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Abstract

About 11% of the world’s primary energy consumption comes from biomass. However, a continuing material deficit indicates the
need to find suitable timber for use as bioenergy. In this context, this study aims to determine some chemical and energetic
properties, wood density, and fiber features of 10 Hevea brasiliensis clones, including Eucalyptus tereticornis and E. pellita
species, to understand how the characteristics of studied woods might interfere with higher heating value (HHV) and determine if
these woods and their residues would present potential for bioenergy. In general, HHV results corroborate those in the literature,
e.g., E. pellita (16,502 kJ kgﬁl) lower value, and MT45 H. brasiliensis clone (19,757 kJ kgﬁl) higher value, and woods with
higher extractive contents and lignin content, but lower holocellulose content, of wood pulp, in addition to denser woods with
longer fibers and thicker walls, are woods considered to have higher heating values and, hence, indicated as potential woods for
use in bioenergy. However, it is suggested that wood characteristics should be analyzed together to determine the most suitable
material for use in bioenergy since a high value of one factor influencing HHV would not, in and of itself, establish suitability of
the wood for bioenergy. Nonetheless, all wood samples could have their waste exploited for bioenergy since they range from
16,502 kJ kg ' in E. pellita to 19,757 kJ kg ' in the MT45 clone of H. brasiliensis.
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Introduction

Based on data from the International Energy Agency, Vale and
Gentil [1] report that about 11% of the world’s primary energy
consumption comes from biomass and that such percentage
may be higher in developing countries, particularly in the case
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of inaccurate official information. Most of this energy is gen-
erated directly by wood, or its residues, derived from indus-
trial processes that use wood as a raw material. In general, the
contribution of waste of different types to Brazilian energy
balance is still relatively small, and available potential of ag-
roforestry waste is not yet fully known [1].

Among the largest producers of forest derivatives in 2005,
Brazil contributed 8% of the world’s production of wood for
energy, behind only India (17%) and China (11%). In 2006,
Brazil had the second largest area reforested by Eucalyptus in
the world, behind only India. In summary, Brazil has, so far,
met the exceptional demands of forest-based industries, and
the country has developed technologies for genetic improve-
ment and forest management that place Brazil among pro-
ducers of forest products at the lowest cost and highest pro-
ductivity. In addition, the country’s expansive lands and good
soil and climatic conditions contribute to tree plantation and
rapid forest growth. Additionally, it has a workforce with
technological knowledge of forestry activities [2].

According to Nahuz [3], the industrial consumption of Pinus
and Eucalyptus wood is mainly intended to supply the pulp and
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charcoal industry with raw material, especially for the steel in-
dustry. The Brazilian consumption of charcoal was 38 million
m?> in 2005; however, a wood deficit of 200 thousand ha/year
persists. In the case of Hevea brasiliensis, production in the state
of Sdo Paulo in 2015 reached 134,088 tons, which was harvest-
ed in an area of 60,358 ha [4]. Most of this production was
located in the northwestern part of the state, and according to
projections between 2039 and 2043, the goal is that more than
90,000 m> of wood will be produced. Northwestern Sao Paulo
state is one of the main furniture manufacturing hubs. The in-
frastructure of H. brasiliensis wood here not only impacts fur-
niture manufacture, but also latex exploration and the use of
wood residues for bioenergy [5]. The rubber crop has a produc-
tive cycle of about 30 years [6], and the demand for increased
production for latex extraction is ongoing; however, this in-
crease will also lead to the generation of waste that up to now
has not found any practical uses. Once such purposes have been
established, these residues could be disseminated to small and
medium producers. Since (1) latex extraction is a priority and (2)
silvicultural practices have not been adopted for the production
of wood, all woody material can be used as biomass in the form
of firewood or pellets. Thus, the large volume of H. brasiliensis
wood produced suggests its potential use in bioenergy.

In the chain of planted forests, 75 to 90% of waste is gen-
erated throughout the production process [7]. Depending on
waste volume, these residues can be processed into pellets (6—
16 mm in diameter and 25-30 mm in length) or briquettes
(50-100 mm in diameter and 250400 mm in length). In ad-
dition to presenting higher heating value than firewood, pel-
lets and briquettes have greater size and shape uniformity,
greater ease of storage, and greater fire safety. These advan-
tages over raw wood have increased growth in the supply of
pellets and briquettes in the domestic market, as well as their
export to European and Asian countries that have increased
consumption, mainly for domestic heating and use in small
and medium companies [8].

Such data highlight the need to find materials that will meet
the demand for lumber and the demand for its waste as
bioenergy. Quirino et al. [9] compiled information from higher
heating value (HHV) and density of 240 woods, giving the
scale of diversity of biomass production from wood residues.
However, it is essential that the potential for biomass also be
determined from planting conditions in which ages and spac-
ing of trees are known so that accurate information is provided
to producers. In the present study was chosen a Brazilian
native species, Hevea brasiliensis. The species is very impor-
tant in latex production, but at the end of latex exploration,
few studies have assessed its potential for wood applications,
and as mentioned above by Gongalves [5], this species repre-
sents a large number of plantations in the state of Sdo Paulo.
Were also studied two species of Eucalyptus: E. tereticornis
and E. pellita. Both were tested in the Forest Genetic
Improvement Program of the Forest Institute to determine

seed production and certify wood qualities and forest deriva-
tives [10].

Hevea brasiliensis (Willd. ex A. Juss.) Miill. Arg
(Euphorbiaceae) is a native species, not endemic to Brazil,
with geographical distribution in the northern and northeast-
ern regions of Brazil [11]. Eucalyptus tereticornis Sm.
(Myrtaceae) presents extensive natural distribution over a
range of about 100 km in width south of Papua, New
Guinea, and in northern Queensland, south of Victoria, along
the eastern coast of Australia. It was one of'the first Eucalyptus
trees exported from Australia, and it is currently grown all
over the tropics on a large scale in both India and Brazil.
The wood is used for construction, railway sleepers, and par-
ticleboard, as well as various wood products [12]. Eucalyptus
pellita F. Muell (Myrtaceae) is a perennial tree with a large,
heavily branched crown, and it can grow up to 40 m in height.
The best specimens have a straight trunk up to half the total
height of the tree and up to 100 cm in diameter. It has been
planted for wood in many areas of the subtropics and tropics,
including Papua, New Guinea, Indonesia, India, Kenya, the
Congo, and Brazil. Owing to its wide crown, E. pellita is
suitable for shade and windbreak. It is recommended for af-
forestation of coastal lands, and with its ornamental value, it is
often planted in parks [13].

While these species are important for wood purposes, few
studies have characterized their properties in homogeneous
plantations with known spacing. Thus, this is a unique oppor-
tunity to increase knowledge about the chemical properties,
wood density, and anatomy of a native species and two refor-
estation species. In this context, this study aims to determine
some chemical and energetic properties, wood density, and
fiber features of 10 Hevea brasiliensis clones, as well as
Eucalyptus tereticornis and E. pellita, to understand how these
characteristics might interfere with higher heating value
(HHV) and determine if these woods and their residues rep-
resent potential for bioenergy.

Materials and Methods
Location and Sampling

Wood samples of Hevea brasiliensis were collected from 30
trees, three of each clones, in the municipality of Selviria,
Mato Grosso do Sul State (20° 20" S, 51° 24" W, clevation
350 m). The Hevea brasiliensis plantation was established in
2006 at a spacing of 3 x 3 m from seeds of free-pollinated
clones (from crossing clones of RRIM600, PB235,
IRCAL111, TAC15, ROI110, TAC307, TAC44, FX3864,
MT45, and 1-12-56-77). Soil in the experimental area was
classified as Red Latosol, a clayey texture [14].

Wood samples of Eucalyptus tereticornis and Eucalyptus
pellita were collected from 10 trees of each species in the
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municipality of Batatais, Sdo Paulo State (47° 31’ S, 47° 21’
W, elevation 880 m) [15]. The E. tereticornis plantation was
established in 1986 at a spacing of 3 x 2 m with seeds from
Helenvale, Ravenshoe and Mt. Garnet, Australia. The
E. pellita plantation was established in 1986 at a spacing of
4 x 4 m with seeds from Helenvale and Cole, Australia. Soil in
the experimental area was classified as dystroferric Red
Latosol (Oxisol) and dystrophic Red-Yellow Latosol, a medi-
um texture [14].

In 2017, selected trees were felled and discs 10 ¢cm in
thickness from each tree at breast height (1.3 m from the
ground) were cut. From each tree, a DBH disc (diameter at
breast height—1.30 m) was obtained and from each disc,
samples close to the bark were used to determine higher
heating value, chemical constituents, wood density, and fiber
dimensions (Fig. 1). Mean height and DBH are shown in
Table 1.

Higher Heating Value

The samples were fragmented into smaller pieces with a ham-
mer and chisel and milled in a micro mill. Higher heating
value was determined after thermal rectification with dry sam-
ples. To perform the analysis, the isoperibolic method was
used with an IKA C200 calorimeter, according to ASTM
D5865-98 [16].

Fig. 1 Schematic illustration of
samples for higher heating value
and chemical constituents,
including extractives, lignin
contents and holocellulose, as
well as wood density and fiber
dimensions, including fiber
length, fiber diameter, and fiber
wall thickness

DBH
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Table 1 Dendrometric data of 10 clones of 10-year-old Hevea
brasiliensis trees and 31-year-old Eucalyptus tereticornis and
Eucalyptus pellita trees. DBH = diameter at breast height (1.3 m from
the ground)

Species/clone Mean height (m) Mean DBH (cm)
H. brasiliensis/RRIM600 17.5 17.7
H. brasiliensis/PB235 13.0 17.1
H. brasiliensis/IRCA111 18.1 17.6
H. brasiliensis/IAC15 18.5 18.8
H. brasiliensis/ROI110 19.5 15.1
H. brasiliensis/IAC307 18.9 16.0
H. brasiliensis/IAC44 19.3 17.7
H. brasiliensis/FX3864 18.8 14.5
H. brasiliensis/MT45 18.1 15.2
H. brasiliensis/1-12-56-77 17.3 20.4
Eucalyptus tereticornis 20.2 17.7
Eucalyptus pellita 19.6 24.6

Chemical Assays
To determine extractives (EX) and lignin (LI) contents, TAPPI
standards T204 (2004a) and T222 (2004b) were used, respec-

tively. The samples were fragmented into smaller pieces with
a hammer and chisel and milled in a micro mill. The resulting

a-c. higher heating value and
chemical constituents.
d. wood density and fiber dimensions.

’w’m

10cm
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powder was sieved through 40 and 60 mesh screens, and the
material retained on the last sieve was used for analysis. The
analyses were sequential such that the extractives were first
removed, then lignin by acid treatment and holocellulose con-
tent was calculated. For extractive contents, solutions of tolu-
ene: alcohol (2:1 v:v) and alcohol extractions were employed,
at times exceeding 12 h in a Soxhlet extractor. For lignin,
extractive-free powder was prepared in several stages with
72% sulfuric acid to obtain insoluble and soluble lignin
(Cary 100 UV—-visible spectrophotometer). Finally, the two
values of lignin were added. Insoluble lignin (IL) content
was determined as IL =[(DWlig) / (DW)] x 100, where
DW = dry sawdust weight, and DWlig = dry weight of insol-
uble lignin. Soluble lignin (SL) filtrates were analyzed and the
blank were read at two wavelengths (215 nm and 280 nm)
using quartz cuvettes, soluble lignin content was determined
as the SL =[4.53 x (L.215 — blank) — (L.280 — blank) / (300 %
DW) x 100], where DW =dry sawdust weight. Ex and Li
were expressed as a percentage (%) of oven-dry weight of
unextracted wood. Then, the holocellulose (HO) content was
determined as Ho =100 — (Ex + Li)].

Density (p12)

Wood density was determined according to Glass and Zelinka
[17], which consisted of evaluating the mass and volume at
12% moisture content (MC). Specimens of 2 cm x 2 cm %
3 cm were conditioned at constant temperature (21 °C) and
65% MC, respectively, and in these conditions, the mass was
determined using an analytical balance, and the volume was
estimated by means of measurements of their dimensions with
a caliper.

Fiber Analysis

Fragments to prepare macerations were taken from same sam-
ples used for wood density measurements. These fragments
were prepared according to the modified Franklin method
[18], stained with aqueous safranin, and mounted in a solution
of water and glycerin (1:1). Fiber measurements were per-
formed on an Olympus CX 31 microscope equipped with a
camera (Olympus Evolt E330) and a computer with image
analyzer software (Image-Pro 6.3). Terminology followed
the TAWA list [19]. Fiber length (FL), fiber diameter (FD),
and fiber wall thickness (FWT) were evaluated.

Statistical Analysis

Descriptive statistical analysis was initially performed. This
was followed by performing a normality test to observe the
data distribution. For the comparison among Hevea
brasiliensis clones and Eucalyptus species, a parametric anal-
ysis of variance (one-way analysis of variance) was applied. In

the case of significant difference, Tukey’s test was applied to
identify pairwise determinants of differences. Results with
p<0.001 were considered as significant. All statistical analy-
ses were performed using the SigmaPlot software - Exact
Graphs and Data Analysis - version 12.3 (Systat Software
Inc., San Jose, CA, USA).

Results

Higher heating value oscillated among Hevea brasiliensis
clones; therefore, it was not possible to identify any one clone
standing out from the others. Eucalyptus tereticornis had
higher HHV than E. pellita, which was the lowest value ob-
served among all samples (Table 2). The RRIM 600 clone had
higher content of extractives compared to the other clones, but
did not differ from that of E. tereticornis and E. pellita, which,
in turn, did not differ from each other (Table 2). In
H. brasiliensis, higher lignin contents were observed in
ROI110, PB235, IRCA111, IACI15, and FX3864. E. pellita
had higher lignin content than E. tereticornis (Table 2). In H.
brasiliensis, [AC44 and IAC307 had higher holocellulose con-
tent than RRIM600. E. fereticornis had higher holocellulose
content than E. pellita (Table 2).

In H. brasiliensis, wood density was higher in RRIM600,
IACI115, ROI110, TAC307, and FX3864. Also, among these
clones and E. pellita, the highest density was observed in
E. tereticornis (Table 2). Fiber length among H. brasiliensis
clones did not show evident variations, but IAC44 had longer
fibers than TACI15, FX3864, MT45, and 1-12-56-77.
E. tereticornis had longer fibers than E. pellita (Table 2).
Fiber diameter and fiber wall thickness showed a similar result
with oscillation of values among H. brasiliensis clones, with
TAC307 having wider and thicker fibers than MT45.
E. tereticornis had larger fibers than E. pellita (Table 2).

Discussion

Apart from latex, H. brasiliensis produces a large quantity of
biomass. For example, it is estimated that a standing tree (trunk,
branches, and leaves) can produce up to 2.1 m® of biomass
[20]. E. tereticornis and E. pellita wood have low impact in
the Brazilian timber trade, which, in part, results from the scant
knowledge about its wood under planting conditions and trees
older than 30 years, which is the case of present study. Thus,
considering the need preserve forests and reduce dependence
on fossil fuels for energy [20], studies to identify potential
wood for energy from biomass are needed.

For decades, the mean value of HHV in wood =
18,830 kJ kg™ has been known [21]. Other studies report
different values. For example, Phyllis [22] compiled data from
many woods and HHV for hardwood species ranging from
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Table 2
higher heating values, chemical contents, and fiber features

Comparison among 10 clones of 10-year-old Hevea brasiliensis and 31-year-old Eucalyptus tereticornis and Eucalyptus pellita wood by

RRIM600 PB235 IRCAIll IACI5 ROIII0 TAC307 IAC44 FX3864 MT45 1-12-56- E. tereticornis E. pellita
77
HHV 18984bc  19433ab 19388ab  19490ab 1914labc 19212abc 18592¢ 19346ab 19757a  19406ab 19266ab 16502d
(kI kg™
EC (%) 16.34a 13.53cd  13.30cd 11.77d  12.67cd 14.46bc  13.42cd 12.66cd 14.42bc 12.43d  15.70a 15.88a
LC (%) 2481de  25.80cd 26.75cd  26.31c  27.51c 23.0d4ef  22.47f 26.52cd  25.13cde 25.65cde 32.10b 38.86a
HC (%) 58.84d 60.66bcd 59.94cd  61.91bc 59.81cd 62.49ab  64.09a 60.81bcd 60.44bcd 61.91bc 52.18e 45.24f
p 12% 0.61b 0.59¢ 0.57¢ 0.61b 0.66b 0.61b 0.58¢c  0.62cb  0.60c 0.58¢ 1.00a 0.65b
(g em™)
FL (um) 1182ab 1183ab  1149abc  1139bc  1146abc  1152ab  1189a  1122bc  1106bc  1097¢ 994d 910e
FD (um)  27.79abc 27.11bc  27.78abc 27.24bc 27.47abc 28.50a 28.05ab 27.41bc  26.96c  27.53abc 14.82d 13.80¢
FWT (um) 5.03abc  5.08ab  4.90abc  4.78abc 4.75bc 5.13a 4.63bc  4.77abc  4.55¢ 4.61bc  3.71d 3.18¢e

Distinct letters in line differ statistically (P <0.001) by Tukey’s test

HHYV higher heating values, EC extractives content, LC lignin content, /C holocellulose content; p 12% = wood density at 12% moisture content, FL

fiber length, FD fiber diameter, FWT fiber wall thickness

17,384-23,052 kJ kg '. Alakangas [23] reported values be-
tween 21,200 and 21,400 kJ kgﬁ1 in wood from Finland. In
another work compiled by Huhtinen [24], wood does not vary
much from one tree species to another (18700-
21,900 kJ kg "), emphasizing that slightly higher values occur
in coniferous compared to hardwood species. According to
Dietenberger and Hasburgh [25], HHV for wood is about
20,000 kJ kg '. Telmo and Lousada [26] studied 12 of the
main wood species in Portugal, and among five industrial
wood tropical residues, Eucalyptus globulus obtained the low-
est HHV (17,631 kJ kgfl), while the highest HHV was ob-
tained by Bowdichia nitida (20,809 kJ kgfl), a native species,
but not endemic to Brazil [27]. As noted above, HHV values
may vary between countries, and a consensus of the HHV
ranges considered ideal may be adjusted according to demand
and the species available. According to Brazilian market,
values between 16,500 and 18,000 kJ kgf1 are suitable values
for use in bioenergy.

Thus, while only small differences were observed among
the ten H. brasiliensis clones, as well as differences between
these clones and the two Eucalyptus species, the results indi-
cate that all the studied woods have potential for bioenergy use
since the results varied between E. pellita (16,502 kJ kg ") at
the lower limit and MT45 H. brasiliensis (19,757 kI kgﬁl) at
the higher limit. Quirino et al. [9] compiled HHV information
and density of 240 woods, but without age or plant spacing
data. The authors found an average value of 19,798 kJ kg™
with the lowest HHV occurring in Eriotheca globosa
(16,267 kJ kg ') and the highest occurring in Mezilaurus
itauba (22,007 kJ kg ). Among the species studied were
Hevea guianensis (18,765 kJ kg™ ') from same genera of
H. brasiliensis. Tan et al. [28] reported HHV of
19,700 kJ kg™ in an experiment with H. brasiliensis, a value
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close to that of Werther and Saenger [29] who reported
18,410 kJ kg71 for H. brasiliensis waste. Miizel et al. [30]
reported HHV of 17,880 kJ kg ' for Hevea brasiliensis
RRIM600 and GT1 clones.

Between Eucalyptus species, Quirino et al. [9] reported
HHYV in E. tereticornis of 19,501 kJ kg™' and E. pellita of
21,016 kJ kg '. Pereira et al. [31] studied 10.5-year-old
E. tereticornis and E. pellita planted at a spacing of 3 x2 m
in Uberaba, Minas Gerais. The authors reported HHV of
18,317 kJ kg_l in E. tereticornis and 18,982 kJ kg_1 in
E. pellita. In the present study HHV for E. tereticornis was
19,266 kJ kgfl, whereas the lowest HHV was for E. pellita at
16502 kJ kg, as mentioned above. Kumar et al. [32] studied
the effect of tree age on calorific value and other fuel properties
of Eucalyptus hybrid and reported that HHV increases with tree
age. This could explain the values of E. tereticornis, but in
E. pellita, other factors may be at play, such as spacing, as
discussed below with reference to wood density. Lachowicz
et al. [33] studied the influence of location, forest habitat type
and tree age on basic fuel properties of Betula pendula, and
found that all variables, except tree age, have significant influ-
ence on HHYV, including location. Perhaps the difference be-
tween planting sites and possibly between progenies and seed
origin may explain the differences in HHV in Eucalyptus spe-
cies or among H. brasiliensis clones. Thus, it is obviously es-
sential that industries using these materials for energy under-
stand the potential of nearby plantations in order to decrease the
value with transportation.

As higher HHV values were very close, it was tried to
understand what wood characteristics most strongly influence
HHYV. In terms of the chemical constituents, Telmo and
Lousada [26] and Giinther et al. [34] reported that extractives
and lignin content are positively related to HHV. Additionally,
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Bufalino et al. [35], in a study with Toona ciliata and Castro
et al. [36], in a study with Eucalyptus clones, explain that
extractives contribute to higher HHV values owing to their
high calorific value. Similarly, higher lignin content correlates
with higher HHV [37]. According to Pereira [31], high lignin
values contribute to higher gravimetric yield of charcoal from
higher resistance to thermal lignin degradation, which, accord-
ing to Castro et al. [36], occurs from the presence of more
condensed structures. In the case of holocellulose for charcoal
production, the most suitable woods are those with lower lig-
nin content, since the thermal degradation of holocellulose is
faster than lignin, which is more resistant [38, 39].
Dietenberger and Hasburgh [25] reported different HHV for
cellulose and hemicellulose (18.6 kJ kgfl), lignin (23.2—
25.6 kJ kgfl), and extractives (32-37 kJ kgfl). These values
highlight why higher extractives and lignin contents contrib-
ute more than holocellulose to increase of HHV.

In this context, woods with the greatest potential for
bioenergy use would be those with comparatively higher ex-
tractives and lignin content, but lower holocellulose contents.
In H. brasiliensis, RRIM600 (16.3%) and IAC307 (14.5%)
showed higher extractives content, although IAC307 did not
differ from MT45 (14.5%). Eucalyptus tereticornis (15.7%)
and E. pellita (15.9%) also did not present differences com-
pared with these values in H. brasiliensis clones. For lignin
contents in H. brasiliensis, it was not detected a prominence
among the highest values, but the [AC44 clone showed lowest
lignin content (22.4%) and, consequently, highest
holocellulose (64%). Thus, to select materials only for their
chemical constituents, among H. brasiliensis clones,
RRIM600 would be interesting for higher extractives content
and one of the lowest contents of holocellulose, despite low
lignin content. Between the two Eucalyptus species, E. pellita,
despite lower HHV, showed highest lignin (38.8%) and lowest
holocellulose content (45%) compared to E. tereticornis.
According to lignin and holocellulose contents, Eucalyptus
pellita would be more indicated for energy generation than
E. tereticornis; however, the latter seems to be more indicated
for energy generation, owing to higher density.

Another property that has a direct relationship with HHV is
wood density. Studying coal production from lumber industry
residues in northern Brazil, Silva et al. [2] mention that wood
density can be used as one of parameters to select species with
energy potential. Thus, when analyzing wood density as an
indicator of HHV in H. brasiliensis, the selected clones would
be RRIM600, IAC115, ROI110, TAC307, and FX3864.
E. tereticornis had higher potential than E. pellita. It is known
that silvicultural management can interfere with wood density.
In H. brasiliensis, no difference in spacing occurred; there-
fore, spacing had no effect on wood properties among clones.
The spacing in E. tereticornis was 3 x 2 m, whereas in
E. pellita, it was 4 x4 m. In a study with E. camaldulensis,
Neto et al. [40] report spacing to be one of the factors that

interferes with growth in diameter and, consequently, in wood
properties. While larger spacing between trees produces high
dry matter of shoot, as a result of greater growth in diameter, at
reduced spacing, a greater production of biomass per area is
realized since the number of plants per area is greater.
Considering that density is positively related to HHV [7] is
suggested that the potential of E. pellita wood for energy can
be increased by reducing the planting spacing. Additionally,
Quirino et al. [8] suggest that woods with lower densities can
also be used in energy generation; however, the waste must be
transformed. According to Telmo and Lousada [26] and Dias
et al. [7], transformation of residues into pellets and briquettes
increases HHV compared to raw wood. Moreover, high-
density products are desirable in terms of transport, storage,
and handling. Artemio et al. [41] studied pellets obtained from
tropical species and concluded that high-density pellet values
can positively affect energy.

Anatomical composition directly influences physical, me-
chanical, and chemical wood properties [42]. Thus, fiber di-
mensions must influence wood density, which, in turn, influ-
ences HHV. In general, since fibers are the most abundant cells
in woods, especially in the aerial part, compared with roots, it is
expected that fiber variations will affect HHV values, especially
variations in fiber wall thickness, which directly reflects the
quantity of material (wood). In the present study, fiber dimen-
sions did not show significant differences among
H. brasiliensis clones, and since HHV is determined to be
promising for energy use in raw wood if the materials are trans-
formed into briquettes or pellets, they will reach higher HHV.
Fiber dimensions were determined in 10-year-old
H. brasiliensis trees and ranged between 1097 and 1189 um
for FL, 26.9 and 28.5 wm for FD, and 3.1 and 5.1 um for FWT.
The values were close to those found in the literature. Naji et al.
[43] studied radial variation of wood cell features under differ-
ent stocking densities management of on 9-year-old
H. brasiliensis clones, RRIM2020 and RRIM2025, and found
values between 1187 and 1340 um for FL, 25.6 and 31.8 um
for FD, and 3.5 and 4.7 um for FWT, further reporting that
these anatomical features are affected by planting density.
Interestingly, fiber dimensions in 31-year-old Eucalyptus spe-
cies were smaller when compared to H. brasiliensis. In
Eucalyptus species, fiber dimensions in E. tereticornis ranged
from 800 to 1183 um for FL to 7.1-20.8 pum for FD and 1.4—
7.3 um for FWT. In E. pellita, fiber dimensions ranged from
555 to 1596 um for FL to 11.7-17.5 um for FD and 1.7—
4.7 um for FWT. Sreevani and Rao [44] reported 880—
1130 um for FL, 12.5-13.1 um for FD, and 4.6-5.7 pum for
4.5-year-old E. tereticornis trees. Lukmandaru et al. [45] report-
ed 860—1170 um for FL, 10.8-17.0 um for FD, and 2.1—
4.0 um for 9-year-old E. pellita trees. It is well known that
variations between anatomical features may result from plant
spacing, different progenies, or temperature and rainfall condi-
tions. Thus, if wood selection were to be made by fiber
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dimensions, it would be safe to indicate H. brasiliensis clones
as more promising than Fucalyptus species.

Extractives, lignin content and holocellulose content, wood
density and cell size, and percentage all impact HHV.
However, as seen from the results, an isolated characteristic
is not sufficient to determine that a given material possesses
the quality required for use in bioenergy. For example,
E. pellita presented the highest lignin and lowest holocellulose
content, which positively and negatively influence HHYV, re-
spectively. However, the wood density of E. pellita did not
differ from, or was even higher than, many H. brasiliensis
clones with higher HHV. Furthermore, E. pellita has shorter,
narrower, and thinner wall fibers than other woods, which
indirectly means lower mass and may negatively influence
HHV. Thus, when considering all these factors together,
E. pellita was considered to present the lowest HHV overall,
indicating, in turn, that wood characteristics should be ana-
lyzed together to draw a conclusion about the most suitable
material for use in bioenergy.

Conclusions

The results corroborate findings in the literature. In general,
wood with elevated HHV and, therefore indicated as poten-
tially useful in bioenergy, presents higher extractives and lig-
nin content, lower holocellulose contents, higher wood densi-
ty, longer fibers, and thicker walls. However, it is suggested
that wood characteristics should be analyzed together to indi-
cate a suitable material for use in bioenergy. In other words, a
high value of only one of the factors influencing HHV does
not guarantee that such wood is the most suitable material for
bioenergy. All studied wood may have their waste exploited
for bioenergy since they range from 16,502 kJ kg ' in
E. pellita to 19,757 kJ kg~' in the MT45 clone of
H. brasiliensis. Additionally, based on literature and experi-
ence is suggest that the qualities of wood herein examined for
HHYV can be further improved by silvicultural treatments, e.g.,
plantations with less spacing in E. pellita, and also by
transforming their residues into pellets or briquettes.
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