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Abstract y

While wind power is a low-carbon renewable energy technology with relatively little land footprint, the necessary
infrastructure expansion still has land-related environmental impacts. Brazil has seen more than a ten-fold
increase in wind power capacity in the last decade. However, little is known about these impacts of wind power
generation in Brazil compared to other. worldyregions, although Brazilian wind power infrastructure is
concentrated in the least protected ecosystems that are prone to degradation, desertification and species
extinction.

This study focuses on land-use impacts of past wind power generation development in four Brazilian federal
states, covering 80% of the country’sdnstalled capacity. We assessed their spatial installation patterns, associated
land-use and land cover change in the period before installation until 2018, and potential alternative installation
locations, using a detailed wind«turbing location database in combination with a high-resolution land-use and
land cover map.

In contrast to wind parks,built in Europe,/we found that 62% of the studied wind park area was covered by native
vegetation and coastal sands: Overall,;3.2% of the total wind cluster area was converted from native vegetation
to anthropogenic use. Wind parks, installed mainly on native vegetation, on average, underwent higher land-use
change compared to other wind, parks.

As Brazil intends to‘mere than double its current wind power capacities by 2029, we explored possibilities to
reduce environniental risks'due to wind power expansion. We showed that this is feasible by integrating wind
parks into human-altered @areas, as sufficient wind resources there are available.

Keywords: wind power, land-use impacts, land-use and land cover change, Brazil

Introduction

Wind power has developed dynamically in recent years, notably in Brazil [1]. There, the installed capacity
has,increased drastically from 0.03 GW in 2005 to 14.4 GW in 2019 [2]. Wind energy became the second largest
source for electricity generation after hydropower i.e., 8.9% of electric in 2019 energy came from wind [2].
Historically, wind power deployment was concentrated in the Northeast and South regions of Brazil. Future
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expansion is expected to occur in the same regions and reach 39.5 GW by 2029 [3]. Wind power expansion is
known to be crucial for supporting climate change mitigation efforts [1,4], also considering that its€Xpected land
requirements—the land area necessary to generate a unit of power [5-11]—are lower compared to)other
renewable technologies such as solar photovoltaics, hydropower, and bioenergy, as shown by existing work on
future global- or country-scale energy systems [12—15].

However, the focus on land requirements only does not account for all land-use impacts,of wind power
infrastructure. Studying a greater variety of impacts is necessary to ensure the deployment of sustainable energy
systems [16,17]. In various countries, case studies at the facility level found natural vegetation removal, habitat
fragmentation, ecosystem disturbance, and threats to terrestrial wildlife, to be among the land-use impacts that
accompanied onshore wind power expansion [18-25]. In addition, infrastructure expansion is known to affect
the ecosystems beyond the directly occupied area and to facilitate further conversion Qf natural vegetation [26—
29]. Capturing such impacts on a large spatial scale is not feasible by estimating solely the land requirements of
wind power generation.

Several research approaches have been developed to investigate these land-use impacts on a large spatial scale
beyond estimating land requirements only. Among those, existing wind parks in‘the US have been assessed in
terms of which land cover or natural habitat prevails on the land area.occupied by the infrastructure [5,12,30,31].
Another approach—applied both at the scale of a single biome (Caatinga, Brazil) and globally—evaluated the
overlap between conservation areas and existing wind power infrastructure to assess its biodiversity impacts
[32,33]. However, the former approach does not capture thereffects, of wind power infrastructure beyond the
directly occupied area, whereas the latter limits assessments of land=use/impacts to conservation areas.

Moreover, regardless of the approach, the number of studies on land-use impacts related to wind power in
Brazil is quite low compared to other world regions [34,35]. As'thé negative environmental impacts reported by
qualitative research for individual wind parks are significant [20,36—38], comprehensively assessing them is of
high importance, especially considering that past and future wind power expansion occurs in states with
climatically vulnerable and comparably less protected ecosystems [39—41]. In particular, Caatinga—the biome
with the highest number of wind parks—is proneito degradation, desertification and extinction of several endemic
species of flora and fauna [42].

Here, we extend the existing knowledge on land-use impacts of wind power generation, first, by expanding
the spatial land-use and land cover analysis of the existing wind power infrastructure beyond estimating directly
occupied land and assessing conservation areas only, and, second, by doing so for all wind parks installed until
2018 in four federal states of Brazil: B~ahia, Ceara, Rio Grande do Norte, and Rio Grande do Sul, which cover
80% of total installed capacity,

We determined the land-use and land' cover installation patterns of wind parks by integrating their location
[43], and the surrounding area withsland-use and land cover maps, considering the installation period. In
particular, we used a cutting-edge annual land-use and land cover map developed for Brazil which has an annual
temporal resolution and a particularly high spatial resolution of 30 x 30 m [44,45]. In addition, we estimated the
cumulative land-use,and land cover change (LUCC) that occurred after installation of the wind parks. As we
found a significant.propertion of wind parks installed on native vegetation and dunes, we also assessed whether
alternative locations /that are already largely influenced by human activity would have been available for
deployment instead: To do so, we estimated the wind resources necessary for the future wind parks based on
average wind power. densities [46] of the built wind parks and quantified the area of more intensively human-
altered land that has similar wind resources.

Data & Methods

Our research focuses on four federal states of Brazil, where 80% of all national onshore wind parks are
installed, i.e. 'Rio Grande do Norte (Caatinga & Mata Atlantica biomes), Bahia (Caatinga & Mata Atlantica
biomes), Ceard (Caatinga biome), and Rio Grande do Sul (Mata Atlantica & Pampa biomes). On the temporal
scale, we analyzed wind parks that were installed until 2018. The data sets used for this study are listed in table
1/All'data sets are public and free to download.
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1

2

3 Table 1. Used datasets.

g Source Data Spatial. Tempo.ral
resolution resolution

6 Brazilian Annual Land-Use and Annual land-use & land cover raster 30mx30m Annual

7 Land Cover Mapping Project maps (1996=2018)

8 (MapBiomas) [44,45]

9 Georeferenced information system  Wind turbines: wind park registration Points Annual

10 for the electricity sector by the code, location & installed capacity (1998-2018)

11 Brazilian Electricity Regulatory Wind parks: commissioning date,

12 Agency (ANEEL) [43] operational status

13 Global Wind Atlas (GWA) [46] Mean power density at 100 m height 1 km.x hkm 10-year average

12 ~ (2008-2017)

16 Brazilian Institute of Geography State boundaries Polygons —

17 and Statistics IBGE) [47]

12 Land-use and land cover classification

20 Distinguishing between different levels of human impact on landsis central.to this study. As the comparably

21 small size of wind power infrastructure requires high spatial resolution and time series are necessary to

22 understand the dynamic impacts of wind power expansion, weopted for an’approach that has limited diversity

23 of qualitative indicators but provided the necessary resolutions Wertherefore aggregated the MapBiomas land-

24 use and land cover classification [44] into three major classes i.€.; native vegetation, anthropogenic land, and

25 coastal sands (S1). To assess the installation patterns of historical wind power deployment, we considered land-

26 use and land cover for each wind cluster two years'prior to itsicommissioning date, as provided by ANEEL [43].

27 The type of the wind cluster is described in terms of its,dominant land-use and land cover class two years prior

28 to the commissioning year. Hence, we distinguish wind clusters built mainly on i) native vegetation (NatVeg), ii)

29 anthropogenic land (AnthLd), and iii) coastal sands (Coast). In section S2 of the supplementary material, our

30 classification is discussed in detail and ¢omparédyto, the human footprint index. Section S8 shows how the

31 assumption on the starting year for the analysis affect land-use change estimates.

32 Land covered with native vegetation and dunes is,_prone to conversion to more intense land-use, and this,

33 consequently, increases the risk for theselands in terms of ecosystem disturbances, natural habitat fragmentation,

34 biodiversity loss and other ecological risks»[48]. Hence, we refer to native vegetation and coastal sands as

35 environmentally vulnerable land. The share of vulnerable land per wind cluster was estimated as the sum of

g? native vegetation and coastal sandsrelative to the total area for each wind cluster and its deployment region. The

38 estimation of land conversion i§ explained in the supplementary material (S3).

39 Wind cluster boundaries and their deployment region

2(1) For this study, we selected,wind parks that were built up to 2018 and which are currently in operation. The

42 polygons of wind park’boundariesyreported by ANEEL, cover the area that legally belongs to the wind parks.

43 However, in some cases, this‘area extends far beyond the location of the wind turbines (S4, figure SF3). This

44 may lead to a misinterpretation of installation patterns for such wind parks. Hence, wind park boundaries were

45 defined as the convex hull of all wind turbine locations that belong to the same park (figure 1a).

46 Installation pattérns were analyzed on two spatial scales: wind cluster and deployment region. Wind clusters

j; indicate spatial coneentration of the wind parks and prevent double counting of the area for wind parks with

49 overlapping boundaries. The polygons of wind parks built in the same year were joined into wind clusters based

50 on the distance between them. The minimum distance between two wind clusters is 6 km (figure 1b and section

51 S5)..The deploymient region is used to describe land-use patterns of areas in the neighborhood of the wind cluster

[¥) area. The deployment region refers to the area within the 3 km buffer around the wind cluster, excluding the

53 clustenitself (figure 1c). This buffer radius, that is equal to half of the minimum distance between two wind

54 clusters, prevents overlapping between deployment regions.

55

56

57

58

59
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(a) (b)
Turbines of wind park A installed in 2016 Boundaries of windpark A installed in 2016

‘i Turbines of wind park B installed in 2016 Boundaries of'wind park B imstalled in 2016

% Turbines of wind cluster AB Boundaties of wind cluster AB

Deployment region for wind cluster AB d=6km

Figure 1. Schematic explanation for creating (a) polygons of wind<park.boundaries, (b) wind cluster multipolygons, and (c)
deployment region polygons. &

Alternative locations for future wind power deployment

Here, we suggest that wind power deployment could.be fully‘integrated with already human-altered lands in
order to prevent further conversion of environmentally vulnerable areas. We examined the basic feasibility of
this approach by assessing whether such land, in theory, has sufficient wind resources to be considered for
accommodating wind parks. To do so, we used wind. power density as a parameter to determine the wind
resources required for operating a wind park. Of course, power density on its own is not a sufficient condition to
determine the suitability of land for'wind park installations, but it is a necessary one. For that purpose, we
extracted the average power density for each existing wind cluster polygon from the GWA [46] and derived a
distribution of these power densities for all wind clusters in a state (S6, figure SF4). We assume that wind parks
need a minimum power density equal to or larger than the 1% quartile of the observed power density distribution
in existing wind parks (S6). Thus, theM quattile defines a threshold for the necessary minimum level of wind
resources. We consider the 1% quartile tode a conservative estimate, as 25% of locations have even lower wind
speeds and wind parks were stillébuilt there. Also, future technological developments may shift wind power
development to locations with even lower power densities. Nevertheless, in the supplementary material S6, we
assessed how our choice.of the threshold affects the estimated area of anthropogenic land with sufficient wind
resources. By overlapping theraster data from the GWA, which fulfill the threshold, with the land-use and land
cover map for 2018, we determined the area of anthropogenic land that, in principle, would comply with
minimum wind resource requirements for a wind park. We derived two scenarios: in the first scenario (scenario I),
we used the thresholdfound for each state to estimate the area of eligible anthropogenic land; in a second scenario
(scenario II), we,applied 'the threshold, which is the 1% quartile of the power density distribution of all wind
clusters insthe foursstates, uniformly to all states (table 2). In supplementary material S6, we assessed in a
sensitivity analysishhow our choice affects the estimated area of anthropogenic land with sufficient wind
resources. As that difference in thresholds among the states is due to availability of wind resources as well as
techno-economic conditions, scenario I assumes that these conditions remain as distinct across the states as
earlier. In contrast, scenario II, assumes that these conditions are homogeneous across the states.

Thecode used to produce results presented in this study is available at https://github.com/olga-
turkovska/wind-land-brazil. The supporting data is available at http://doi.org/10.5281/zenod0.4013396.
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1

2

3 Table 2. Thresholds for minimum necessary wind power density in each scenario. The values per state refer to the thresholds
4 applied in scenario I. The threshold defined for scenario Il is applied uniformly to all states.

5 . o . . Rio Grande [ Rio Grande
6 Scenario Description Bahia Ceara do Norte do Sul

7 Minimum necessary power density

8 Scenariol  (1* quartile of the state’s distribution), 604 296 367 351

9 W m?

10 Minimum necessary power density

11 Scenario I (1% quartile of overall distribution), 368

12 W m?

13 Results

14

15 According to ANEEL, the first wind park in Brazil (Ceard state) was deployed in1998[43]. Over the 14-year
16 period between the installation of the first park and 2011, wind power did\net considerably expand in most
17 Brazilian states (table 3). However, this changed after 2011, when the four states in our analysis reached a total
18 installed capacity of 11.2 GW in 2018 [43]. Our clustering approach indicates spatio-temporal concentration of
19 the wind parks i.e., on average there are 3.4 wind parks per cluster within.a distance of less than 6 km built in the
20 same year. Half of the installed wind clusters are NatVeg (64 clusters). Therest of the wind clusters are split
21 between AnthLd (30%) and Coast (20%).

;g Table 3. Historical wind power deployment for the case-study region. Based'on [43].

24 Bahia Ceara Rio. Grande Rio Grande Totalin

5 do Norte do Sul four states

% First wind park, year 2012 1998 2006 2006 1998

27 Peak of installations, year 2018 2014 2016 2015 2014

28 Installed capacity (2011), GW 0 0.5 0.3 0.3 1.1

gg Installed capacity (2018), GW 3.5 2 39 1.8 11.2

31 Number of turbines 1703 997 1946 829 5475

32 Number of parks 132 78 142 80 432

33

34 Total number of clusters 34 33 34 27 128

35 Number of NatVeg clusters 29 5 16 14 64

36 Number of AnthLd clusters 5 10 11 12 38

37 N

38 Number of Coast clusters 0 18 7 1 26

39

40 Land-use and land cover installation patterns of wind power expansion in Brazil

41 We assessed the share.of vulnerable land within the wind cluster (X-axis) and its deployment region (Y-axis)
42 in figure 2(a)-(d). In/the fourstates, 90 of 128 clusters were built on predominantly vulnerable land. Native
43 vegetation covered 52% of the total wind cluster area, coastal sand covered around 10%, and anthropogenic land
j;" covered 38%. Instotal, therefore, wind clusters were deployed to a larger extent on vulnerable than on
46 anthropogenic land.

47 The four states‘show quite differentiated patterns of deployment. Wind clusters in Bahia and Rio Grande do
48 Sul were extensively installed on vulnerable land (the upper right corner in figures 2(a) and 2(d)) which covers
49 more than 75% of the area in those clusters. Moreover, this applies to the respective deployment regions as well.
50 In total;:20 out of 34 wind clusters in Bahia and nine out of 27 wind clusters in Rio Grande do Sul show this
51 pattern, independently of their size. Ceard and Rio Grande do Norte have in total only three wind clusters that
g g indicate such a high presence of vulnerable land on both axes.

54 Wind clusters in Ceard mainly occupy land along the coast. Within Coast clusters, the share of vulnerable
55 land was above 58% of the wind cluster area (figure 2(b)). Most of those clusters were deployed in regions with
56 ahigh presence of anthropogenic land. With a few exceptions, the share of anthropogenic land in the deployment
57 regions was above 40% there. This is a consequence of coastal regions in Ceard being comparably more
58

59
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developed in terms of settlement and agricultural activities. The intensity of this pattern is unique to/Ceard. To a
smaller extent it is also present in Rio Grande do Norte, where eight wind clusters are built on the coast and.in
Rio Grande do Sul, where we found one similar wind cluster.

Rio Grande do Norte shows very mixed installation patterns in both the wind cluster and the deployment
region (figure 2(c)). The share of vulnerable land varies between 50% and 90%, which implies the presence of
more anthropogenic land in those clusters compared to Bahia and Rio Grande do Sul. The share of vulnerable
land in the deployment regions of Rio Grande do Norte is lower compared to thedshare of vulnerable land
occupied by wind clusters. With a few exceptions, the share of vulnerable land does not.exceed 75% and in some
cases land in the deployment regions is predominately anthropogenic for NatVeg and Coast clusters. This
installation pattern is strongly present only in this state.
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Figure 2. Land‘use and land cover installation patterns for wind clusters in (a) Bahia, (b) Cear3, (c) Rio Grande do Norte, and (d)
Rio Grande do Sul. Each circle represents a wind cluster where the size indicates the area (ha) of the wind cluster. The circle’s
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vulnerable land (%) in the wind cluster and its deployment region, respectively (two years before the commissioning year).
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A minor share of the wind clusters was installed mostly on anthropogenic land. This pattern is observed in all
states i.e., 18% of wind parks in Bahia, 27% in Ceard, 35% in Rio Grande do Norte, and 40% in Rio'Grande,do
Sul. Similarly, the deployment regions of these wind clusters are characterized by land with higher anthropogenic
activity i.e., at least 50%, except for some clusters in Bahia and Rio Grande do Norte,. In all states, only three
clusters were built exclusively on anthropogenic land. Such installation patterns clearly implysthat their
deployment occurred in areas with significant presence of human development. In terms of wind cluster size,
five out of nine of the largest wind clusters followed this pattern.

Land-use and land cover change within wind clusters

We estimated LUCC that occurred within the wind cluster area for the period between two years prior to the
commissioning and 2018. LUCC estimates include conversion that occurred during the construction phase and
later on after the parks were commissioned (S8). Here, we excluded wind clusters, which were commissioned in
2018 (16 clusters).

The total net LUCC amounted to -3.2% (22 km?) of the total wind cluster area if‘all states i.e., indicating the
net loss of native vegetation. Among all states, net native vegetation loss was detected in 65 (58%) wind clusters,
while net native vegetation regrowth was observed in 33 (29%)_clusters. Native vegetation areas remained
unchanged in 14 (13%) wind clusters. The LUCC per wind cluster varies between -39.2% of wind cluster area,
i.e., the highest native vegetation loss, and 23.5% of wind cluster area, i.e., the highest native vegetation regrowth
(figure 3). In all states, native vegetation loss occurred in the-majority of NatVeg wind clusters and was higher
compared to other clusters. While in NatVeg wind clustets native vegetation regrowth usually did not exceed
2.5% of the wind cluster area, the regrowth in AnthLd wind clusters was mostly above 2.5% of the wind cluster
area. Yet, this holds only for seven AnthLd wind/lusters as vegetation loss occurred in the majority of AnthlLd
clusters. The wind clusters, which showed zero net LUCE were mainly Coast wind clusters in Ceard, and several
AnthLd clusters in Rio Grande do Sul with share of anthropogenic land above 97% of the cluster area (S7, figure
SF5). Overall, the net LUCC in NatVeg windelusters was -6.1% (15.2 km?) of their total area, whereas in AnthLd
wind clusters it was -2% (6.9 km?), and -0.3%,(0.4 km?) in Coast wind clusters. However, when the LUCC is
compared to the initial native vegetation area per ¢cluster type, the difference between NatVeg and AnthLd wind
clusters is reduced i.e., within those‘clusters, vegetation loss was -7.2% and -6.2%, respectively.
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Figure 3. Difference in net LUCC among wind cluster types. The X-axis shows the type of the wind cluster. The Y-axis refers to net
LUCC relative to the wind cluster area (%). Each circle corresponds to one wind cluster and its color refers to the federal state
where the cluster is located. Positive values indicate native vegetation regrowth.
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On the state level, in Ceard and Rio Grande do Norte, the native vegetation loss in the wind clusters was
considerably higher than the state average loss (table 4). This difference suggests that wind power'€éxpansion.in
these states might have been a factor which led to additional LUCC in these areas. In contrast, in Bahia and Rio
Grande do Sul, the estimates for the wind clusters and state average are fairly close. Despite the vast majority of
wind clusters in Bahia showed native vegetation loss (figure 3), on the aggregated level, the total net:EUCC is
very low i.e., -0.1%. This is also confirmed, when normalizing LUCC by the size of the, wind:clusters innterms
of installed generation capacity. The estimate for Bahia is much lower than those for the other states i.e., -30
m? MW-! (table 4). The opposite is observed for Rio Grande do Norte, where the vegetation loss is -4 627 m?> MW~
!, In both states, we found wind clusters that significantly shift the aggregated estimates. In Bahia, the vegetation
regrowth estimated in one of the wind clusters was as high as the total vegetation regrowth in other clusters.
Excluding this cluster from the estimates changed the total net LUCC to -2.1%¢0f total,wind cluster area, and the
net LUCC per MW increased to -1 081 m?> MW-!, which makes the estimates for Bahia more similar to those for
the other states. Similarly, in Rio Grande do Norte, the vegetation loss in two clusters was as high as the total
vegetation regrowth in other clusters. Hence, by excluding them, the net LUCC per MW decreased to -2 848
m?> MW-!. This estimate is closer to the other states but still remains the highest among all states. This is a result
of vegetation loss being quite high in most of the wind clusters in Rio Grande do Norte (figure 3). In addition to
net LUCC, table ST1 in the supplementary material (S3) shows total native vegetation regrowth and loss values
per state.

Table 4. Comparison of net LUCC among the four states and wind cluster. types. On the temporal scale, net land conversion for
wind clusters was estimated for the period between two years prior to commisﬁoning year and 2018. Total wind cluster area

excludes the area of wind clusters that were commissioned in 2018. Values in parentheses were estimated after excluding outlying
clusters in Bahia and Rio Grande do Norte.

State

Rio Grande Rio Grande

Bahia Ceara do Norte do Sul Four states
State net conversion (2012-2018) relative 02 0.4 23 29 1.0
to the state area, %
Total wind cluster area, km? 116 102 331 157 706
Total net LUCC in the wind clusters -0.1 18 -5.0 6 12
(relative to total wind cluster aréa), % (-2.8) o (-3.1) - e
-30 -4 627 -2 387

Total net LUCC MW, m> MW-! -1 027 -2 245

ot ne per Ve (-1 081) (-2 848) (-1912)
Wind cluster type

AnthlLd NatVeg Coast

Net LUCC in the wind clustersykm? 6.9 -15.2 0.4
Initial ared of native vegetation, km? 110 209 11
Net LUCC in the wind clusters (relative -6.2 -1.3 34

to total'wind cluster area), %

Alternative wind park locations

Here, we assessed the possibility to reduce environmental risks for vulnerable land through expansion of wind
power infrastructure on anthropogenic land. Both scenarios indicate that all states have enough anthropogenic
land with wind resources sufficient for wind park operation. This implies that, in theory, future wind power
expansion on anthropogenic land could easily accommodate a 160% increase of installed wind power capacity,
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as foreseen in government plans up to 2029 [3]. Assuming that business-as-usual expansion would occutonly on
environmentally vulnerable land and technology will not significantly change, then integration of wind power
infrastructure into anthropogenic land would spare about 2150 km? of environmentally vulnerable land,from
being affected.

In particular, in scenario I, the estimated area of anthropogenic land is 37 times larger €ompared to the total
area of wind parks installed before 2018. The difference is slightly larger in scenario II i€, the estimated area of
anthropogenic land is 40 times larger compared to the total area of installed wind parks. On the state scale, in
Bahia, the estimated area is 11 to 61 times larger than the area of existing wind parkspwhich implies that 1% to
5% of the state’s anthropogenic land has a power density above the applied threshold (figure.4). Unlike the other
states, Bahia has more anthropogenic land with sufficient wind resources in scenario II as the power density
threshold in scenario II is considerably lower than in scenario I (table 2 in Method &,Qata). The estimated area
of anthropogenic land in Ceard is 13 to 26 times larger than the area of existing wind clusters, the share of current
anthropogenic land in the state with sufficient wind resources varies between 3% and.6%. As the power density
threshold in scenario I for Cear4 is the lowest among the state, applying the threshold in scenario II reduced the
land area with sufficient resources. In Rio Grande do Norte, the thtesholds in both scenarios are very close,
therefore, the anthropogenic land area with sufficient resources practically,does not change. In both scenarios,
the estimated area of anthropogenic land with sufficient wind résourcesyis 12 times above the area of existing
wind clusters, which accounts for 17% of anthropogenic land in'this state. The difference between power density
thresholds in Rio Grande do Sul is rather low, however, therarea of anthropogenic land with sufficient energy
resources notably decreases in scenario II. Nevertheless, the estimated area is 103 to 140 times higher compared
to the area of existing wind clusters. This implies that 12% to 6% of the state’s anthropogenic land has a power
density above the applied threshold.

Scenario
KX scenario |
Ml scenario Il

Bahia

Ceara

Rio Grande do Norte

Rio Grande do Sul

2 500 5000 7 500 10 000 12 500 15000 17 500 20 000

Anthropogenic land area, km?

Figure 4. Anthropogenic landsper state asiof 2018 with sufficient wind resources for wind park installation in Bahia, Ceara, Rio
Grande do Norte, and Rio Grande do Sul. The X-axis refers to the area of anthropogenic land (km2) in scenario | (crossed bars) and
scenario |l (filled bars){The Y-axis shows the federal state.

Discussion

Our findings suggest that installation patterns of wind power differ between Brazil and known patterns in
Europe, which, may lead to a different outcome in terms of land-use impacts. E.g. in contrast to Austria and
Denmarks where the vast majority of wind parks are located on agricultural land [31], wind power in Brazil—
although, in principle, enough wind would have been available on anthropogenic land—was built mainly on
environmentally. vulnerable land such as savanna, grasslands, and dunes. This goes in line with a recent study
that found that47% of wind parks in the Caatinga biome, where three states studied here belong to, overlaps with
high priority conservation areas [32]. In addition, studies on the scale of single wind parks in Ceard reported that
wind parks'installed on the coast suffered from the alteration of dunes and removal of native vegetation [20,49]
among others impacts, confirming our results. The environmental problem is further aggravated by the fact that,
although environmental licensing procedures for the wind parks exist in Brazil [50], they were not mandatory for
all wind parks in Bahia and Rio Grande do Sul [51]. In other cases, environmental licenses were issued despite
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concerns regarding the environmental impacts of the wind park, hence, putting vulnerable ecosystems, at risk
[52]. Development on environmentally vulnerable land and within conservation areas on one handyand reported
issues with environmental licensing of wind parks on the other hand, suggests that existing environmental
regulations potentially enabled unsustainable siting of wind park. Therefore, further research‘should rigorously
examine the role of environmental regulations in placing the wind parks into environmentally vulnerable lands
and assess possibilities to improve them.

LUCC considerably varies among the wind clusters and states, this highlights the difference in terms of land-
use impacts among the installation areas. Our net LUCC estimates include native vegetation,regrowth, which is
occurring mostly on pastures, and could indicate abandonment of these areas. Qur estimate for all states i.e.,
2387 m> MW-! shows that actual land-use change is much higher than estimated by the natural land
transformation coefficient for wind power applied in a recent life cycle analysis for,South America i.e., 75
m? MW-![15]. Such differences suggest that, due to the direct footprint of wind power infrastructure, wind power
expansion can be accompanied by additional land-use change. Our value is fairly close to the mean land
transformation of 3 000 m> MW-! estimated for the US wind parks, based on the environmental assessment
reports [S]. Our approach provides net LUCC and focuses on native végetation, whereas Denholm et al. estimate
total land transformation without distinguishing between the different land-use and land cover classes. This
implies that our net LUCC value could be higher if it included the transformation of croplands, pastures, and
dunes. A comparison with other studies shows a considerable{gap between the assessed land-use impacts from
actual wind parks and estimates that are used in studies, whiechiproject.the land-use impacts of future wind power
development. This implies that some of the assessments in energy #ransitions may be underestimating the
consequences of renewable energy development.

We also explored the possibility to mitigate negative environmental implications of wind power expansion
and integrate its deployment into human-altered lands. We found that negative environmental land-use impacts
could be avoided or considerably reduced, given that enough wind resources are available on such lands. This
agrees with other research that studied similar questions on the wind park- [53], large ecosystem- [54], and global
scale [55]. However, the social implications of such an approach require careful examination, especially
considering the ‘social-gap’ in wind,power deployment [56,57]. This is particularly relevant for Brazil, where
the displacement of local communities and land-use conflicts due to land tenure insecurities have been widely
reported in the context of wind power€xpansion [49,58]. Especially in the Brazilian Northeast, this can be further
exacerbated by extremely limited options for participation in planning processes of wind power siting and flaws
in compensation schemes [59]. ~

There are some methodological limitations of our analysis: firstly, the differentiation between vulnerable and
anthropogenic lands relies on two/factors i.e., data quality and underlying assumptions regarding the definition
of those terms. To deal with, the former, we have strongly aggregated land-use and land cover classes to reduce
classification errors. However, some land-use classes such as pasture remain a source of uncertainty. In particular
in Rio Grande do Sul matural, non-planted pastures can be falsely classified as grasslands [44], hence potentially
overestimating the share of native vegetation per wind cluster for that state. To tackle the latter, we conducted a
validation, whichsshowed that our approach captures the difference between land with lower and higher
anthropogenic use (S2). However, our differentiation does not imply that vulnerable land is not under human use
and vice versa. Our approach is, comparably to others that estimate human impact on land [60-64], quite
restricted in'it§ qualitative depth. It nevertheless shows that human impact intensified over time through wind
power expansion afid simultaneous land-use change. Secondly, our analysis does not allow to establish a causal
link between the estimated land-use change and wind power expansion. Further research is necessary to
understand to what extent this change is caused by the installation of wind power infrastructure or other drivers.

Conclusions

This study reveals how wind power spatially expanded in Brazil and which land-use impacts accompanied
thisrexpansion. We showed that regions with high presence of environmentally vulnerable land were more
affected by wind power development than regions with higher anthropogenic activity. Within the same state we
observed that the impact varies greatly depending on the prevailing land-use of the wind park. Our findings
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suggest that land-use impacts can be broader and more regionally diverse than it is assumed in energy transition
studies. Therefore, to acknowledge this diversity of impacts and better account for negative impacts, a more
detailed representation of land-use impacts should be integrated into studies on the future development of
renewables.

Our results question the sustainability of historical wind power expansion in Brazil,{in terms of land-use
impacts. Therefore—as Brazil foresees to more than double its installed capacity by2029—we investigated
whether current deployment practices could be improved. We demonstrated that the impacts on environmentally
vulnerable land could be reduced through the integration of wind power into human-altered,areas, as sufficient
wind resources are available there. Future research should conduct a more advanced analysis.of techno-economic
conditions for wind power development on anthropogenic land, including an assessment of the trade-offs between
installing renewable energy infrastructure on land with high and low anthropogenic use:Ultimately, gaining a
deeper understanding of the factors that drove wind park installation on vulnerabledand in the past is also a highly
important research avenue to allow for more sustainable choices in the future.

Acknowledgements

We gratefully acknowledge support from the European Research Council (‘‘reFUEL’’ ERC-2017-STG
758149). G.C. was financed in part by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior -
Brasil (CAPES) - Finance Code 001. Open access funding provided by BOKU Vienna Open Access Publishing
Fund.

References
[1]  IRENA 2020 Global Renewables Outlook: Energy, Transformation 2050 (Abu Dhabi: International Renewable
Energy Agency)

[2]  Empresa de Pesquisa Energética 2019/Balanco Energético Nacional (Rio de Janeiro)

[3] Ministério de Minas e Energia / Empresa de Pesquisa Energética 2019 Plano Decenal de Expansdo de Energia
2029 (Brasilia: Ministério de Minas e Energia / Empresa de Pesquisa Energética)

[4] Rogelj J, Shindell D, Jiang K, Fifita S, Forster P, Ginzburg V, Handa C, Kobayashi S, Kriegler E, Mundaca L,
Séférian R, Vilarifio M V, Calvin K, Emmerling J, Fuss S, Gillett N, He C, Hertwich E, Hoglund-Isaksson L,
Huppmann D, Luderer G, MeCollum D L, Meinshausen M, Millar R, Popp A, Purohit P, Riahi K, Ribes A,
Saunders H, Schidel C, Smith P, Trutnevyte E, Xiu Y, Zhou W, Zickfeld K, Flato G, Fuglestvedt J, Mrabet R
and Schaeffer R 2018 Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development
In: Global Warming of,1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-
industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate,change, sustainable development, and efforts to eradicate poverty

[5] Denholm P, Hand M, Jackson M and Ong S 2009 Land Use Requirements of Modern Wind Power Plants in the
United States

[6] Fthenakis V and Kim H € 2009 Land use and electricity generation: A life-cycle analysis Renew. Sustain.
Energy Reys43 1465-74

[71  Smil V 2015(Power density: a key to understanding energy sources and uses (Cambridge, Massachusetts: The
MIT Press)

[8] Miller& M and Keith D W 2018 Observation-based solar and wind power capacity factors and power densities
Environ. Res. Lett. 13 104008

[9]. Miller L M and Keith D W 2019 Corrigendum: Observation-based solar and wind power capacity factors and
power densities (2018 Environ. Res. Lett. 13 104008) Environ. Res. Lett. 14 079501



oNOYTULT D WN =

[10]

[11]

[12]

[13]

[16]

[17]

[20]

(24]

AUTHOR SUBMITTED MANUSCRIPT - ERL-109772.R1

Palmer-Wilson K, Donald J, Robertson B, Lyseng B, Keller V, Fowler M, Wade C, Scholtysik S; Wild P and
Rowe A 2019 Impact of land requirements on electricity system decarbonisation pathways EnergysPolicy 129
193-205

Schmidt J, Gruber K, Klingler M, Klockl C, Ramirez Camargo L, Regner P, Tutkovska O; Wehrle’'S and
Wetterlund E 2019 A new perspective on global renewable energy systems: why trade in €nergy carriers matters
Energy Environ. Sci. 12 2022-9

McDonald R I, Fargione J, Kiesecker J, Miller W M and Powell J 2009 Energy Sprawl er Energy Efficiency:
Climate Policy Impacts on Natural Habitat for the United States of America PLOS ONE 4 €6802

Hertwich E G, Gibon T, Bouman E A, Arvesen A, Suh S, Heath G A, Bergesén J D, Ramirez A, Vega M I and
Shi L 2015 Integrated life-cycle assessment of electricity-supply scenarios confitms global environmental
benefit of low-carbon technologies Proc. Natl. Acad. Sci. 112 6277-82

Trainor A M, McDonald R I and Fargione J 2016 Energy Sprawl Is the Largest Driver of Land Use Change in
United States ed R F Baldwin PLOS ONE 11 0162269

Luderer G, Pehl M, Arvesen A, Gibon T, Bodirsky B L, Boer'H S'de; Fricko O, Hejazi M, Humpendder F, Iyer
G, Mima S, Mouratiadou I, Pietzcker R C, Popp A, Berg M van den, Vuuren D van and Hertwich E G 2019
Environmental co-benefits and adverse side-effects of alternative power sector decarbonization strategies Nat.
Commun. 10 1-13

4
Holland R A, Scott K, Agnolucci P, Rapti C, Eigenbrod F and Taylor G 2019 The influence of the global electric
power system on terrestrial biodiversity Proc{ Natl. Acad. Sci- 116 26078-84

Katzner T E, Nelson D M, Diffendorfer J E, Duert A E, €Campbell C J, Leslie D, Zanden H B V, Yee J L, Sur
M, Huso M M P, Braham M A, Morrison.M L, Loss S R, Poessel S A, Conkling T J and Miller T A 2019 Wind
energy: An ecological challenge Science 366 1206=7

Kuvlesky W P, Brennan L A, Morrison M L, Boydston K K, Ballard B M and Bryant F C 2007 Wind Energy
Development and Wildlife Conservation: Challenges and Opportunities J. Wildl. Manag. 71 2487-98

Copeland H E, Pocewicz A and Kieseckersd M 2011 Geography of Energy Development in Western North
America: Potential Impacts on Terrestrial Ecosystems Energy Development and Wildlife Conservation in
Western North America edD E I\hngle (Washington, DC: Island Press/Center for Resource Economics) pp 7—
22

Meireles A J de A, Gorayeb A, Silva D R F da and Lima G S de 2013 Socio-environmental impacts of wind
farms on the traditional communities of the western coast of Cear4, in the Brazilian Northeast J. Coast. Res. 65
81-6

Jones N F and Pejchar L/2013 Comparing the Ecological Impacts of Wind and Oil & Gas Development: A
LandscapesScale Assessment PLOS ONE 8 e81391

Lovich J'E:and Ennen J R 2013 Assessing the state of knowledge of utility-scale wind energy development and
operation on non-volant terrestrial and marine wildlife Appl. Energy 103 52-60

Ferrdo da Costa G, Paula J, Petrucci-Fonseca F and Alvares F 2018 The Indirect Impacts of Wind Farms on
TerrestriabMammals: Insights from the Disturbance and Exclusion Effects on Wolves (Canis lupus) Biodiversity
and Wind Farms in Portugal: Current knowledge and insights for an integrated impact assessment process ed
M Mascarenhas, A T Marques, R Ramalho, D Santos, J Bernardino and C Fonseca (Cham: Springer International
Publishing) pp 111-34

Wolaver B D, Pierre J P, Labay B J, LaDuc T J, Duran C M, Ryberg W A and Hibbitts T J 2018 An approach
for evaluating changes in land-use from energy sprawl and other anthropogenic activities with implications for
biotic resource management Environ. Earth Sci. 77 171

Page 12 of 15



Page 13 of 15

oNOYTULT D WN =

(28]

[29]

[30]

[31]

[35]

[36]

[37]

[40]

[41]

[42]

AUTHOR SUBMITTED MANUSCRIPT - ERL-109772.R1

Dias D de M, Massara R L, Campos C B de and Rodrigues F H G 2019 Human activities influence the
occupancy probability of mammalian carnivores in the Brazilian Caatinga Biotropica 51 253-65

Alves D S 2002 Space-time dynamics of deforestation in Brazilian Amazonia Int. J. Remote/Sens. 23 2903—8

Laurance W F, Albernaz A K M, Schroth G, Fearnside P M, Bergen S, Venticinque E M and Costa C.D 2002
Predictors of deforestation in the Brazilian Amazon J. Biogeogr. 29 737-48

Hastik R, Basso S, Geitner C, Haida C, Poljanec A, Portaccio A, Vri¢aj B and Walzer. C 2015 Renewable
energies and ecosystem service impacts Renew. Sustain. Energy Rev. 48 608-23

Hughes A C 2019 Understanding and minimizing environmental impactsof the Belt and Road Initiative
Conserv. Biol. 33 883-94 ~

Diffendorfer J E and Compton R W 2014 Land Cover and Topography Affect the Land Transformation Caused
by Wind Facilities PLOS ONE 9 88914

Nitsch F, Turkovska O and Schmidt J 2019 Observation-based estimates of land availability for wind power: a
case study for Czechia Energy Sustain. Soc. 9 45

Neri M, Jameli D, Bernard E and Melo F P L 2019 Green versus green? Adverting potential conflicts between
wind power generation and biodiversity conservation in'Brazil Perslzect. Ecol. Conserv. 17 131-5

Rehbein J A, Watson J E M, Lane J L, Sonter L J, Venter O, Atkinson S C and Allan J R 2020 Renewable
energy development threatens many globally important biodivetsity areas Glob. Change Biol. 26 3040-51

Jones N F, Pejchar L and Kiesecker J M 2015 The Energy. Footprint: How Oil, Natural Gas, and Wind Energy
Affect Land for Biodiversity and the Flow.of Ecosystem Services BioScience 65 290-301

Dorning M A, Diffendorfer J E, Loss S'Ryand Bagstad K J 2019 Review of indicators for comparing
environmental effects across enérgy sources Environ. Res. Lett. 14 103002

Bernard E, Paese A, Machado RB and Aguiar L M de S 2014 Blown in the wind: bats and wind farms in Brazil
Nat. Conserv. 12 106-11

Barros M A S, Magalhdes'R G d} and Rui A M 2015 Species composition and mortality of bats at the Osério
Wind Farm, southern Brazil Stud. Neotropical Fauna Environ. 50 31-9

Dias D M, Massara R L and Bocchiglieri A 2019 Use of habitats by donkeys and cattle within a protected area
of the Caatinga dry forest biome.in northeastern Brazil Perspect. Ecol. Conserv. 17 64-70

de Albuquerque U P, de Lima Aradjo E, El-Deir A C A, de Lima A L A, Souto A, Bezerra B M, Ferraz E M N,

Maria Xavier Freire E, Sampaio E V de S B, Las-Casas F M G, de Moura G J B, Pereira G A, de Melo J G,
Alves Ramos M, Rodal'M J N, Schiel N, de Lyra-Neves R M, Alves R R N, de Azevedo-Junior S M, Telino
Janior W/ R and Severi W»2012 Caatinga Revisited: Ecology and Conservation of an Important Seasonal Dry
Forest Sci. World J.

Marengo J A; Torres R R and Alves L M 2017 Drought in Northeast Brazil—past, present, and future Theor.
Appl. Climatol. 129 1189-200

Oliveira G de C, Francelino M R, Arruda D M, Fernandes-Filho E I and Schaefer C E G R 2019 Climate and
soils at the Brazilian semiarid and the forest-Caatinga problem: new insights and implications for conservation
Environ. Res. Lett. 14 104007

Freire N C F, Moura D C, da Silva J B, de Moura A S, José Iranildo Miranda de M and Pacheco A da P 2018
Atlas das caatingas: o tinico bioma exclusivamente brasileiro (Recife: Fundagdo Joaquim Nabuco, Editora
Massangana)



oNOYTULT D WN =

[43]
[44]

[45]

[49]

[50]

[51]

AUTHOR SUBMITTED MANUSCRIPT - ERL-109772.R1

ANEEL 2019 Sistema Georreferenciado do Setor Elétrico do Agéncia Nacional de Energia Elétrica
Project MapBiomas 2019 Collection 4.0 of Brazilian Land Cover & Use Map Series

Souza C M, Z. Shimbo J, Rosa M R, Parente L L, A. Alencar A, Rudorff B F T, Hasenack H, Matsumoto M,
G. Ferreira L, Souza-Filho P W M, de Oliveira S W, Rocha W F, Fonseca A V, Marques/C:B, Diniz C G, Costa
D, Monteiro D, Rosa E R, Vélez-Martin E, Weber E J, Lenti F E B, Paternost F F, Pareyn F G'C, Siqueira)J V,
VieraJ L, Neto L CF, Saraiva M M, Sales M H, Salgado M P G, Vasconcelos R, Galano S, Mesquita V V and
Azevedo T 2020 Reconstructing Three Decades of Land Use and Land Cover Changes in Brazilian Biomes with
Landsat Archive and Earth Engine Remote Sens. 12 2735

Neil Davis, Jake Badger, Andrea N. Hahmann, Brian Ohrbeck Hansen, Bjarke Tobias/Olsen, Niels Gylling
Mortensen, Duncan Heathfield, Marko Onninen, Gil Lizcano and Oriol Lacave 2019-Global Wind Atlas v3

IBGE 2019 Instituto Brasileiro de Geografia e Estatistica

Newbold T, Hudson L N, Hill S L L, Contu S, Lysenko I, Senior,R A, Borger L, Bennett D J, Choimes A,
Collen B, Day J, Palma A D, Diaz S, Echeverria-Londofo S, Edgar MiJ, Feldman A, Garon M, Harrison M L
K, Alhusseini T, Ingram D J, Itescu Y, Kattge J, Kemp V, Kitkpatrick.L, Kleyer M, Correia D L P, Martin C D,
Meiri S, Novosolov M, Pan Y, Phillips H R P, Purves D W, Robinson A, Simpson J, Tuck S L, Weiher E, White
H J, Ewers R M, Mace G M, Scharlemann J P W and Purvis A 2015 Global effects of land use on local terrestrial
biodiversity Nature 520 45-50 R

Brannstrom C, Gorayeb A, de Sousa Mendes J, Loureiro C, Meireles A J de A, Silva E V da, Freitas A L R de
and Oliveira R F de 2017 Is Brazilian wind power.development/sustainable? Insights from a review of conflicts
in Cear4 state Renew. Sustain. Energy Rev. 67 6271

Diégenes J R F, Claro J and Rodriguesd-€.2019 Barriers to onshore wind farm implementation in Brazil Energy
Policy 128 253-66

Valenga R B and Bernard E 2015 Another blown,in the wind: bats and the licensing of wind farms in Brazil
Nat. Conserv. 13 117-22

Dantas E J de A, Rosa L P, Silva N F da and,Pereira M G 2019 Wind Power on the Brazilian Northeast Coast,
from the Whiff of Hope to Turbu\lent Convergence: The Case of the Galinhos Wind Farms Sustainability 11
3802

Meireles A J de A 2011"Danos socioambientais originados pelas usinas edlicas nos campos de dunas do
Nordeste brasileiro e critérios para defini¢do de alternativas locacionais Confins

Fargione J, Kiesecker J, Slaats M J and Olimb S 2012 Wind and Wildlife in the Northern Great Plains:
Identifying Low-Impact Areas for Wind Development PLOS ONE 7 e41468

Baruch-Mordo S, Kiesecker ] M, Kennedy C M, Oakleaf J R and Opperman J J 2019 From Paris to practice:
sustainable implementation of renewable energy goals Environ. Res. Lett. 14 024013

BelldD, Gray Trand Haggett C 2007 The ‘Social Gap’ in Wind Farm Siting Decisions: Explanations and Policy
Responses Environ. Polit. 14 460-77

Bell D, Gray T, Haggett C and Swaffield J 2013 Re-visiting the ‘social gap’: public opinion and relations of
power inithe local politics of wind energy Environ. Polit. 22 115-35

Gorayeb A, Mendes J de S, Meireles A J de A, Brannstrom C, Silva E V da and Freitas A L R de 2016 Wind-
energy Development Causes Social Impacts in Coastal Cear4 state, Brazil: The Case of the Xavier Community
J. Coast. Res. 75 383-7

Page 14 of 15



Page 15 of 15

oNOYTULT D WN =

[62]

AUTHOR SUBMITTED MANUSCRIPT - ERL-109772.R1

Gorayeb A, Brannstrom C, de Andrade Meireles A J and de Sousa Mendes J 2018 Wind power gone bad:
Critiquing wind power planning processes in northeastern Brazil Energy Res. Soc. Sci. 40 82-8

Ellis E C and Ramankutty N 2008 Putting people in the map: anthropogenic biomes of the #orld Front. Ecol.
Environ. 6 439-47

Krausmann F, Erb K-H, Gingrich S, Haberl H, Bondeau A, Gaube V, Lauk C, Plutzar C and SearchingetyT D
2013 Global human appropriation of net primary production doubled in the 20th century Proc. Natl. Acad. Sci.
110 10324-9

Venter O, Sanderson E W, Magrach A, Allan J R, Beher J, Jones K R, Possingham H P, Laurance W F, Wood
P, Fekete B M, Levy M A and Watson J E M 2016 Sixteen years of change in the global terrestrial human
footprint and implications for biodiversity conservation Nat. Commun. 7 12558 « =

Kennedy C M, Oakleaf J R, Theobald D M, Baruch-Mordo S and Kiesecker J 2019 Managing the middle: A
shift in conservation priorities based on the global human modification gradient'Glob. Change Biol. 25 811-26

Jacobson A P, Riggio J, Tait A M and Baillie ] E M 2019 Global areas of low human impact (‘Low Impact
Areas’) and fragmentation of the natural world Sci. Rep. 9 1-13



