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A B S T R A C T

Briquetting provides a homogenous product that has high density, and reduced transport and storage costs in the
wood chips supply chain. Few studies evaluated briquettes from eucalypt short-rotation coppice (SRC) managed
under tropical conditions and also its energy potential was not clearly defined. The aim of this paper was to
assess the quality of briquettes produced from Eucalyptus SRC. The SRC biomass was separated into stem,
branches, leaves and mix (produced according to the actual availability in the forest). The physical, chemical and
mechanical properties were analyzed. A SEM-EDS (scanning electron microscopy equipped with an energy-
dispersive spectroscopy detector) analysis of ashes from SRC biomass was carried out. Results showed higher
energy properties in leaves than for woody fractions, however, its use was limited due to higher content of ash
(3.1%) and a poor mechanical performance. Stem and mix were more suitable for energy purposes, and both
treatments reached an energy potential of 14.2 GJ m−3. SEM-EDS analysis showed that the elements Ca, K and
Mg represented approximately 80% of the mineral component. It was found that the presence of other regular
structures predominantly comprising the elements Fe and Al may lead to a serious technical problem. However,
briquetting appears as a feasible option to increase added value of forest products from young energetic plan-
tations.

1. Introduction

Biomass has an important role to play in the production of energy
(REN21, 2014), mainly in developing countries (Demirbas et al., 2009;
Goldemberg, 1998). The short-rotation coppice (SRC) appears to be a
major advancement in alternative renewable energy due to production
of high-yielding biomass in a short time (Guerra et al., 2014; Kauter
et al., 2003). Harvesting of these dedicated energy crops included all
above-ground biomass (stems, branches and leaves) that were chipped
by a forage harvester (Guerra et al., 2016; Spinelli et al., 2009).

Whole-tree chips present a high moisture content and low density
while presenting some difficulties in transportation, storage and use.
The briquetting process presents as an alternative to producing a
homogenous and high-density solid product (Grover and Mishra, 1996),
improving the biomass quality and reducing supply chain costs
(Demirbas, 2010; Kaliyan and Morey, 2009).

Knowledge about the physical and chemical characteristics of bri-
quettes is important to be able to understand the behavior of the burnt
fuel, and to consolidate the viability of the biomass supply chain. The
briquetting process was consolidated for use in agroindustrial residues

(Felfli et al., 2011). However, few studies evaluated briquettes from
SRC managed under tropical conditions, and its energy potential was
not clearly defined.

It is known that raw material has a great influence on the quality of
briquettes. For forest biomass, the leaves have superior heating value
than woody fractions (Cuiping et al., 2004; Pérez et al., 2011), but they
have a higher ash content which implies several industrial problems
such as encrustation and abrasive wear in metal machines. These as-
pects also influence its market price (Stolarski et al., 2013).

This paper aims to assess the quality of the briquettes produced
from 2 years of eucalyptus plantations managed on SRC. To accomplish
this objective, the SRC biomass was separated into stem (wood and
bark), branches and leaves, and the physical, chemical and mechanical
properties of briquettes were studied.

2. Materials and methods

2.1. Sampling and material preparation

The sample trees were obtained from an interspecific hybrid of
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Eucalyptus urophylla × Eucalyptus grandis (clone C219) plantations that
were 2 years old, located at Botucatu City (22°58′S and 48°25′W) Sao
Paulo State – Brazil. The local region has an average altitude of 872m, a
mean annual precipitation of about 1428 mm year−1 and an annual
average temperature of 20 °C. The soil of experimental area was a Red-
Yellow Latosol (Oxisol). The crops were managed with a high density of
trees per hectare, plots with 2.8 × 1.5 m (2380 trees/ha) and
2.8 × 0.5 m (7142 trees/ha).

The equipment used for harvest was New Holland harvester
(FR9060 model) fitted with the 130FB header. Twelve medium-sized
trees (6–8 cm of diameter breast height and 9–11 m of mean height)
were selected for sampling in the different density planting of
Eucalyptus SRC. The trees were separated in the following proportions:
stem (wood and bark), branches and leaves. There were collected 8.5 kg
of stem, 1.7 kg of branches and 1.5 kg of leaves. After air drying, each
portion of the biomass from 12 trees was grinded in a Wiley-type mill
and homogenized in a plastic bag.

The material was conditioned to equilibrium in a climate-controlled
room under 65% relative humidity, and 21 °C (approximately 12%
equilibrium moisture content). The briquettes were produced using a
hydraulic press (Marcon, model MPH-30). The briquetting process was
performed with 122 MPa of compaction pressure with 30 s of press
time, without the use of temperature and binder. It was used a cy-
lindrical shape metallic support with 35 mm diameter and 160 mm
height to apply this pressure. It was used approximately 1200 g of mass
for briquetting process (20 g per briquette) with 35 mm diameter and
20 mm height.

Four treatments (15 specimens per treatments) were studied con-
sidering the different biomasses: 1. stem; 2. branches; 3. leaves and 4.
mix (produced according to the real proportions of forest – 72.4% stem,
14.5% branches and 13.1% for leaves). The tests were conducted in the
Laboratory of Bioenergy and Lignocellulosic Materials at the Federal
University of São Carlos in Sorocaba-SP, Brazil.

2.2. Physical tests

The physical characterization was carried out with the following
tests: particle size distribution by sifting on 40–200 mesh screens, bulk
density of raw materials at dry-air moisture content, briquettes density
and expansion (volumetric, axial and radial) at 12% of moisture con-
tent. The briquette density was determined by the ratio of the mass and
volume, and the dimensions measurements were obtained within an
accuracy of 0.001 mm. The expansions were evaluated at 0, 4, 12, 24,
48 and 120 h after production of briquettes. They were maintained in
plastic bags throughout this period of the test to avoid humidification.

2.3. Chemical tests

The higher heating value (HHV) was obtained by calorimeter, and
the lower heating value (LHV) was estimated according to CEN 14918
(2005) using default values found in the Annexure H. Also, the en-
ergetic density of briquettes was obtained product-wise between sta-
bilized briquette density and lower heating value. The volatile matter
(ASTM E872-82, 2006), ash (ASTM D1102-84, 2007) and fixed carbon
(summation of percentage moisture, ash and volatile matter subtracted
from 100) were also obtained. All chemical properties were determined
in triplicate.

2.4. Mechanical tests

The briquettes were mechanically tested in diametrical compression
according to NBR 7222 (2011). A computer-controlled electro-
mechanical testing machine EMIC DL30000 (Fig. 1) with 5 kn load cell
was used.

Additionally, friability tests were carried out in five samples using a
dustproof rotating drum (internal dimensions: 300 mm× 300 mm
× 100 mm) with 35 rpm during 15 min, resulting in 500 spins. After
the procedure, the material was removed from the drum and separated
by a sieve with a mesh aperture of 6.3 mm. The material retained on the
sieve was weighed. This property is commonly used to evaluate any
mechanical action which mainly takes place during transportation,
handling and storage of briquettes (Kaliyan and Morey, 2009; Mkini
and Bakari, 2015).

2.5. SEM-EDS analysis of ashes from SRC biomass

Owing to relevant importance of ash in the industrial process,
qualitative and quantitative analyses were realized using a scanning
electron microscope (SEM) of Hitachi model TM3000, equipped with an
energy-dispersive spectroscopy detector (EDS).

Ten positions, randomly for each sample fraction, were captured
with 500× zoom and 15 kV potential difference in EDS mode opera-
tion, and the chemical elements were identified by Quantax 70 soft-
ware.

2.6. Statistical methods of analysis

Basic statistics (central tendency and dispersion) were used in the
reporting of properties and SEM-EDS analysis.

The treatments were evaluated by analysis of variance, com-
plemented by a Tukey test (significant at p < 0.05). It was used the
software R (R Development Core Team, 2013).

Fig. 1. Briquettes samples and diametrical compression test.
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3. Results and discussion

3.1. Properties of briquettes

The particle size distribution before briquetting has been detailed in
Fig. 2.

The stem and mix treatments were mainly characterized by 40 mesh
fraction, 72% and 64%, respectively. The branches and leaves have
shown more friability, generating more quantities of fine particles
(60 mesh and upper).

Physical and chemical properties of briquettes were statistically
different in the treatments (Table 1). The results corroborated with
Stolarski et al. (2013) and Srivastava et al. (2014) studying other en-
ergy plants.

The results of briquettes’ density were similar to those obtained by
Ramírez-Gómez et al. (2014) for briquettes of agroforestry residues.
Differences among density of fractions can be attributed to particle size
distribution of samples. Usually, small particles provide a higher den-
sity briquette because of a greater surface area during densification
(Tumuluru et al., 2011), however, this trend was not observed and
might be attributed to differences in quality of raw material.

The briquettes’ densities were almost 7–24 times higher than the
bulk density. This densification can reduce the transportation cost
which is one of the challenges that seek the economic viability of lig-
nocellulosic products in the supply chain (Papadopoulou et al., 2015).

Higher volatile matter was found in stem biomass, suggesting a
more reactive and easily ignitable fuel (Lewandowski and Kicherer,
1997). Already, the leaf biomass obtained a higher fixed carbon that
promotes a slow burning compared with other fractions studied.

Energy parameters were superior in briquettes from leaves resulting
in higher HHV. It can be explained due to the higher total extractive
content of chemical composition of leaves than woody fraction
(Senelwa and Sims, 1999). However, they also reached greater ash
content which involves several industrial problems such as encrustation
and abrasive wear on a metal machine, limiting its use.

The physical, chemical and mechanical results in this study, com-
pared to the older woody species (Brožek et al., 2012; Stolarski et al.,
2013) indicates the potential of younger crops to provide a high-quality
briquette. Brasil et al. (2015) showed that forest materials can be used
for mixing with sugarcane bagasse that is traditionally used for bioe-
nergy in Brazil.

Mechanical performance of stem briquettes was superior to other
biomasses, probably due to material content (fibers) and distribution of
homogenous particle size (Kaliyan and Morey, 2009). A higher friability
performance was found for leaves and branch briquettes, which can
produce substantial material losses during transportation and storage in
any supply chain (Tumuluru et al., 2011).

Expansion tests were statistically different among fractions (Fig. 3).
At 48 h, briquettes reached a stabilized value, and lower data were
observed for stem and mix treatments.

It is possible to identify two groups on expansion analysis char-
acterized by woody (stem, branches and mix) and non-woody fractions
(leaves) at 12% of moisture content. Lower expansion values were
found for woody briquettes, and it can be explained due to the cellular
structure of wood. During densification, the attraction between cellu-
lose tubes can be increased with the presence of moisture content.
According to Tumuluru et al. (2011), the densification provided inter-
facial forces and capillary pressures resulting in a more stable briquette.

Properties studied indicated that stem and mix fractions will be
more suitable for energy use, followed by branches and leaves.

3.2. SEM-EDS perspective of ashes from SRC biomass

Ash has a relevant impact on industrial activities, and may cause
significant damage to metallic equipment during the briquetting pro-
cess. Therefore, ash content can negate the use of raw material as bri-
quettes.

It was observed, that calcium was the most abundant element pre-
sent in the ashes of SRC biomass (Table 2). The elements Ca, K and Mg,
represented approximately 80% of the mineral phase. Other elements
such as Al, Mn, S, Fe and Si had a greater variation, although they
represented less than 10% of the total composition.

Table 1
Physical, chemical and mechanical properties of briquettes.

Parameters Unit Briquettes

Stem Branches Leaves Mix

Bulk density a kg m−3 128 ± 4 a 71 ± 4 c 36 ± 2 d 93 ± 5 b
Briquette density b kg m−3 924 ± 12 a 851 ± 8 c 866 ± 19 b 912 ± 7 a
Fixed carbon wt% (DM) 14.4 ± 0.2 c 17.3 ± 0.3 b 18.4 ± 0.2 a 18.1 ± 0.5 a
Volatile matter wt% (DM) 84.5 ± 0.3 a 81.2 ± 0.3 b 78.5 ± 0.2 c 80.9 ± 0.6 b
Ash content wt% (DM) 1.1 ± 0.1 c 1.5 ± 0.1 b 3.1 ± 0.1 a 1.0 ± 0.1 c
Higher heating value MJ kg−1 (DM) 18.9 ± 0.1 b 19.2 ± 0.2 b 22.0 ± 0.1 a 19.1 ± 0.5 b
Lower heating value MJ kg−1 (FM) 15.4 ± 0.1 b 15.7 ± 0.2 b 18.2 ± 0.1 a 15.6 ± 0.4 b
Energy density b GJ m−3 14.2 ± 0.2 b 13.4 ± 0.1 d 15.8 ± 0.3 a 14.2 ± 0.1 b
Abrasion b wt% (FM) 9.8 ± 0.9 c 54.8 ± 4.2 a 52.2 ± 4.5 a 16.8 ± 2.0 b
Compression strength diametrical b MPa 0.91 ± 0.06 a 0.25 ± 0.01 c 0.22 ± 0.01 d 0.63 ± 0.03 b
Modulus of elasticity b MPa 30.2 ± 1.80 a 10.9 ± 0.42 c 7.4 ± 0.63 d 22.7 ± 2.22 b

Note: DM = dry mass; FM= fresh mass; wt = weight total; a bulk density of comminuted raw material determined at equilibrium moisture content; b briquettes conditioned at 12%
moisture content.
The means that do not differ from each other at the 0.05 significance level by Tukey test are marked with the same letters at same rows.

Fig. 2. Particle size distribution before briquetting.
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It was established, that the following sequence of chemical elements
for stem fraction: Ca > K > Mg > Na > Cl = P > Al = Mn
> Fe = S > Si; for branches fraction: Ca > K > Mg > Na
> P > Cl = Al = Mn > Fe = Si = S; and leaves fraction:
Ca > K= Mg > P > Si = Al > Na > Cl = Fe > Mn = S.

Silica has a significant role to play in the damage of industrial
equipment in the briquetting process. This damage is occasioned due to
the formation of silicates, as shown in Fig. 4.

Although, it was found that there were small amounts of silica in the
ashes of SRC biomass. This result was based on clean samples and, if
used at commercial scale, soil particles loaded during harvesting must
be taken into consideration.

The images also showed the presence of other regular structures,
predominantly of Fe and Al elements (Fig. 5). In the combustion of

briquettes, these compounds could lead to a serious technical problem
for boilers. Generally, alkali metals are the main causes for the pro-
duction of slag and encrustations (Cuiping et al., 2004).

The results showed that there is a potential to use the whole tree of
SRC biomass. During the cycle, the eucalyptus leaves fall naturally and
are deposited in the soil and its retention in soil has an important
contribution to organic matter, thus maintaining it for further rotations
(Achat et al., 2015).

4. Conclusions

Briquetting is a feasible option for solving low density issue of
biomass from SRC.

Physical, chemical and mechanical properties indicated that the
stem and mix briquettes (whole tree) were better options for energy
use. Higher ash content and poor mechanical performances were ne-
gative aspects for use of leaf and branch biomass for briquetting.

It was found that the presence of silica and other structures (pre-
dominately composed of Al and Fe) in the ashes of briquettes were
likely to cause serious drawbacks to the industrial process.
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Table 2
Chemical elements of ashes from SRC biomass of Eucalyptus grandis × E. urophylla at 2
years old.

Inorganic elements Stem wt% (DM) Branches wt% (DM) Leaves wt% (DM)

Ca 49.97 ± 2.5 55.31 ± 2.9 36.90 ± 2.3
K 22.19 ± 1.6 21.54 ± 1.6 21.43 ± 2.3
Mg 10.27 ± 1.2 9.50 ± 1.2 20.24 ± 1.7
Na 7.32 ± 0.6 4.57 ± 0.8 2.20 ± 0.5
Cl 2.70 ± 0.9 1.76 ± 1.0 1.68 ± 0.3
P 2.29 ± 0.3 2.79 ± 0.3 7.24 ± 0.7
Al 1.68 ± 0.7 1.32 ± 0.5 3.16 ± 1.2
Mn 1.34 ± 0.6 1.22 ± 0.4 1.08 ± 0.2
S 0.79 ± 0.3 0.56 ± 0.3 1.01 ± 0.3
Fe 0.91 ± 0.5 0.91 ± 0.7 1.80 ± 0.5
Si 0.54 ± 0.2 0.61 ± 0.3 3.15 ± 0.6

Fig. 3. Expansion tests after briquetting at 12% of
moisture content.
The means that do not differ from each other at the
0.05 significance level by Tukey's test are marked
with the same letters.
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