechanical durability and hydrophobicity of sawdust and bamboo
briquettes reinforced with poplar fiber when produced at elevated temperatures of between
200 to 250 ◦C. This was attributed to the carbonization of the biomass and melting of the
material to form interlocking bridges among the particles. Furthermore, co-briquetting of
the biomass from the tree crown with the stem wood could possibly improve the quality of
the briquettes from the crown fraction however, this requires further study.

4. Conclusions

This study examined the production of briquettes from poplar-Max-4 tree fractions,
a dedicated energy crop offering the benefit of short-time high-yielding capacity. Two
fractions of the tree were used, namely, the crown consisting of the smaller upper part of
the trunk and the branches and the stem or trunk. The effects of process variables, including
hammer mill screen size and biomass moisture content, on the properties of the briquettes,
were investigated. While no defined trend was observed for most of the variables with
respect to the briquette properties, it was found that hammer mill screen size and biomass
moisture content both significantly influenced the shatter index of briquettes from the
poplar tree fractions (p < 0.05). The interactions of process variables (mill screen size and
moisture content) had no significant effects on the compressed density, relaxed density, and
relaxation ratio (p > 0.05).

This study provides evidence of the possible use of poplar wood biomass for biofuel
production, particularly the crown of the tree that is of relatively lower feedstock quality



Energies 2023, 16, 1454 12 of 14

with limited use. Smaller particle sizes of the biomass from 5.3 to 10.3 mm at moisture
contents of 13.6 to 19% (w.b.) resulted in briquettes with favourable quality parameters.
Since the crown fraction of the tree provided biomass of good quality for briquetting, the
stem wood could possibly be directed to other uses, such as for logs/billets production.
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