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INFLUENCE OF Eucalyptus WOOD ADDITION TO URBAN WOOD WASTE
DURING COMBUSTION

ABSTRACT: This research analyzed the effect of the addition of E. grandis x E. urophylla
wood to the wood waste of urban origin (WWU) as a strategy for energy generation. The
WWU was collected in transshipment and from a sorting company of civil construction
waste in the city of Piracicaba, SP The wood of eucalyptus was obtained from a 7-year old
plantation. Five treatments with proportions (%) of WWU and eucalyptus wood were
analyzed: TI = 100/0, T2 = 75/25, T3 = 50/50, T4 = 25/75 and T5 = 0/100. The
treatments had the physical, chemical, immediate characteristics, mineral contaminants
rate, and combustion test (ICOM) analyzed. The data were analyzed through the study
of variance, correlations, and multivariate hierarchical clusters analysis (HCA). The higher
content of extractives, holocellulose, volatile materials, low ash content values, rate of
mineral contaminants and high performance for combustion test were observed only
for the treatment having exclusively eucalyptus wood (T5). However, the addition of
eucalyptus wood in the WWU allowed for the increase of the ICOM of these materials. In
this way, the T3 treatment presents as the most recommended for energetic use.

INFLUENCIA DA ADICAO DE MADEIRA DE EUCALIPTO A RESIDUOS
MADEIREIROS URBANOS FRENTE A COMBUSTAO

RESUMO: Este estudo analisou o efeito da adicdo de madeira de E. grandis x E. urophylla a
residuos madeireiros de origem urbana (RMOU) como estratégia para geragao de energia.
Os RMOU foram coletados em uma empresa de transbordo e triagem de residuos da
construcao civil (RCC) no municipio de Piracicaba, SP e a madeira de eucalipto foi obtida
a partir de um plantio de sete anos de idade. Foram analisadas cinco tratamentos com
proporcdes (%) de RMOU e madeira de eucalipto, sendo T1 = 100/0, T2 = 75/25, T3 =
50/50, T4 = 25/75 e T5 = 0/100. Desses tratamentos foram analisadas as caracteristicas
fisicas, quimicas, imediatas, taxa de contaminantes minerais e teste de combustibilidade
(ICOM). Os dados foram analisados por meio da analise da variancia, correlacoes e analise
multivariada de agrupamento hierarquico (cluster). Observou-se que elevados teores de
extrativos, de holocelulose, de materiais volateis, assim como baixos teores de cinza e
de contaminantes e o melhor desempenho da combustao foram para o tratamento com
100% de madeira de eucalipto (T5). Por outro lado, a adicio de madeira de eucalipto
aos RMOU possibilitou o incremento do ICOM. Dessa forma, o tratamento T3 é o mais
recomendado para a utilizacao energética.
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INTRODUCTION

Urban solid waste, in general, is represented by
paper, glass, wood, plastics, and organic material. Most
of these wastes are allocated without any treatment, the
most common destinations being landfills for civil works,
landfills, recycling stations, and irregular deposition
(MMA, 2009).

Among the discarded materials, wood waste
consists mainly of pallet wood, construction timbers,
and other woods mixed with other solid urban waste
(ATKINS; DONOVAN, 1[996). Often, there can be
other materials attached to waste, such as additives,
preservatives, dyes, resins, varnishes, adhesives, cement,
mortar, metallic materials (nails, hinges, etc.), paper,
cardboard, waxes, and adhesives (WIECHETECK, 2009;
REMADE SCOTLAND, 2004).

Within the possible routes for recovery of urban
wood waste (WWU), energy production is proposed
because the scale of generation of this waste and scale
of use as an energy source. However, there is a need for
more in-depth knowledge of the chemical composition
of WWU. This is due to the large number of possible
contaminants that may result in the emission of “black
carbon”, contributing to global warming and to serious
deleterious effects on human health (KROOK et al,
2006; BOND et al., 2013).

Depending on the variations in the WWU
composition, the energy characteristics may vary. The
presence of waterproofing materials and some types
of glue, i.e., can facilitate combustion, increasing the
temperature and emissions of gases, such as CO,, CO,
SO,, and NO, during the process (FIDAN et al., 2016).

The use of WWU for energy production purposes
can provide environmental, economic, and social benefits
to municipalities. Environmental benefits, given the
appropriate and controlled disposal of the waste, reduce its
volume and avoid the disposal inirregular areas or its burning
in the open, which can otherwise result in public health and
urban spacing problems. Economic and social benefits, as
it constitutes an energy feedstock, include low costs and
easier production with great potential for aggregation of
value in different productive chains, in addition to being a
source of new ventures, jobs, and income (WIECHETECK,
2009; NOLASCO; ULIANA, 2014).

However, homogeneity is one of the
recommended characteristics for energy materials
from the technical point of view (KRISTJANSSON et
al., 2016). Materials with very variable composition and
characteristics are difficult to control, influencing the
resultant heat generation and transfer.

456

INFLUENCE OF Eucalyptus WOOD ADDITION TO URBAN WOOD WASTE

DURING COMBUSTION

The combustion index (ICOM) is an appropriate
indicator for assessing the quality of wood-based materials
for energy use because it integrates the combustion
time, the temperature reached, and the mass consumed
to generate it in a single value (QUIRINO; BRITO, 1991;
DIAS JUNIOR et al,, 2015), allowing for inference about
its performance as a fuel.

The characterization of the WWU can also
contribute to directing materials for more promising
uses, e.g., for the generation of electric energy (REIS,
2015). According to the author, this application has been
restricted to small scale enterprises, but its impact on the
energy matrix is expected to increase over time, being
motivated by the sheer volume available, low cost, and
proximity of generation and local use.

In Sweden, solid waste already accounts for
almost 60% of the energy used in heating systems in
urban buildings (KROOK et al., 2006). In addition, its
use in steam generation using boilers, alembic furnaces,
forges, and potteries could be easily made possible (DIAS
JUNIOR et al., 2014).

Considering the need to improve the
characteristics and composition of the WWU for
the adaptation to the energy utilization, this study
investigated the hypothesis that the addition of a more
homogeneous material to the WWU can influence its
combustion process, enabling its valorization.

Thus, this research aimed to analyze the effects
of the addition of Eucalyptus sp. wood chips to WWU,
making them more homogeneous and improving their
energy characteristics for combustion.

MATERIAL AND METHODS

Sampling and preparation of materials

Eucalyptus grandis x Eucalyptus urophylla wood was
obtained from an experimental a 7 year-old experimental
crop, transformed into chips, and homogenized in a 30
mm (that passed the sieve).

Waste wood of urban origin (WWU) was
collected at a Recycling Plant in the Piracicaba, SP city,
Brazil, through a sampling carried out according to NBR
10.007 (ABNT, 2004). The WWU was composed of
56% solid wood and 44% of reconstituted wood panels
(particleboards, medium density fiberboards, plywoods).
The materials were dried at 103 = 2 °C until the mass
was constant. Afterwards, the WWU passed through a
mat equipped with magnetic plate to remove any adhered
metals while still in the Recycling Plant and, subsequently,
it was processed into chips and homogenized with a 30
mm mesh screen.

CERNE | v. 23 n. 4 | p. 455-464 | 2017
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In order to evaluate the hypothesis of obtaining a
better fuel with the addition of E. grandis x E. urophylla
wood in the composition, the following treatments were
formulated:

TI: 100% WWU chips and 0% eucalyptus
wood chips.

T2: 75% WWU chips and 25% eucalyptus
wood chips.

T3: 50% WWU chips and 50% eucalyptus
wood chips.

T4: 25% WWU chips and 75% eucalyptus
wood chips.

T5: 0% WWU chips and 1009% eucalyptus
wood chips.

Where: WWU = waste wood of urban origin.

Physical, chemical and immediate characterization

Measurement of bulk density was performed
according to standard NBR 6922 (ABNT, 1981), and
samples of the industrial chips were processed at the
Recycling Plant where the residues were collected.

The T-12 05-75 (TAPPI, 1975) and 222 05-74
(TAPPI, 1974) standards were used to determine the
total extractive and lignin Klason contents, respectively.
Holocellulose content was obtained indirectly by
subtracting the sum of total extractive contents and lignin
content of 100%.

The immediate analysis was carried out to
determine the contents of volatile materials, ash, and
fixed carbon, according to NBR 8112 (ABNT, 1986). The
higher heating value was determined in a calorimeter
of the brand IKA model C-2000, according to the NBR
8633 (ABNT, 1984) standard. The lower heating value
was determined using equation [|], where: LHV = lower
heating value; HHV = higher heating value; H = average
moisture, on wet basis (%).

LHVecat kg1 = {(HHV - 25.11x H)/[(100 + H) x 100]} [1]

The rate of contamination by minerals was
determined according to the procedure described by
Brito and Ceribelli (2012). 10 g of material from each
treatment were used with particle size between 40 and 60
mm. The samples were placed in a 250 ml capacity beaker
and filled with 200 ml of distilled water, and the mixture
was stirred for one minute. Afterwards, the solution was
allowed to stand for two minutes. The supernatant of the
solution was collected and dried at 103 °C until a constant
mass was reached. This methodology is applicable when
the wood sample “supernatant” from the mixture is free
of contaminating minerals due to settling. Ashes were
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obtained free of contaminants, according to the NBR
8112 (ABNT, 1986). The contamination rate was then
calculated using Equation 2, where: CR = contamination
rate (%); ACt = total ash content (wood ash + acquired
ash/contaminant) (%); AC = ash content of wood free of
contaminating minerals (%).

ACt — AC

AC

T

CR(%) =

Combustion test

In determining the combustion index (ICOM),
the procedures followed are described by Quirino and
Brito (1991) and Dias Junior et al. (2015). The treatment
samples were homogenized in a |6 mm mesh sieve and
inserted in a 1.25 dm3 stainless steel combustor. The
apparatus had an aluminum sheet guard that prevented
combustion of the incoming air, a digital thermometer
for the measurement of temperatures reached during
combustion, and a digital scale. The amount of sample
used in each replicate was 150 g = (10 g). The duration
of the test is the time required for complete combustion
of the material. The temperature and the mass
consumed were recorded every minute, from the initial
time equal to zero until the final time. The combustion
index was calculated using Equation 3, where: A =
Percentage of the test time at which the temperature
remained above |50 °C, measured in relation to the total
time (minutes) of combustion; B = Percentage of the
maximum temperature reached in the test, in relation to
the temperature of 150 °C; C = Percentage of the total
mass consumed generating temperatures above |50 °C.

ICOM =

AxB
00 xC [3]
ICOM ranges from 0 to | (dimensionless) and
is intended to identify materials that provide higher

temperatures due to the lower mass loss (DIAS JUNIOR
etal, 2015).

Data analysis

The data were tested for variance (Levene) and
normality (Shapiro Wilk). Only ICOM, ANOVA and
Scott-Knott were tested for differentiation between
the averages. Thus, the construction of the Pearson
correlation matrix with direct focus on the combustion of
the materials was conducted. Correlations were tested at
95% probability (p value <0.05). The relationships with
high R values, having direct influence on the combustion
and easy measurement, were adjusted to improve the
quality of the variables involved.
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The multivariate cluster analysis was used for
identifying similarity between the treatments studied.
Agglomerative hierarchical cluster analysis (HCA) was
performed for this purpose. The Manhattan distance was
adopted as a measure of proximity, and the method of the
average link was used as a technique for grouping similar
treatments together (MINGOTI, 2005; MANLY, 2008).
The quality of the obtained dendrogram was evaluated
by the cophenetic correlation coefficient that measures
the correlation between the distances recovered from
the dendrogram and the original distances matrix. The
importance of this method, according to Manly (2008), is
that it is possible to cluster true cluster that do not seem
to exist and reduce the number of data in smaller cluster.
The arithmetic means of all variables were considered
for standardized study with mean 0 and variance |. All
analysis were performed using Minitab 16.0® software.

RESULTS AND DISCUSSION

Characterization of material

According to Table I, there was an increase in
bulk density with the increasing proportion of eucalyptus
wood. In absolute terms, the lowest value was found for
treatment T1 (1009 of WWU), and the highest value for
the treatment T5 (100%) of eucalyptus wood.

Farage et al. (2013) found values for bulk density
of MDF (Medium Density Fiberboard) residues to be
303 kg m~ and 200 kg m for solid wood with the latter
value being close to that found in this research. It was
observed that the extractive contents (EC) gradually
decreased as the addition of eucalyptus wood increased
(Table 1). Possibly, the solvents used in the extraction
have removed not only extractives, but also any other
type of component adhered to materials such as paints,
varnishes, and adhesives.

INFLUENCE OF Eucalyptus WOOD ADDITION TO URBAN WOOD WASTE
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The lignin contents (LC) were higher for the
treatments with a higher proportion of WWU (Table ).
It is believed that high values of this variable are mainly
related to the presence of Pinus sp. panels in WWU, a
gymnosperm wood, that have higher lignin contents
(about 30%) when compared to angiosperm woods (*
21%) (SOARES et al., 2014). The holocellulose contents
(HC) had an inverse behavior to the lignin contents
(Table 1). This can be justified by the methodology used,
which calculated this variable as a function of the sum of
total extractive and lignin contents.

The highest content of volatile materials (VM) was
for the T5 treatment. This can be explained by the fact
that it is composed of 100% eucalyptus wood and has not
previously suffered any type of thermal treatment (wood
sheets, reconstituted panels). Thus, these processes may
have contributed to the volatilization of the materials in
other treatments. It should be noted that the production
of MDP (Medium Density Particleboard) and MDF
involves heat and pressure (MATOS et al., 2008). Thus,
when there is a need for the presence of flames, the
use of fuels with a high content of volatile materials is
recommended (DIAS jUNIOR et al., 2014). Therefore,
treatments with higher proportions of eucalyptus wood
would be suggested.

According to the results, the highest fixed carbon
(FC) value was for Tl treatment with 100% WWU
(Table I), and this is a desirable feature for use in direct
combustion of biomass (ANDRADE, 1989). As none of
the treatments studied underwent any kind of thermal
treatment (carbon concentration), this observation
emphasizes the hypothesis that the WWU have larger
amounts of softwood in their composition, due to the
higher carbon content compared to a hardwood like
eucalyptus. For this variable (FC), the treatments with
larger proportions of WWU presented the highest levels.
Therefore, this composition would be better for solid
state combustion of the fuel.

TABLE | Average values of the characteristics analyzed in the proposed treatments.

Treatment DB (kgm3) EC(%) LC(%) HC(%) VM (%) AC(%) FC(%) HHVMkg') LHV (MJkg')  CR(%)
TI 16l 6.73 3222 745l 77.68 133 21.00 19.02 17.75 92.17
S.E. 0.0l 0.67 1.31 1.30 1.55 0.06 1.49 0.04 0.04 1.08
T 212 470 3331 6222 8048 074 1878 19.07 17.85 82.26
SE. 0.01 1.93 327 4.45 0.49 009 05l 0.03 0.03 10.01
T3 214 4.80 3036 7444  80.40 073 1887 19.11 17.84 79.92
S.E. 2.99 0.95 1.39 .89 0.20 008 024 0.02 0.03 8.20
T4 215 3.60 29.71 67.89  82.02 043 1755 19.04 17.76 67.64
S.E. 3.01 0.90 2.73 1.90 0.62 0.03 0.65 0.04 0.04 18.15
TS5 250 253 2742 75.11 83.97 0.12 1590 19.07 17.80 29.90
S.E. 3.23 1.03 .67 2.39 0.89 0.03 0.87 00! 0.04 1.32

Where: Proportion of the WWU/eucalyptus wood (%): T| = 100/0; T2 = 75/25; T3 = 50/50; T4 = 25/75; T5 = 0/100. DB = Density bulk; EC = extractive content;
LC = lignin content; HC = holocellulose content; VM = volatile materials; AC = Ash content; FC = fixed carbon content; HHV = higher heating value; LHV = lower

heating value; CR = contamination rate; SE = standard error.
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Regarding the ash content (AC), the highest
levels were found for the T| and T2 treatments, being
[.33% and 0.74%, respectively (Table I). Quirino et al.
(2004) obtained high ash content in wood residues for
the following treatments: MDF, hardboard, uncoated,
and wood composite mixtures (0.97%), MDF residues
(0.73%), mixtures of panel waste MDF with and without
coating (2.58%) and blends of MDF, hardboard, and
uncoated plywood (5.02%). Therefore, it is possible
that the panels made with these materials have an effect
on AC. The higher the AC in the wood fuel, the greater
the wear and tear caused by the cutting tools of the chip
processing equipment. Thus, the lower this variable,
the lower the costs with treatment and final disposal
(SOUZA et al., 2009; FARAGE et al., 201 3).

The higher heating value (HHV) ranged from 19.02
MJ kg!' (TI treatment) to 19.11 MJ kg' (T3 treatment), a
difference of less than 2% between these intervals. The
lower heating value (LHV) ranged from 17.75 M] kg
to 17.85 M) kg' between treatment T| and treatment
T2, respectively (Table |). These results indicate that
there were no significant responses of heat energy in
the addition of eucalyptus wood to WWU. The higher
heating value is related to the high lignin and extractive
contents because in these components, there is less
oxygen than in the polysaccharides (e. g. holocellulose).
However, this relationship was not observed in this
study, since the lignin and extractive contents presented
variations are not reflected in the heating value (Table ).

The highest contamination rate (CR) was
observed in T| treatment (Table I). This value may be
due to mineral components adhered to the WWU or soil
contact from the floor of the stock yard. WWUs, mainly
from civilian buildings, may contain cements, mortars,
and other contaminants with high mineral contents.
Linked to this, calculation of this variable is performed
based on the ash content of the materials. The ash
content in eucalyptus wood is relatively low, and thus, its
contribution is relatively small in the final result.

Based on the characteristics analyzed, the
WWU presented regular values for energy use, and its
introduction in the composition of biomass solid fuels
is recommended. However, the proportion should be
defined according to the final use of the fuel (boiler heating,
use in potteries, steam generation, thermoelectricity).
For example, the use of WWU results in an increase in
lignin and fixed carbon content, desired characteristics
for use in combustion. The results obtained in this study
demonstrate that the compositions containing equal
amounts of WWU and eucalyptus wood presented good
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results for production of bioenergy. T3 treatment (50%
WWU and 50% eucalyptus wood) is most favorable to
this effect.

Combustibility

Analysis of the behavior of the treatments can
be observed in Figure IA. The maximum temperature
reached varied according to the ratio WWU/wood of
eucalyptus, and the same occurred in relation to the time
needed to reach this temperature. Figure |B shows the
mass loss as a function of time, and Figure 2 shows these
differences quantitatively, where: Proportion of WWU/
eucalyptus wood (%): T1 = 100/0; T2 = 75/25; T3 =
50/50; T4 = 25/75; T5 = 0/100; where: T. Max. e T.F =
Maximum temperature and final temperature measured
during the combustion test, respectively. Proportion of
WWU/eucalyptus wood (%): T1 = 100/0; T2 = 75/25;
T3 = 50/50; T4 = 25/75; T5 = 0/100. Average values
followed by the same letter do not differ by the Scott-
Knott test at 5% significance.
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FIGURE | Variation of temperature (A) and mass consumption
(B) during the combustion test.
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FIGURE 2 Combustion index for the analyzed treatments.

459



CERNE

The better understanding of the behavior of the
different compositions discussed below, needs to consider
the three main combustion phases according to Calvo et
al. (2014): i) first stage: it is the initial heating accompanied
by drying of the material and commencement of non-
volatilization without the existence of a visible flame,
resulting in relatively low mass loss of the fuel; ii) second
stage: this includes non-volatilization, ignition, combustion
of volatile compounds, and initiation of charcoal formation,
presenting rapid mass loss and a vigorous flame; and
i) third stage: the mass loss of of the fuel is very low,
corresponding to the combustion of the charcoal with
only small visible flames. Considering the temperatures
for these phenomena, the phases can be deduced based
on Figure |A and Figure |B.

According to Figure |A, the highest temperature
was observed for the T5 treatment (100% eucalyptus
wood), followed by the T3 treatment (50% WWU
and 50% eucalyptus wood). However, the treatment
composed of 75% WWU (T2) had the lowest mass loss
and it was better uniformed during this assay (Figure
IB). Paula et al. (201 I), evaluating the ICOM of different
lignocellulosic materials, also observed uniformity in
burning and mass loss of the materials.

By a detailed analysis of the Figure 2, it can be
observed that the treatments T4 and T3 had the highest
and the lowest averages temperatures, respectively. The
highest final temperature from the T5 treatment (100%
eucalyptus wood) test (Figure 2) may be related to its
greater bulk density (Table I), which favored a better
accommodation and allowed for an efficient transfer of
energy in order to constitute a “continuous block” of mass
in combustion. In practical terms, there was a joint burning
that was uniform and connected in the heat supply.

Figure 1B shows that the treatment with 50%
WWU (T3 treatment) presented similar behavior to the
other treatments, differing in that it used less time for
the consumption of the total mass in generation of heat
(%= 15 min). According to Quirino and Brito (1991), it
is relevant that a certain constant temperature occurs,
and abrupt variations require frequent interferences
in the process (e.g. feedback) to maintain the level of
combustion. It was observed that the T2 treatment had
complete degradation approximately |4 minutes after
the test started, while the remaining treatments reached
total degradation only after 25 minutes of test time
(Figure 1B). This was favored by the high temperatures
obtained by this composition throughout the test.

The maintenance of the temperature at values >
150 °C is of great relevance, considering the calculations
from Equation 2. In fact, the T5 treatment of only eucalyptus
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wood visibly had the largest area under the curve (Figure
IA) and, consequently, the highest ICOM (Figure 2).

The ICOM values for the T2, T3, T4, and T5
treatments are in agreement with the values obtained
by Quirino and Brito (1991) for several densified
lignocellulosic fuels (0.30 to 1.23). It is considered that the
larger the ICOM, the greater the heat generation and the
lower mass consumption of the fuel in relation to the time.

In general, if a fuel releases enough energy (amount
of heat) during combustion, but consumes a lot of mass
to generate it, its ICOM will be lower. This occurred for
treatment T3, which had an ICOM lower than treatment
T4 as aresult of providing high temperatures (Figure |A),
but lower percentage mass loss (Figure |B). Treatments
that presented significant proportions of WWU (T2 and
T3) had the third largest ICOM, being greater only in
relation to treatment T1 (100% WWU).

Based on the observed behavior, it is expected
that the low bulk density and the extractive content favor
the formation of high temperatures for wood fuels, and
this, consequently, increases the transfer of energy of the
mass under combustion, which favors the greater mass
loss. This can be proven by Dias Junior et al. (2014), whom
obtained higher rates of degradation (g-min™') for lower
density fuels. The higher content of volatile materials in
the fuel improves the ability of the material to generate
flames (BRITO et al., 1987; ANDRADE; GONCALVES,
1999). Further research should be conducted to clarify
this possible relationship.

The results obtained suggest that, in fact, there
are arguments to consider the addition of eucalyptus
wood to WWU as a relevant characteristic, for use in
combustion and direct burning. In the same sense, the
control of eucalyptus wood could be proposed to define
compositions, depending on the type of behavior that is
desired and being modified for the type of heat demanded.
Given the need for improved use of WWU (other than
disposal in landfills), WWU intermediary formulations with
eucalyptus wood (exemplified in treatment T3) resulted in
significant increases in energy characteristics.

For example, in situations requiring the presence
of flames during heating, such as in furnaces of stills and
boilers in addition to pottery fields, it is recommended to
use fuels with the highest volatile materials (DIASJUNIOR
etal., 2014). According to the authors, the most used are
those with the greatest capacity to stay lit, e.g., with the
lowest possible mass consumption in situations where
flame formation is not recommended during heating,
such as fireplaces and forges. For this, the treatments T3,
T4 and T5 would be those recommended.

CERNE | v. 23 n. 4 | p. 455-464 | 2017
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On the other hand, the composition of treatments
T2 and T3 (75% WWU and 50% WWU, respectively)
presented an improved ICOM, as shown in Figure 2. This
occurred with even small additions of eucalyptus wood,
resulting in increased energetic value production.

These aspects raise the need for new studies,
combining the combustion quality of the material, optimum
temperature ranges, and the quantification of diverse
materials that can be tested for this use. Emissions of heavy
metals into air may occur as the combustion temperature
are reached, as each element exhibits distinct properties
at the boiling point, and this should also be considered
(KROOK et al., 2004; KROOK et al., 2006).

Estimates of variables and cluster analysis

Table 2 shows the correlations obtained
(consonance for prediction of energy variables).
However, due to the focus on the addition of eucalyptus
wood to the WWU, only significant observed
relationships involving the proportion of the materials
were highlighted in the study.

The addition of eucalyptus wood provided a
significant positive relation with bulk density, volatile
material content, and combustion index (ICOM). In
contrast, there were negative correlations for ash content,
fixed carbon content, and mineral contamination rate
(Table 2). The significance of these relationships makes
it possible to estimate the properties of some variables
as a function of the addition of eucalyptus wood, yet still
observe the characteristics of the WWU collected.

The adjustments made better estimation models
possible as illustrated in Figure 3. The R? values were
improved for the bulk density, volatile material content, ash
content and ICOM variables, allowing for better estimation
of these properties (Figure 3).

TABLE 2 Data correlation matrix for the variables analyzed.
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FIGURE 3 Adjusted models the significant properties of the
treatments analyzed.

Variable PEW BM EC LC TH WM AC FC HHV  LHV CR
PEW | - - - - - - - - -
DB 0.66* [ - - - - - - - -
EC -0.46 -0.52 [ - - - - - - -
LC -0.32 -0.01 -0.09 [ - - - - - -
TH 0.08 -0.21 0.50 0.91* - - - - - -
VM 0.82* 0.68* -0.37 -0.21 0.03 [ - - - - -
AC 0.94%  -0.75* 0.62* 0.12 0.16  -0.87* [ - - - -
FC 0.78%  -0.65* 031 0.23 007  -099%  08I* [ - - -
HCV 0.021 0.27 0.23 0.26 -0.32 0.04 -0.21 -0.01 | - -
Lcv 0.021 0.27 -0.23 0.26 -0.32 0.04 -0.21 -0.01 1.00 [ -
CR -0.76% -0.38 0.59* 0.45 0.14  -068%  074* 065 0069  0.07 [
ICOM 0.90* 0.71% -0.57% -0.28 0.00 0.78*  -0.92*  -0.73*  0.14 0.14  -0.70%

Where: PEW=Proportion of eucalyptus wood; BM=bulk density (kg'm=); EC=extractive content (%); LC=lignin content (%); HC=holocellulose content (%);
VM = volatile materials (%); AC=Ash content (%); FC=fixed carbon content (%); HHV=higher heating value (MJ-kg"'); LHV=lower heating value (MJ-kg"'); CR
=contamination rate (%); ICOM=combustion index.
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For the bulk density, volatile materials content, and
ICOM, the increase in the proportion of eucalyptus wood
in the treatment allowed for the increase of these variables
and the decrease of ash content. These properties are
important not only from an energy point of view, but can
also guide the choice, selection, and supply of these types
of materials, e.g., models can assist in economic decision-
making for those involved in the sector.

Figure 4 shows the dendrogram obtained by the
cluster analysis (HCA). The formation of three distinct
clusters is observed, considering the cutoff point on the
distance scale, which is equivalent to 60% of the total
similarity, Where: Proportion of WWU/eucalyptus wood
(%): T1 = 100/0; T2 = 75/25; T3 = 50/50; T4 = 25/75;
T5 = 0/100.

38.52

50011

Similarity (%) - Manhattan

79.51

100.00
1 2 3 4

Treatment

[

FIGURE 4 Dendrogram of cluster analysis.

Cluster | was formed by treatment T1 (100%
WWU), while the cluster 2 was formed by treatments T2,
T3, and T4 (25%, 50% and 75% WWU, respectively),
and cluster 3 was formed by the T5 treatment, composed
only of eucalyptus wood.

The cluster composed of T treatment (cluster

I) was the least favorable for energy production. It can
be observed that the composition of this cluster had high
ash content, contamination rates, and low bulk density,
factors considered limiting for energy use (Table |). The
low bulk density observed for cluster | may negatively
influences in the volumetric heating value (M)-m3), e.g., in
the amount of energy per unit volume of the combustible
material (PROTASIO et al., 2013).

The cluster formed by the treatments T2, T3,
and T4 (cluster 2) was classified as an intermediate
for production of energy, as presented, on average,
advantageous values of bulk density, heating value, and
high volatile material contents (Table I). The values
for volatile materials obtained for cluster 2 suggest
the ease of ignition and the generation of flames/flares
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from the material (DIAS jUNIOR et al., 2014; DIAS
JUNIOR et al., 2015).

Cluster 3, formed by the treatment T5 (100%
eucalyptus wood), was distinguished by characteristics
favorable for energy use, due to high values of bulk
density, volatile material content, heating value,
low extractive content, ash content, and mineral

contamination rate (Table I).

CONCLUSIONS

The best combustion performance, as a function
of ICOM, was observed for treatment T5 (100% wood
eucalyptus), and the worst condition was treatment T |
(1009 WWU).

Significant correlations between the studied
variables were detected, making the generation of models
possible for the estimation of easily measured properties.

The cluster analysis allowed for the determination
of the best treatments for energy production.

In general, the results showed that the use in
equal proportions of solid residues and eucalyptus wood
resulted in significant increases in the characteristics
analyzed for energy production. Thus, treatment T3 is
the most recommended for this purpose.
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