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Abstract: Forest based power plants are alternatives in the diversification of domestic energy supply
in Brazil, given the growing demand for electricity in recent decades. Evidences of space-time
clusters contribute to the understanding of regional development associated with correlated activity.
Therefore, this paper analyzed the space-time conglomerates for Brazilian forest-based power plants,
from 2000 to 2019. The data used were from the Generation Information System of the National
Electric Energy Agency (ANEEL)-SIGA. It detected the existence of clusters by means of scan statistics
via space-time permutation, considering the high level of conglomeration. The results show the
Center-South region of Brazil with the highest concentration of conglomerates, with black liquor and
forest residues being the most used energy resources. The clusters with the highest installed power
were in the early 2010s, with the black liquor plants. The regions with the formation of fast-growing
forest plantations promoted the existence of conglomerates associated with the pulp and paper and
steel industry complexes. It is concluded that there was a conglomeration of forest power plants in
the central-south region of Brazil, in which they help in decision-making and guidance of public
policies for forestry projects for energy.

Keywords: bioeconomy; green energy; bioenergy; scan statistics; clusters

1. Introduction

The green economy seeks to improve the well-being of humanity and social equality,
mitigating environmental risks and ecological scarcity. Faced with the growing energy
demand in recent decades, the use of modern biomass for energy generation has increased
significantly. Biomass resources come from forests (natural and planted), agriculture, algae
and animal and urban waste. Biomass has some advantages due to the replacement of
reserves and the accessibility of the conversion process (combustion), which makes it an
efficient alternative in the energetic transition of industrial plants that use fossil fuels. The
use of biomass has low carbon emissions, considered carbon neutral, when associated with
sustainable practices, in rural and urban areas, in its acquisition, transport and technology
to supply heat, electricity and biofuels [1–4].

The generation and rational use of energy is one of the obstacles to ensuring, under-
standing and indicating sustainable solutions. Including sustainability factors are essential
to meet the goals of sustainable development, through the insertion and application of
cleaner energy technologies. In 2019, world electricity generation was 33,172.76 TWh (Tera
Watts hour), of which 73.20% were from non-renewable resources and 26.80% from renew-
able energy (16.01% from hydroelectric plants, 5.28% from wind power, 2.42% from biomass
and 3.09% from other forms). Bioelectricity generation was 655,309 GWh, obtained from
solid biofuels (67.61%), biogas (13.54%), urban and agricultural waste (17.20%), industrial
waste (5.65%) and liquid biofuels (1.64%) [5–7].
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Brazil has a privileged position in the energy matrix when compared to other countries,
due to the predominance of renewable resources that reaches 84% in the electrical matrix.
In Brazil, in 2019, electricity generation was 626,329 GWh, of which 57,287 GWh (9.15%)
were obtained from biomass. According to the National Electric Energy Agency-ANEEL
(2020), in 2019, the installed capacity was 173.65 GW, with 14.85 GW available from biomass,
distributed in agro-industrial (77.39%), forestry (21.47%), municipal waste (1.08%), animal
waste (0.03%) and liquid biofuels (0.03%). The supply from forest biomass was 3.19 GW,
distributed in black liquor (2.54 GW), forest residues (0.43 GW), blast furnace gas (0.13 GW),
charcoal (0.05 GW) and firewood (0.04 GW) [7,8].

Energy development is associated with diversification with available and underex-
ploited resources, but with the potential to achieve economies of scale and scope. For
decision making to be more efficient and the market better planned, it is necessary that
comparative advantages be transformed into competitive advantages. The use of the forest
resource as an option is due to the availability and aspects of CO2 neutrality in the atmo-
sphere, based on the circular economy. Circularity and energy self-supply strategies are
based on legal need and industrial efficiency, taking into account the available renewable
resources. In Brazil, forest-based power plants are associated with industrial forestry com-
plexes such as the pulp and paper segment, sawmills, steel mills, etc. The main barrier to
the expansion of forest bioelectricity is the high costs of transporting the raw material, in
an area covered by forest plantations [3,9–11].

The Regional Economy comprehends the interrelationships between areas, within a
national system of regions. Regional analysis covers spatial differentiation and interrela-
tionships between areas, in addition to verifying the distribution of resources in space [12].
Marshall [13] admitted the so-called agglomeration economies as important in explaining
industrial concentration. The agglomeration (cluster) of services or a group of related com-
panies in the supply chain involves four aspects: firms in a similar sector; supply conditions;
demand conditions and related and supporting industries (government and educational
institutions). Collaboration and competition between participants in a cluster promotes
an increase in industrial productivity, optimizes the direction and pace of innovation, and
stimulates new ventures [14–16].

Cluster analysis is a statistical tool that allows grouping subjects or variables into
groups with one or more common characteristics. Traditional cluster identification methods
such as standardized incidence rates (SIRs) result in noisy maps where trends in space and
time are difficult to distinguish [17]. Kulldorff [18] developed the scan statistic to detect
clusters, making a multidimensional scan of a given activity in areas with high incidence,
using the likelihood ratio and statistically verifying its significance. Conglomerates are
subdivided into spatial, temporal, and spatio-temporal. The spatiotemporal cluster is a
geographic area with a distinct pattern in relation to the background in space and time.

The scan statistic was initially and widely used in the health area, such as the works:
Arroyo et al. [19], Lieu et al. [20], Nigatu et al. [21]. Currently, this method has been
applied in other areas of knowledge, such as the forestry sector to identify the zon-
ing of dead forests in South Carolina-USA with Randolph [22]; for zoning forest fires,
Pereira et al. [17] in Portugal, Orozco et al. [23] in Switzerland and Shekede, Mupandira
and Gwitira [24] for spatiotemporal assessment in Zimbabwe. In the Brazilian energy
sector, Coelho Junior et al. [25] evaluated forest-based thermoelectric plants and Coelho
Junior et al. [26] for black liquor thermal plants.

To understand the contemporaneity of spatial patterns of forest bioenergy, to guide
decision-making and regional public policies. The objective of this work was to analyze the
space-time conglomerates for Brazilian forest-based power plants, from 2000 to 2019.

2. Materials and Methods
2.1. Study Object

Information on Brazilian forest-based plants, from 2000 to 2019, is available in the
Generation Information System of the National Electric Energy Agency (ANEEL)–SIGA.
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Forest-based power plants in Brazil (Figure 1) were classified as level 1 (forest biomass)
and level 2 (firewood, charcoal, blast furnace gas, black liquor and forest residues). For
each thermoelectric plant identified, the grant data (in MegaWatts–MW) was collected from
ANEEL’s digital library (Sophia), observing the initial record, changes in installed power
and geographic coordinates [27]. Figure 1 shows the location of South America, Brazil (by
regions) and the distribution of forest-based power plants in 2019.
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2.2. Scan Statistics

Scan statistics represent a set of methods to search for local excesses of events (clusters)
in space and/or time. In order to identify the clusters of forest-based power plants in
Brazil, a space-time analysis for high conglomeration was chosen, based on the space-
time permutation model and Poisson’s generalized maximum likelihood method. The
spatiotemporal scan statistic can be understood by a cylindrical window (A) with a circular
geographic base, and with the height corresponding to the time. The base is defined just
like that for the purely spatial scan statistic, while the height reflects the time period of
potential clusters [29].

The main distinction of the space-time permutation model, related to the others, lies in
the absence of population data, making it possible to identify conglomerates based on the
number of cases of power granted from a forest base and the geographic coordinates of the
plants. To reduce computation time, cases were aggregated on an annual scale, from 2000 to
2019 [22], and the generalized maximum likelihood model by Kulldorff et al. was used [30].
Equation (1) shows the total number of observed cases (C) for forest-based power plants.

C = ∑
z

∑
p

czp (1)

where, Czp is the observed granted power of forest-based power plants in the geographic
coordinate (z) during a time period (p). For each coordinate and period, the expected
total bestowed power (µzp) was calculated, according to Equation (2). The granted power
(µA), Equation (3), in a given cylinder A, was the sum of the other locations entered in
the window.

µzp =
1
C

(
∑
z

czp

)(
∑
p

czp

)
(2)

µA = ∑
(z,p)∈A

µzp (3)
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It calculated the expected number considering the chance of finding a forest-based
power plant in the interior of constant z for the period under analysis. For a small number
of spatial and temporal cases, the Poisson distribution was used with an average of µA [30].
Equation (4) estimated the generalized likelihood ratio (RVG) for forest-based power plants
in Brazil. Regarding the circular spatial windows, this work tested the probability that the
form of electricity generation was of forest base in region z. To do so, the analyses of the
probability conducted was of levels 5.0%, 8.6% (participation of biomass in the Brazilian
electrical matrix), 20.0%, and 30.0%. The results were spatialized and showed the number of
clusters for each probability level. To evaluate the temporal effect, the most representative
window of 8.6% was used and, as suggested by Kulldorff [30], the temporal window was
adjusted to 50.0% of the study period.

RVG =

(
Ca

µA

)(
C− Ca

C− µA

)(C−Ca)

(4)

where: C = total amount of power granted by forest-based power plants, from 2000 to
2019, in Brazil; Ca = is the power granted by forest-based power plants in cylinder A and
µA = total expected power granted in cylinder A. The maximized RVG was calculated
(which indicates the cluster with the highest probability of being true) and they were
simulated and ranked, in addition to the real data (R), a dataset (S) with 999 permutations.
Monte Carlo hypothesis test was used to assess statistical significance, Equation (5), at 5.0%
(p-value ≤ 0.05) [31].

p− value = 1− R
(S + 1)

(5)

They evaluated the following characteristics of significant clusters (p-value ≤ 0.05):
cluster centroid, radius [R (km)], observed value (Obs.), expected value (Exp.), time period,
RVG, and p-value. Clusters with null radius (purely temporal) were considered as isolated.
Initially, the purely temporal and spatiotemporal clusters for the Brazilian regions were
detailed, followed by the detailing of the probability level of 8.60%. For the spatiotemporal
conglomerates of the forest-based power plants, the average values of the observed power
were considered (Obs.Avg.) and expected (Exp.Avg.) of forest bioelectricity, inside (Pot.Ins.)
and outside (Pot.out.) of the cluster, during the time gap interval of statistical existence. To
evaluate the behavior of these variables over time, this paper used the Geometric Growth
Rate (RGG), Equation (6), [32].

RGG [%] =

[
∆t

√
VF
V0
− 1

]
·100 (6)

where, VF = granted or expected power (MW) of forest biomass in the final year; V0 = granted
or expected power (MW) of the initial year; and ∆t = temporal variation (expressed
in years).

3. Results and Discussion

Figure 2 shows the clusters of forest-based power plants in Brazil, from 2000 to 2019,
regarding the probability of 5.0% (a), 8.6% (b), 20.0% (c), and 30.0% (d) that the electricity
generation is forest-based.

For the probability of 5.0% of electricity generation being forest-based (Figure 2a),
24 clusters were observed, 11 of which were purely temporal (radius = 0 km), and 13 were
spatio-temporal clusters that were in the regions: South (5), Southeast (3), Midwest (3),
Northeast (1), North (1). For this low level of association (5.0%), areas with low power were
observed, presenting a high amount of conglomerates of forest-based power plants. For
the probabilistic window of 8.6% of electricity generation being forest-based (Figure 2b,
14 clusters were observed, 8 of which were temporal (radius = 0 km), and 6 temporal spaces,
of which five were in the southern portion of the country and only one to the north of the
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territory. At the regional level, they were: three in the South, one in the Southeast, and two
in the Midwest. The location of the clusters explained the dominance of the central south
region of the country over the supply of bioelectricity. Bichel and Telles [33] identified the
same region as the main producer of forestry wood resources for Brazil between 1998 and
2017. This behavior was also observed by Simioni et al. [34], the high production of wood
from forestry favors the implementation of sustainable energy chains for the generation
of forest-based bioelectricity. With this, it is noted the relevance of spatial and temporal
aspects in the planning of electric generation in Brazil. The grouping of resources results
in regional inequalities in installed capacities, with the expansion of wind energy to the
North and Northeast regions and of biomass to the Southeast and Midwest regions [35].

Energies 2022, 15, x FOR PEER REVIEW 5 of 13 
 

 

3. Results and Discussion 
Figure 2 shows the clusters of forest-based power plants in Brazil, from 2000 to 2019, 

regarding the probability of 5.0% (a), 8.6% (b), 20.0% (c), and 30.0% (d) that the electricity 
generation is forest-based.  

5.0% (a) 8.6% (b) 

  
20.0% (c) 30.0% (d) 

  
Figure 2. Forest-based power plants clusters in Brazil for regarding the probability of 5.0%, 8.6%, 
20.0%, and 30.0% probability of that the electricity generation being is forest-based, from 2000 to 
2019. 

For the probability of 5.0% of electricity generation being forest-based (Figure 2a), 24 
clusters were observed, 11 of which were purely temporal (radius = 0 km), and 13 were 
spatio-temporal clusters that were in the regions: South (5), Southeast (3), Midwest (3), 
Northeast (1), North (1). For this low level of association (5.0%), areas with low power 
were observed, presenting a high amount of conglomerates of forest-based power plants. 
For the probabilistic window of 8.6% of electricity generation being forest-based (Figure 
2b, 14 clusters were observed, 8 of which were temporal (radius = 0 km), and 6 temporal 
spaces, of which five were in the southern portion of the country and only one to the north 
of the territory. At the regional level, they were: three in the South, one in the Southeast, 
and two in the Midwest. The location of the clusters explained the dominance of the 
central south region of the country over the supply of bioelectricity. Bichel and Telles [33] 
identified the same region as the main producer of forestry wood resources for Brazil 

Figure 2. Forest-based power plants clusters in Brazil for regarding the probability of 5.0%, 8.6%,
20.0%, and 30.0% probability of that the electricity generation being is forest-based, from 2000 to 2019.

In regard to the probability of 20.0% of the electricity generation being forest-based
(Figure 2c), there were nine clusters (five temporal spaces and four temporals). These
clusters had a radius greater than the observations for 5.0% and 8.6%, showing the influence
of the probabilistic scanning window. The centroids were divided into regions: South (2),
Southeast (1), Midwest (1) and North (1). Figure 2d shows the 30.00% probability level
clusters, in which the behavior was similar to the 20.0% scan window. There were 7 clusters
(5 temporal spaces and 2 temporal ones), the spatial ones were centered in the South (2),
Southeast (1), Midwest (1) and Northeast (1) regions. The characterization of the clusters
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was carried out based on the association of the probabilistic window probability of 8.6%
(Figure 2b). This window represents the share of power granted from biomass in the
national electricity matrix in 2019, and therefore showed better representation and detailing
of clusters, avoiding conglomerates of excessive proportions. Brasil [36] showed that this
percentage is significant for the national supply of electricity, and also pointed out growth
estimates for the period from 2022 to 2027, considering the generation from sugarcane
bagasse, biogas and forest residues, mainly in the subsystem Southeast/Midwest.

Table 1 presents the characterization of forest-based power plant clusters in Brazil,
from 2000 to 2019, and all clusters were statistically significant, with p-value < 0.05. Cluster 1
had the centroid in Porto Alegre do Norte-MT, with a radius of 957.48 km and RVG of
211,586.11. The statistical validation of the conglomerate of forest-based plants was from
2012 to 2019, with an average of the observed granted power of 386.92 MW, as opposed
to the expected 264.37 MW. Maranhão was the Brazilian state with the highest average of
granted power (281.29 MW) within the cluster and only the Suzano Maranhão (MA) plant,
through black liquor, was granted for the generation of 254.84 MW.

Table 1. Characterization of clusters of forest-based power plants in Brazil, 2000–2019.
Caption: C. = Cluster; R = radius; LRG = generalized likelihood ratio; Obs.Avg. = average observed
power during the period of existence of the cluster; Exp.Avg. = average expected power over the
lifetime of the cluster.

C. Centroid R (km) LRG Obs.Avg. Exp.Avg. Time p-Value

1 Porto Alegre do N.-MT 957.48 211,586.11 386.92 264.37 2012–2019 <0.001
2 Três Lagoas—MS 30.60 154,784.35 252.23 171.82 2011–2019 <0.001
3 Cambará do Sul—RS 134.23 124,508.28 68.70 12.21 2018–2019 <0.001
4 Pindamonhangaba—SP 360.24 106,219.37 119.91 74.66 2002–2010 <0.001
5 Erechim—RS 239.66 63,438.13 119.66 83.50 2002–2010 <0.001
6 Carambeí-PR 98.74 51,839.53 140.00 88.31 2007–2010 <0.001

Cluster 2 presented centroid in Três Lagoas-MS and temporal window from 2011 to
2019. Although the cluster area encompassed the states of Mato Grosso do Sul and São
Paulo, the participating plants were only in MS, all located in the intermediate region of
Campo Grande-MS, which makes up a region called Bolsão Sul-Mato-grossense, where
Mato Grosso do Sul is linked to the states of São Paulo and Paraná. This conglomerate
reinforces the existence of technological overflow between the participating areas, as
presented by Porter [14]. Conglomerate 3 was centered in Cambará do Sul-RS and the
average granted (2018 and 2019) was 68.70 MW, with only 3 participating plants (Cambará,
CGVE Inova and Forespel) using forest residues. Cluster 4 encompassed the Southeast
states (Minas Gerais, São Paulo and Rio de Janeiro) and with statistical significance between
2002 and 2010. With its centroid located in Pindamonhangaba—SP, the conglomerate added
the thermoelectric plants for forest residues, black liquor, charcoal, and blast furnace gas
(GAF). Ripasa, located in Limeira-SP, was the thermoelectric plant with the highest average
power granted (42.79 MW) within the cluster.

For Minas Gerais, the coal-fired thermal plants (Barreiro and Cisam) and GAF (Siderúrgica
União and Metalsider) are the result of the national steel industry, located in the region
of the iron quadrilateral, Bichel and Telles [33] identified the state of Minas Gerais as the
largest producer of charcoal in Brazil, which can boost the supply of bioelectricity. In
addition to the high supply of coal in the region, the existence of cluster 4 is also related to
cogeneration in the steel industries, which seek to reduce pressures on native forests and
improve the supply of bio-reducers [37]. Silva, Mathias, and Bajay [38] indicated that the
Brazilian steel sector presented prospects for an increase in the self-production of electricity,
inferring a growth for blast furnace gas and charcoal in the domestic supply of electricity.
With a centroid in Erechim-RS, cluster 5 had a radius of 239.66 km, RVG of 63,438.13 and
occurred between 2002 and 2010. In the period of statistical existence of the conglomerate,
10 forest-based power plants were identified; among the resources were forest residues,
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black liquor, and firewood. Conglomerate 6, centered in Carambeí—PR, had a radius of
98.74 and RVG of 51,839.53, with four plants, all in the state of Paraná.

The conglomeration in the southern region of the country was associated with the high pro-
duction of planted forests and the region’s sawmills and paper industries. Coelho Junior et al. [25]
highlighted the Center-South region of Brazil as the main hub for generating Brazilian
bioelectricity, also highlighting the importance of black liquor (from the pulp and paper
industries) and forest residues (from sawmills). Broughel [39] pointed out that, along with
public policies, the consolidation of the pulp and paper sector is essential for the use of
forest biomass for energy generation. The temporal evolution of the power granted (MW),
observed and expected, outside (Pot.Out.) and inside (Pot.Ins.) of forest-based power plants
clusters in Brazil is shown in Figure 3.

Energies 2022, 15, x FOR PEER REVIEW 8 of 13 
 

 

Cluster 1 (a) Cluster 2 (b) 

  
Cluster 3 (c) Cluster 4 (d) 

  
Cluster 5 (e) Cluster 6 (f) 

  
Figure 3. Evolution of granted power (MegaWatts-MW), observed and expected, outside (P.Out.) 
and inside (P. Ins.) of forest-based power plants clusters in Brazil, 2000–2019.  Pot. expected 
inside the cluster,  Pot. expected outside the cluster,  Pot. observed inside the cluster,  
Pot. observed outside the cluster,  Cluster. 

Cluster 2, Figure 3b, took place between 2011 and 2019, with an observed average 
power of 252.23 MW granted and 171.82 MW expected. In 2011, the power within the 
cluster was 226.00 MW, rising to 270.10 MW in 2019. The existence of this cluster can be 
attributed mainly to the black liquor plant, Eldorado Celulose (226.00 MW), located in the 
municipality of Três Lagoas-MS. The other participants were Cargill—Três Lagoas, with 
6.00 MW (2012–2019) and Onça Pintada, with 50.00 MW (2016–2019). Although cluster 2 
is still registered, the scan statistic indicated growth prospects of 7.09% p.a. (2011 to 2019) 
for expected power, while the increase in installed potential was only 2.25% p.a. Thus, it 
is possible that there will be statistical exclusion of the conglomerate in the coming years, 
unless new grants occur. 

The third conglomerate (Figure 3c) was identified from 2018, with the granting of 
thermoelectric plants Cambará-RS (50.00 MW) and Forespel-RS (3.70 MW), in 2018, and 

0

200

400

600

800

1000

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

0

200

400

600

800

1000

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

0

100

200

300

400

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

0

200

400

600

800

1000

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

0

200

400

600

800

1000

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

0

200

400

600

800

1000

0

1000

2000

3000

4000

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

P. Ins.P. Out.

Period

Figure 3. Evolution of granted power (MegaWatts-MW), observed and expected, outside (P.Out.)
and inside (P. Ins.) of forest-based power plants clusters in Brazil, 2000–2019.
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Under the region of cluster 1, Figure 3a, between 2000 and 2011, the average power
granted was 22.20 MW. In 2012, with the granting of the thermal plants Suzano Maranhão—MA
(254.84 MW) and Guaçu—MT (30.00 MW), the region became a statistical cluster, with an
average of 386.92 MW, while the expected power average was 264.37 MW (2012–2019).
During the existence of the conglomerate, the available capacity went from 354.94 MW
(2012) to 458.89 MW (2019), indicating an average increase of 3.74% p.a.; after 2012, the
following stand out: F&S Solutions (18.00 MW), in 2016, and Inpasa—MT (42.30 MW),
in 2019.

In cluster 1, the intermediate regions of Sinop—MT, with six forest based thermo-
electric plants, and Imperatriz—MA, with two power plants, stood out. Angelo, Silva,
and Silva [40] highlighted the high performance of the wood industries in the region of
Sinop-MT, evidencing a consolidated forestry sector, relevant to the bioelectricity produc-
tion chain. Souza and Pietrafesa [41] developed an economic assessment for Maranhão
(MA) and inferred that from 2012 there was an increase in economic growth. However, the
results found show that the clusters promoted local and regional development, due to the
exchange of experiences, technological overflow, and more intensified foreign investments.

Cluster 2, Figure 3b, took place between 2011 and 2019, with an observed average
power of 252.23 MW granted and 171.82 MW expected. In 2011, the power within the
cluster was 226.00 MW, rising to 270.10 MW in 2019. The existence of this cluster can be
attributed mainly to the black liquor plant, Eldorado Celulose (226.00 MW), located in the
municipality of Três Lagoas-MS. The other participants were Cargill—Três Lagoas, with
6.00 MW (2012–2019) and Onça Pintada, with 50.00 MW (2016–2019). Although cluster 2 is
still registered, the scan statistic indicated growth prospects of 7.09% p.a. (2011 to 2019)
for expected power, while the increase in installed potential was only 2.25% p.a. Thus, it
is possible that there will be statistical exclusion of the conglomerate in the coming years,
unless new grants occur.

The third conglomerate (Figure 3c) was identified from 2018, with the granting of ther-
moelectric plants Cambará-RS (50.00 MW) and Forespel-RS (3.70 MW), in 2018, and Cgve
Innova-RS (30.00 MW), in 2019; all the plants went to forest residues. The average power
within the cluster was 68.70 MW, as opposed to the expected 12.21 MW. The geographic
region of cluster 4, Figure 3d, during the entire study period presented granted power,
however, from 2002 onwards, it became statistically relevant in terms of temporal space.
The conglomerate counted on the expansion of the Ripasa—SP thermoelectric plant, which
increased its granted capacity from 15.00 MW to 49.63 MW. Cluster 4 plants recorded an
average growth of 6.42% p.a. (2002 to 2010); however, as of 2012, black liquor thermoelectric
plants were implemented in other parts of the country, in addition to the closing of the
PIE RP (30.00 MW) plants in 2013 and Barreiro (12.90 MW) in 2017, resulting in the end of
temporal significance.

Cluster 5, Figure 3e, took place between 2002 and 2010. The power granted increased
from 80.75 MW (2002) to 150.97 MW (2010), with an average rate of 7.20% pa. of the
conglomerate was 119.66 MW granted (2002–2010), as opposed to the expected 83.49 MW.
Thus, similarly to cluster 4, the increase in the power granted abroad resulted in the
dissolution of the conglomerate. The plants were in the states of Paraná (Pizzato and
Miguel Forte) and Santa Catarina (Chapecó, Irani, Celulose Irani, Bragagnolo, Thermoazul,
Klabin Correia Pinto, Klabin Otacílio Costa, Lages and Rohden). He highlighted the
intermediaries of Curitiba-PR (2 thermoelectric plants), Chapecó—SC (3 thermoelectric
plants) and Lages—SC (3 thermoelectric plants). Coelho Junior et al. [26] identified a
cluster for the supply of bioelectricity from black liquor, in the region of clusters 4 and 5,
which corroborates the statistical validation and shows the regional relevance of the energy
resource. According to Furtado et al. [42], the region’s economy is based on the forest-based
industry and since the beginning of the 2000s, the use of waste in cogeneration systems has
increased, highlighting pine bark, pine bark chip, sawdust, dry Pine, and wood chips.

The last grouping (Figure 3f) became significant from 2007 onwards due to the techno-
logical expansion of the Klabin thermoelectric plant, which went from 48.85 MW (2006)
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to 113.25 MW (2007) granted. Energy Green, Rickli, Piraí, Klabin, and Berneck plants
participated in the conglomerate, all located in Paraná. From 2007 to 2010, the average
power granted within the conglomerate was 140.00 MW, with growth of 3.18% p.a., against
6.72% p.a. outside the region, for the same period, which resulted in the end of the con-
glomerate’s statistical relevance.

Table 2 presents the characterization of isolated clusters of forest-based power plants
in Brazil, between 2000 and 2019. Of the eight highlighted thermoelectric plants, six were
black liquor (Fibria MS—II, Klabin Celulose, Cenibra, Veracel, Jari Celulose, Bahia Pulp,
and Suzano Mucuri), one for forest residues (Triunfo) and one for charcoal (João Neiva).
Klabin Celulose (330.00 MW) was the largest forestry biomass plant in Brazil, located in
Ortigueira-PR, it was around cluster 6, which highlighted the high capacity to offer forest
bioelectricity in the south of the country.

Almeida, Silva and Angelo [43] highlighted that wood for pulp was more valued
within the region where Klabin operates, making it an area conducive to timber develop-
ment and a potential area for the supply of forest bioelectricity. Fibria MS II (269.58 MW),
although not presented by cluster 2, was located in Três Lagoas-MS, which showed the
existence of a large industrial center in the region. Cenibra (100.00 MW), located in Belo
Oriente-MG, presented as one of the main companies in the initial years (2000 to 2007).
The João Neiva thermoelectric plant, with 3.50 MW granted, was relevant between 2014
and 2019, using charcoal, common in the state of Minas Gerais due to the high number of
industries in the steel sector.

Table 2. Characterization of isolated clusters of forest-based power plants in Brazil, 2000–2019.
Caption: Obs. = Significant observations; R = radius; LRG = generalized likelihood ratio;
Obs.Avg. = average observed power during the period of existence of the cluster; Exp.Avg. = average
expected power over the lifetime of the cluster.

C. Termelétrica County LRG Obs.Avg. Exp.Avg. Time p-Value

1 Fibria—MS II Três Lagoas-MS 486,909.02 269,580.00 71,110.79 2017–2019 <0.001
2 Klabin Celulose Ortigueira-PR 327,648.46 330,000.00 186,411.81 2013–2019 <0.001
3 Cenibra Belo Oriente-MG 167,727.27 100,000.00 48,658.05 2000–2007 <0.001
3 Veracel Eunápolis-BA 128,345.16 121,822.50 69,882.34 2003–2010 <0.001
4 Jari Celulose Almeirim-PA 91,706.31 55,000.00 26,761.93 2000–2007 <0.001
5 Bahia Pulp Camaçari-BA 67,399.03 108,600.00 63,262.77 2007–2011 <0.001
6 Suzano Mucuri Mucuri-BA 37,517.02 92,000.00 52,059.60 2000–2002 <0.001
7 Triunfo Rio Branco-AC 35,093.90 28,970.00 14,251.90 2014–2019 <0.001
8 João Neiva João Neiva-ES 4229.26 3500.00 1721.84 2014–2019 <0.001

In the Northeast, the highlights were Veracel (121,823 MW), Bahia Pulp (108.60 MW),
and Suzano Mucuri (92.00 MW), all granted in Bahia, and with greater impact in the initial
years of analysis (2000 to 2010). Marques (2015) highlighted Bahia and Mato Grosso do
Sul as the main states for the pulp and paper sector outside the South-Southeast axis. It
is important to emphasize that the use of the scan statistic with probability levels above
30.00% (Figure 2d) can highlight the Bahian complex as a significant spatio-temporal cluster.
In the North region were Jari Celulose (55.00 MW), belonging to the Jari Celulose Papel e
Embalagens S.A. group, and the Triunfo plant (28.97 MW) using forest residues.

The existence of new clusters in the Brazilian supply shows the development of bio-
electricity in the national scenario. Da Silva, Marchi Neto, and Seifert [44] highlighted that
the evolution in the regulation of the electricity sector allowed the injection of surplus elec-
tricity into the grid and motivated the increase of participants in the sector. Another point
that intensifies the offer from forest biomass was indicated by Melo [45] who highlighted
that the practice of energy auctions, especially those of renewable energies, which provide
advances for the expansion of projects in the sector, motivating the search for technological
improvements and increased energy efficiency in associated sectors.

Auctions do not eliminate the problems of competitive market structure or mitigate all
risks associated with project implementation. In Brazil, most of the risks and impediments
to the expansion of the forest bioelectricity sector are related to environmental licensing, site
selection, and grid connection, which often result in technical-economic infeasibility [36,46].
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The Brazilian energy development plan points out the importance of forest-based power
plants for the growth of the national mix, but highlights the need for new projects and
business designs that facilitate the operational viability of the systems [36]. Thus, the iden-
tification of clusters favors the implementation of forest bioelectricity projects, indicating
areas with greater regional and technological development for this form of generation, and,
consequently, reducing the risks of investments.

More recently, in 2017, Brazil approved the National Biofuels Policy, RenovaBio, to
expand low-carbon fuels, within the commitments of the Paris Agreement NDC (SI.15).
Although focused on liquid fuels, the policy provides incentives for the use of biomass
for energy generation based on targets for reducing GHG emissions in the fuel mix, de-
carbonization credits, biofuels certification and fiscal, financial, and credit incentives [47].
Although investments in forest-based electricity are associated with industries, new incen-
tives can help with expansion.

4. Conclusions

The use of scan statistics to assess the Brazilian supply of forest bioelectricity was
validated in this study. From the offers offered for bioelectricity, it is concluded that there
was conglomerate forestry in the Center-South region of Brazil, for all indicators of tested
circular windows. Among the level 2 sources, the main inputs were: black liquor and
forest residues.

For the geographic window associated with 8.60%, there are six spatiotemporal clus-
ters, in addition to eight isolated clusters with temporal contribution. The existence of
conglomerates was associated with regions with greater wood production capacity and
complexes in the pulp and paper sector. These results control that forestry studies are
optimized for optimization and efficiency increase, have been successfully implemented in
the Brazilian industry. It was observed that, as of 2012, a group of large mills, or mainly the
Suzano Celulose and Klabin S.A. group, resulted in the development of space-temporal
clusters. Areas with great development of this form of generation were also highlighted,
such as the mesoregions of Imperatriz-MA, Sinop-MT, Campo Grande-MS, and Lages-
SC, which reflects that the comparative areas located inside the clusters present effective
advantages, with relation to others.

This work collaborates with the scientific development of space research on forest
bioelectricity, being innovative in time analysis. This can help feasibility studies for the
implementation of bioelectricity research and/or encourage the development of public
policies, focused on cluster regions and adjacent areas, promoting the sector. Finally, the
results motivate the diversification and complementarity of the national electricity matrix,
which increases its energy security.

To increase the accuracy of the results found, further studies are needed to investigate
the existence of clusters for other renewable energies, under the assumption that different
regions will dominate the supply. The results will help in the better management of
resources and strategies for expanding the domestic supply of energy, providing guidance
for decision-making and public policy guidance.
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