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ABSTRACT

The characteristics of wood and charcoal depend on the genetic material and the sampling position
on the tree trunk. The objective of this study was to evaluate the effect of clone and longitudinal
position on the characteristics of wood and charcoal of Eucalyptus grandis x Eucalyptus urophylla.
Specimens belonging to 1144 and GG100 clones both at seven years of age were felled and mechanically
processed for disc removal at different longitudinal positions of 0, 3, 6, 9, 12 and 15 meters
from the ground. The wood and charcoal physical and energetic characteristics were evaluated
according to the different longitudinal positions. The genetic material and longitudinal position
influenced the wood and charcoal characteristics. Sampling positions on the tree trunks can be
considered for the energetic direction of “in natura” or carbonized biomass.
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1. INTRODUCTION

Population growth and economic and technological
acceleration have rapidly increased global energy
demands. The widespread use of fossil fuels contributes
to air pollution due to the release Greenhouse Gases
(GHG) from their burning, considered one of the
main agents responsible for climate change (IPCC,
2013; IEA, 2015).

In this regard, it is worth highlighting the need for
global efforts to combat climate change: for example
by increasing the proportion of renewable energy in
the energy matrix, such as biomass. The use of forest
biomass stands out given the representativeness of the
Brazilian forestry sector and its potential for growth as
being among the most sustainable in the world. Currently,
planted forests represent an area of 7.8 million hectares,
of which 5.6 million hectares consists of species from
the Eucalyptus genus (IBA, 2016), with emphasis on
Eucalyptus grandis x Eucalyptus urophylla hybrids.
Among the “urograndis” hybrids, we can highlight
the clones 1144 and GG100 due to their widespread
cultivation due to their high productivitiy and suitable
characteristics in the production of solid fuels, such
as charcoal (Trugilho et al., 2001; Assis et al., 2012;
Carneiro et al., 2014; Protasio et al., 2013; 2014).

Considered one of the most important inputs of
the national steel/metallurgic industry, 4.6 million tons
of charcoal were consumed in Brazil in 2015, of which
82% or 43 million cubic meters were produced from
eucalyptus wood forest plantations (IBA, 2016). Charcoal
represents an excellent raw material for the Brazilian
steel industry due to its behavior as a fuel and reducer,
its high purity, low production cost and for being a
renewable and environmentally friendly product when
produced from planted forests (Carneiro etal., 2017).

Charcoal quality depends on wood characteristics
and the parameters used in the carbonization process
(Trugilho et al., 1997; Nones et al., 2015; Castro et al.,
2016). These characteristics vary depending on the genetic
material and throughout the tree trunk. Therefore, the
wood of a given clone and its longitudinal position may
affect charcoal characteristics (Arantes et al., 2013;
Buttini etal., 2013; Silva et al., 2015; Oliveira et al., 2017).

The effects of genetic material on wood and charcoal
characteristics from eucalyptus have been observed
by several authors such as Protédsio et al. (2014)

and Carneiro et al. (2017). The studies carried out
by Trugilho et al. (2005), Arantes et al. (2013) and
Buttini et al. (2013) with Eucalyptus species and clones
indicate that the sampling performed on the tree
trunks influences the quality of the charcoal produced.
Despite these studies highlighting this, research
relating the sampling position on the tree trunk and
the biomass quality before and after carbonization is
scarce. This evaluation may indicate and help guide
which tree trunk parts have better characteristics for
energy use of the biomass “in natura” or carbonized.

Therefore, the objective of this study was to evaluate
the effect of clone and longitudinal position on the tree
trunks of Eucalyptus grandis x Eucalyptus urophylla
hybrids on the wood and charcoal characteristics.

2. MATERIAL AND METHODS

2.1. Selection of trees, tree felling and sample
preparation

To evaluate the Eucalyptus wood and
charcoal characteristics, ten 7-year-old trees
from GG100 and 1144 clones (Eucalytus grandis x
Eucalyptus urophylla clonal hybrids) were selected
at random, with 5 trees of each clone from a forest
plantation located in the city of Nerépolis in the central
region of the State of Goias (altitude of 832 m and
geographic coordinates corresponding to 16°24° 21”7 S
and 49° 13’ 08” E/W). The region is characterized by a
tropical climate, classified as Aw according to Képpen
and Geiger classifications, with average temperatures
of 23.0 °C and average annual rainfall of 1432 mm.

The selected trees were felled and two wooden
discs (each five centimeters thick) were cut at different
longitudinal positions 0, 3, 6,9, 12 and 15 meters from
the ground, as suggested by Sette et al. (2013, 2014).
One of the disks from each tree and position was used
to characterize the wood and the other to produce and
characterize the charcoal.

For the wood characterization, the discs prepared
from the different longitudinal positions were segmented
into wedges and (i) two opposing wedges were used to
determine wood basic density, while (ii) another two
opposing wedges were transformed into sawdust using
a Wiley mill and subjected to mechanical separation
in an orbital shaker with intermittent beating sieves to
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select the retained fraction in an international No. 24
sieve with 60 mesh.

For charcoal production and characterization, the
remaining discs collected from different longitudinal
positions in the tree trunks were similarly cut into
wedges, and pre-dried in an oven at 105 °C. The samples
were carbonized in a muffle oven with dimensions
of 60 x 60 x 70 cm equipped with a control system
for temperature and time, using a heating rate of
approximately 1.67 °C.min" and final temperature
of 450 °C, remaining stable at this temperature for
30 minutes (Assis et al., 2012; Arantes et al., 2013;
Soares et al., 2014; Soares et al., 2015).

Gravimetric yield was determined after each
carbonization; the charcoal was then milled using a
Wiley mill and the samples were subjected to mechanical
separation in an orbital shaker with intermittent beating
sieves to select the retained fraction in an international
No. 24 sieve with 60 mesh.

2.2. Wood and charcoal characterization

The analyses described below were performed
on both wood and charcoal. The procedures for the
proximate analysis are based on the ASTM E872-82 and
ASTM D1102-84.34 standards (ASTM International,
2013a, c) to determine the volatile matter, ash and
fixed carbon contents.

The high heating value (HHV) was determined
according to the ASTM D5865-13 standard (ASTM
International, 2013b) using an adiabatic calorimeter.

Wood basic density was determined according
to the hydrostatic method by immersion in water, as
described by the NBR 11941/2003 standard (ABNT,
2003) and the apparent relative density of charcoal
was determined according to the method proposed by
Vital (1984). The energy density was calculated from
the product using the HHV value of the wood and
the charcoal according to their respective densities.

2.3. Statistical data analysis

A completely randomized design was used for
statistical data analysis arranged in a subdivided
plot scheme, considering the trees as plots and the
longitudinal positions as subplots. Analyses were
carried out in the R program (R Core Team, 2017) using
the ggplot2 package (Wickham, 2009) to acquire the

graphs with regression adjustments. In this program,
the “outliers”, data normality and distributions, as
well as an assumption of variance homogeneity were
evaluated. After the assumptions were met, analysis of
variance (ANOVA) was performed to verify the effect of
the clone, the longitudinal position and the interaction
between clone and position at 5% probability.

3. RESULTS

3.1. Wood and charcoal characteristics: effect
of the clones

The analysis of variance and the mean values
for wood and charcoal characteristics from
Eucalyptus grandis x urophylla clones are presented
in Tables 1 and 2, with the indication of a significant
effect of the genetic material for some variables.

The wood basic density and the apparent relative
density of charcoal were statistically higher in the
GG100 clone than the 1144 clone. The mean values
obtained in this study for both wood (0.44-0.50 g.cm™)
and charcoal (0.33-0.37 g.cm™) are in agreement with
those mentioned in the literature by Santos et al. (2011),
Neves et al. (2011) and Carneiro et al. (2014).

The mean HHYV values for wood and charcoal ranged
from 4727-4733 kcal.kg"' and 6830-6891 kcal.kg™,
respectively, with no significant effect from the clone being
detected (Table 1). Neves et al. (2011), Carneiro et al.
(2014) and Soares et al. (2015) reported that the high
heating value for Eucalyptus sp. wood and charcoal
are close to 4600 and 7000 kcal. kg™, respectively,
corroborating the results found in the present study.

A significant effect of the clone was verified
for the wood and charcoal energy densities, with
higher values being observed for the GG100 clone
(2.37 and 2.48 Gcal.m?, respectively) compared to
the 1144 clone (2.09 and 2.27 Gcal.m?, respectively).

Analysis of variance of the proximate analysis
parameters for the wood indicated a significant effect
of the clones for ash content and not significant result
for the volatile and fixed carbon contents, consistent
with results found for different Eucalyptus sp. clones
(Protasio et al., 2013; Arantes et al., 2013; Soares et al.,
2014; Carneiro et al., 2017).

The proximate charcoal analysis indicated a significant
effect of the clone for all levels, with higher values for
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Table 1. Analysis of variance and wood and charcoal characteristics from Eucalyptus clones.

Charcoal
(kcal. kg™) (Gcal.m?)
Clone 1 0.008945*% 232 0.3546*
Plotresidue 4  0.000432 105 0.0106
GG100 - 0.37(6.8) 6830 (5.6) 2.48 (8.4)
1144 - 0.33(7.8) 6891 (7.2) 227 (12.8)
Position 5 0.0017475% 364477 0.19596*
Clone x Position 5 0.0001506 29739 0.00833
Sr‘fs’i'glllzt 20 0.0005534 82 0.05641

0.03349***
0.00032
0.50 (3.1)
0.44 (3.8)
0.0002335*
0.00008517

0.00004357

380
11645
4727 (3.3)
4733 (4.5)
51176%**
12212

6187

(Gcal.m?)
0.7316**
0.0145
2.37 (4.7)
2.09 (5.0)
0.028711***
0.003994

0.002519

*#%0.001; ** 0.01; * 0.05. VF = variation factor; d.f.=degree of freedom; Mean followed by coefficient of variation. ARD=apparent
relative density; BD= wood basic density; HHV= high heating value; ED= energy density.

Table 2. Analysis of variance and wood and charcoal characteristics from Eucalyptus clones.

Charcoal
Volatile Carbon Volatile Carbon
(%) (%) (%) (%)
Clone 1 1.655** 58.65%% 79.89%** 7.385 0.06534* 0.0003 0.0742
Plot residue 4 0.026 1.1 0.92 20.77 0.00797 0.4383 0.3956
1.00 29.50 69.49 0.20 83.19 16.62
GG100 T 182) (7.1) (3.0) 30.99(14.0) 155y (2.0) (7.0)
0.62 26.95 72.43 0.13 83.18 16.69
T144 - (15.3) (9.6) (6.0) SHEEW ) (1.0) (5.0)
Position 5 0.30894** 36.68%** 40.13%%* 3.27 0.13723*** 2.2661% 3.1187**
Clone x Position 5 0.14822* 31.66%** 30.85%** 9.16 0.07697*** 1.5473 2.0302
Sub—plot residue 20 0.04804 0.46 0.46 15.88 0.01108 0.8637 0.8627

*#%.0.001; ** 0.01; * 0.05. VF = variation factor; d.f.=degree of freedom; GY= gravimetric yield. Mean followed by coefficient of

variation.

fixed carbon (72.43%) and lower values of ash (0.62%)
and volatile matter (26.95%) in 1144 clones compared
to GG100 clones (69.49; 1.00 and 29.50%, respectively).

Arantes etal. (2013) and Arruda et al. (2013) found
similar mean values of fixed carbon (73 to 77%) and
volatile matter (18 to 24%) in evaluating the charcoal from
Eucalyptus grandis x Eucalyptus urophylla clones under
the same carbonization conditions (final temperature
and heating rate). Santos et al. (2011) and Soares et al.
(2014) found low levels of ash (0.33 to 1.53%) evaluating
different Eucalyptus sp clones and species.

The gravimetric yield of the charcoal had no
significant difference between the clones, with 31%
for GG100 and 30% for 1144. Assis et al. (2012) found
an average yield of 31.6% in evaluating the charcoal

of Eucalyptus grandis x Eucalyptus urophylla clones

under the same carbonization conditions as this study,
corroborating the results observed.

3.2. Wood and charcoal characteristics: the
longitudinal position effect

The analysis of variance (Tables 1 and 2) indicated
a significant sampling position effect in the tree
trunks for wood and charcoal characteristics, except
for gravimetric yield. The clones’ interaction with
the longitudinal position was not significant for
the variables of wood basic and apparent relative
densities, high heating value and energy density, and
the longitudinal position effect was similar between
GG100 and 1144 clones (Figure 1). A significant effect
of the clone x longitudinal position interaction was
observed for the variables of proximate analysis in
the charcoal and for ash in the wood.
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Figure 1. Longitudinal variation of high heating value (HHV), wood basic density, relative apparent density and
energy density for the wood and charcoal of GG100 and 1144 clones. *significant at 5% probability.

Regarding wood basic density and apparent
relative density of charcoal, a linear increase was
observed for both clones with smaller values at the
base (0.49-0.44 g.cm for wood; 0.36-0.35 g.cm™
for the charcoal), and higher values at the top of the
trunk (0.51-0.45 g.cm” for wood; 0.40-0.36 g.cm™
for the charcoal). Similar variations were observed
in Eucalyptus sp. clones by Arruda et al. (2013) and
Buttini et al. (2013).

A significant effect of the longitudinal position
was observed in the wood and charcoal of the GG100
and 1144 clones for HHV (Figure 1), with quadratic
variation models for both clones presenting values
of 4732-4737 kcal.kg' at the base, followed by a
reduction to 4552-4675 kcal.kg™! at the intermediate

portion of the trunk, and an increase towards the top
(4974-4819 kcalkg™). Similar trends were observed
by Quinhones (2011) for Eucalyptus sp. wood clones.

A longitudinal position effect was detected for
the energy density of the wood and the charcoal,
with quadratic models for both clones and the two
variables characterized by reduced values at the base
(0-3 m height) up to the intermediate portion of the
trunk (9 m height), followed by a gradual increase until
the trunk top. This behavior is similar to that observed
by Quinhones (2011) for the wood of Eucalyptus sp.
clones at 7 years of age.

The gravimetric yield was not affected by the
trunk sampling position in the Eucalyptus trees;

therefore, regression models were not adjusted for the
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GG100 or 1144 clones. In a study with Eucalyptus sp.,
Vieira et al. (2013) also found no differences between
the gravimetric yields in charcoal in relation to different

longitudinal positions.

The effect of longitudinal position was significant
for the three proximate analysis variables (ash content,
volatile matter content and fixed carbon content) for
both wood and charcoal. Despite the significant effect,
the data variation did not permit the adjustment of
regression models, only being significant for ash content
(GG100), and for volatile matter and fixed carbon
contents (1144) in the charcoal (Figure 2).

A significant and strong effect of the interaction
between the clones and the longitudinal positions
was observed for these proximate analysis variables
in both wood and charcoal. This interaction
demonstrates that the longitudinal position affects
the variables differently in the two clones studied.
Arantes et al. (2013) also found differences in fixed
carbon content and ash content in their study which
evaluated four different longitudinal positions on
trunks of Eucalyptus grandis x Eucalyptus urophylla.

4. DISCUSSION

¥ =-0.0081x2 + 0.113x +1.2248

Ash content of charcoal (%4}

4.1 Wood and charcoal characteristics: effect
of the clones

The higher wood basic density found in the
GGI100 clone is interesting and very important for
selecting genetic material for energy applications. Wood
density is directly related to optimizing the charcoal
production in the carbonization furnaces. For the same
volume, the denser the wood the greater the mass, and
consequently the greater the charcoal production. High
wood density values are also interesting for producing
high density charcoals (Oliveira et al., 2010; Kumar et al.,
2011), as also observed in this study for the charcoal
density of the GG100 clone (0.37 g.cm®) in comparison
with the 1144 clone (0.33 g.cm’).

HHYV was not influenced by the clone, and an
increase of around 40% in the mean value of the wood
(4727-4733 kcal kg!) and the charcoal were observed
(6830-6891 kcal.kg!). Soares et al. (2015) reported
that the high heating value of charcoal is close to
7000 kcal.kg, corroborating the results obtained in
the present study. The increase of HHV in the charcoal
in relation to “in natura” biomass is related to the

carbonization process, where volatilization of oxygen

y=-0.1202x2 + 1.3133x + 27.016

Volatile content of charcoal (%)
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Figure 2. Longitudinal variation of ash content (GG100), volatile and fixed carbon contents (I1144) of charcoal.

* significant at 5% probability.
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and carbon concentration occur (Carneiro, 2013), as
also observed in this study (Table 2).

Quantification and analysis of lignin content in
the wood are fundamental characteristics for selecting
Eucalyptus clones for bioenergy production due to the
positive and linear relationship between this compound
and the calorific value (Oliveira et al., 2017). Thus, in
order to better explain the behavior of the GG100 and
1144 clones, we recommend determining the lignin,
holocellulose and extractive contents, as well as the
C, H and O concentrations, given that the energy
characteristics are influenced by the chemical biomass
composition.

Both for wood and charcoal, the energy density,
which is the product between density and HHYV, had
trends similar to those observed for density, given
that they are directly dependent on each other for
their determination. The higher and more significant
energetic densities observed for the wood and charcoal
of GG100 in comparison to the 1144 clone are the result
of the higher densities of this clone, since the HHV
did not vary greatly between the clones in either the
wood or charcoal.

Energy density is an important parameter for
solid fuels since it evaluates the amount of energy
stored in a given volume of material. In the case of
charcoal, the energy density values are higher than
those of biomass resulting from increased HHV in
the pyrolyzed material, despite the reduced density in
the charcoals. A low energy density of the biomass in
relation to petroleum and mineral coal implies higher
transportation and storage costs (Couto et al., 2004),
and in this sense pyrolysis is fundamental for increasing
the use of biomass as an energy source.

Wood basic density and energetic density from
the 1144 clone were statistically lower than those of
the GG100 clone, indicating the need for genetically
improving this Eucalyptus clone for these properties
when aiming for bioenergetic use of wood, as indicated
by Protasio et al. (2014).

On the other hand, the charcoal produced with
the wood from the 1144 clone showed lower and
significant levels of ash and volatile matter and higher
levels of fixed carbon contents in relation to GG100
clones (Table 1).

High ash levels are related to the presence of different
amounts and qualities of minerals present in biomass

such as calcium, potassium, phosphorus, magnesium,
iron, and sodium, among others (Vale et al., 2007).
Higher levels of ash are not interesting from the energy
perspective, since they contribute to reducing calorific
value because they do not participate in the combustion
process (Brand, 2010) and can cause damage to burner
structures compromising iron quality, with consequent
formation of cracks and fissures (Neves et al., 2011;
Carneiro, 2013).

Fuels with high fixed carbon content are slower
burning, implying more time inside burning appliances
(Oliveira et al., 2010) which is one of the most important
indicators of charcoal quality as a thermo reducer in
the steel industry, contributing to the increase in blast
furnace productivity (Carneiro, 2013).

The gravimetric yield of the charcoal showed no
significant difference between the GG100 (31%) and
1144 (30%) clones. According to Neves et al. (2011)
when considering productive aspects, it is generally
desirable to obtain high gravimetric yield in charcoal due
to greater utilization of the wood in the carbonization
furnaces, and consequently greater energy production.

As previously mentioned, in addition to the
heating rate and final carbonization temperature, the
gravimetric yield and the other energetic characteristics
are influenced by the chemical biomass composition,
with their determination being recommended to better
explain the behavior of the clones.

4.2 Wood and charcoal characteristics: effect
of the longitudinal position

Although the energetic application of wood from
Eucalyptus trees typically included the entire trunk
for direct burning or to produce charcoal, evaluating
the longitudinal variation in the energy and physical
characteristics of the biomass before and after carbonization
can indicate and direct which parts of the tree trunk
have better characteristics. Moreover, variations in
wood quality along the trunk in the longitudinal and
radial directions have been indicated in the literature
by several authors (Protasio et al., 2014; Carneiro et al.,
2017) as having a significant influence on charcoal
quality, thereby making its investigation fundamental.

The findings of this study indicate that the longitudinal
position along the trunk of Eucalyptus trees influences

the energetic and physical characteristics of the wood and
charcoal in the GG100 and 1144 clones (Tables 1 and 2),



8/10 Silva MF, Fortes MM, Sette Junior CR

Floresta e Ambiente 2018; 25(3): 20160350

except for the gravimetric yield. The effect of the positions
was practically the same for both clones for wood basic
density, apparent relative density of charcoal, high heating
value and energy density.

The variation of wood basic density values followed
a linear tendency of increasing from the base to the
top of the trees for both studied clones. On the other
hand, the apparent relative density of charcoal followed
a positive quadratic trend, with maximum values also
occurring at the trunk top. This tendency is observed
in the literature for different Eucalyptus sp.: higher
values of wood density in the apical region probably
result from the mechanical support requirements of
the tree canopy (Sette et al., 2012).

Mean HHYV values for both wood and charcoal
were also affected in a positive quadratic fashion by
the position, with maximum values occurring at the
trunk top for both clones (Figure 1). As indicated by
Carneiro (2013), HHYV is influenced by the chemical
constitution of the wood, mainly regarding lignin and

extractive contents, as well as carbon contents.

Although not determined in this study, the studies
by Silva et al. (2005) and Sette et al. (2014) observed a
growth tendency for these contents in the wood in relation
to the position along the trunk of Eucalyptus sp. moving
in the base-top direction. This fact may justify the
significant effect of the longitudinal position observed
in this study, with higher values at the base and at the
top. Likewise, the increase of fixed carbon contents
and reduced volatile and ash contents at the top of
Eucalyptus trees, as observed for the GG100 and
1144 clones (Figure 2), may explain the trend observed
for HHV. The ratios found and indicated between HHV
and fixed carbon contents, volatile materials and ash
are usually indicated in the literature (Protasio et. al.,
2011; Vale et al., 2001; Castro et al., 2016).

The energy density of wood and charcoal was also
affected in a quadratic positive way by the longitudinal
positions in both clones (GG100 and 1144). As observed
for the relative apparent density of charcoal and for
HHYV, the energy density reached a maximum at the top
of the trees and a minimum at the positions between
5 and 7 m of the trunk (from the ground). Thus, the
effect of longitudinal position on energy density
observed in this study is related to the significant effect
observed for density and high heating value for both
wood and charcoal (Figure 1).

In relation to proximate analysis (ash, fixed carbon
and volatile materials), it was also possible to observe
a strong interaction between the clone effects and the
longitudinal positions, especially for charcoal. This is
because volatile and carbon contents of the GG100
charcoal were much less affected by the longitudinal
position than those from the I144 clone charcoal. Similar
behavior was observed for the wood ash contents. These
results indicate that the effect of position on the chemical
variables of wood and charcoal may vary according to
the genetic material. Therefore, their determination

is recommended in clones used for energy purposes.

5. CONCLUSION

- The genetic material influenced the energetic and
physical characteristics of the wood and charcoal.

- The energetic characteristics of the wood and
charcoal were influenced by the longitudinal
position on the tree trunk, except for gravimetric
yield.

- The longitudinal position affected the
GG100 and 1144 clones in a similar way in terms
of the wood basic density and apparent relative
density of charcoal, high heating value and energy
density.
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