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a b s t r a c t
Wind energy is the leading renewable technology towards achieving climate goals, yet biodiversity trade-offs via
land take are emerging. Thus, we are facing the paradox of impacting on biodiversity to combat climate change.
We suggest a novel method of spatial planning that enhances windfarm sustainability: investments are prioritized in the most fragmented zones that lie outside the Natura 2000 network of protected areas. We showcase
it in Greece, a biodiversity hotspot with a strong climate policy and land conﬂict between conservation and
wind energy schemes. The analysis indicates that the suggested investment zone supports wind harnessing 1.5
times higher than the 2030 national goal, having only marginally lower (4%) wind speed. It performs well for
the conservation of the annexed habitats and species of the two Nature Directives and it greatly overlaps with
the Important Bird Areas (93%) and the roadless areas (80%) of Greece. It also greatly overlaps (82%–91%) with
the exclusion zones suggested according to three sensitivity maps for bird conservation. Since land use change
triggers biodiversity decline, we underline the necessity of such approaches for meeting both climate and biodiversity goals and call for a greater environmental policy convergence towards biodiversity conservation and no
net land take.
© 2020 Published by Elsevier B.V.

1. Introduction
Climate and the biodiversity crisis are the two major challenges currently facing humanity, seriously threatening human systems and well⁎ Corresponding author.
E-mail address: vkati@uoi.gr (V. Kati).
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being (Cardinale et al., 2012; Hoegh-Guldberg et al., 2018; IPBES, 2019).
Land use change is identiﬁed as the top threat for biodiversity decline
worldwide (IPBES, 2019), with strong interplay between biodiversity,
land use and climate (Peters et al., 2019; Ritchie et al., 2020). Meeting
climate goals without incurring substantial land-use change and biodiversity loss is pinpointed as one of the key global nexuses (Díaz et al.,
2019). A need therefore emerges to equally achieve three of the 17
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Sustainable Development Goals (SDGs), so as to secure “affordable and
clean energy” (Goal 7) and support “climate action” (Goal 13), without
undermining “life on land” (Goal 15) (UN, 2015) (Fig. 1).
To meet climate goals, energy policies promote the rapid development of renewable energy sources (RES) (Gielen et al., 2019). RES planning requires knowledge of the needs of society and industry (Rao et al.,
2019) but equally a consensus from society towards new technologies
and their impacts (Boudet, 2019; Gaede and Rowlands, 2018) to increase the transparency of environmental planning through participatory processes (Laurila-Pant et al., 2019). Among RES technologies,
wind energy has emerged as the leader, anticipated to provide one
quarter to one third of global electricity demand by 2050 (Veers et al.,
2019). Windfarms undoubtedly provide substantial beneﬁts for climatic
goals (Barthelmie and Pryor, 2014), but there is growing evidence of
their adverse direct impacts on biodiversity, such as collision mortality
of birds and bats, disturbance and species displacement, barrier effects,
or noise pollution (Adeyeye et al., 2020; EC, 2020a; Wang and Wang,
2015) (Fig. 1). Furthermore, although windfarms are less land intensive
than other renewables in terms of power produced per square meter
(UNCCD, 2017), they still have a substantial land take footprint through
vegetation removal, on-site construction of turbines on cement bases,
and road sprawl (Diffendorfer et al., 2019). Their impacts extend far beyond their immediate physical footprint when the new roads built penetrate natural ecosystems or former wilderness areas. Road sprawl can
trigger a cascade of further adverse anthropogenic pressures to nature,
such as further land use change, habitat loss, fragmentation, land degradation, intensive resource extractions or illegal activities (Hoffmann
et al., 2020; Ibisch et al., 2016; Kati et al., 2020a; Laurance and Arrea,
2017; Selva et al., 2015).
Besides wind energy infrastructures, conservation actions also require large tracts of land (Fig. 1). Consequently, the green vs green dilemma, i.e. maintaining biodiversity on one hand and achieving
climate goals on the other, focuses on areas where RES sprawl overlaps
with ecologically valuable areas (Rehbein et al., 2020). In particular,
wind energy optimal spatial development is a complex issue, demanding coordinated and integrated approaches including all technical, economic, environmental and social dimensions (Abhinav et al., 2020;

Lundquist et al., 2019; Pınarbaşı et al., 2019), while accounting for
other competing renewables (Obane et al., 2020).
Wishing to be a world leader in climate neutrality, the EU aims to
achieve 32% of RES in its energy mix by 2030, under the “clean energy
for all Europeans package” (EU, 2019) and wind harnessing is among
the key technologies for decarbonizing EU energy systems (Vrontisi
et al., 2020). However, this bold commitment was not followed by an
assessment of the land-take footprint of the forthcoming RES investments, with reference to the milestone of “no net land take by 2050”
(EC, 2011); nor by an analysis of its synergies and tradeoffs with biodiversity commitments (EC, 2020b). Land use change is currently the top
driver of biodiversity decline in the EU (EEA, 2019a). Land conversion to
artiﬁcial or impervious surfaces is ongoing (EEA, 2019b; EEA, 2020) and
landscape fragmentation is increasing (3.7% increase: 2009–2015)
(EEA, 2019c).
The EU has so far failed to achieve biodiversity goals (EC, 2020b), despite the extended Natura 2000 network of protected areas (18% of EU
land) and its relevant ﬁt-for purpose legal framework (Birds and Habitats Directives) that is, however, weakly implemented (EC, 2016): 55%
of species and 72% of habitats are still listed in unfavorable conservation
status and 25% of breeding birds have declining population trends)
(EEA, 2019a). One of the reasons for this could be the poor implementation of the current frame of licensing projects in the network. Development projects and activities with high land-take footprints are not
excluded a priori from Natura 2000 areas in the EU. However, a suite
of legal and procedural tools has been made available to ensure their
minimal impact (EC, 2020a). For instance, a new windfarm project,
should ﬁrst accord with the Strategic Environmental Assessment
(SEA), functioning as an early-stage spatial planning that integrates a
suite of socio-economic, environmental and other criteria (SEA Directive 2001/42/EC). It should then be subject to an Environmental Impact
Assessment Study (EIA) that addresses cumulative environmental impacts at a site-speciﬁc level (EIA Directive 2014/52/EU). If the project affects the annexed habitats and species protected by the Natura 2000
network, it should also undergo an Appropriate Assessment (AA), ensuring that the project will undoubtedly not adversely affect the
protected interests of the Natura site. In spite of the adequacy of the

Fig. 1. The biodiversity-climate policy conﬂict for land demand within the framework of the three relevant Sustainable Development Goals (UN, 2015): the case of wind energy.
2
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polygons with the lowest power in case of partial overlap. For overlapping polygons of applications at the evaluation stage with postevaluation stages: (i) we fully excluded the polygon of the evaluation
stage in cases of full overlap, and (ii) we excluded the wind turbines
which were at the evaluation stage and their respective power in the
overlapping area, in case of partial overlap.
To calculate the current wind power produced, we considered all
onshore windfarms with an operating permission, since no offshore
windfarms are in operation yet.

above process, it is often ignored in practice (Gove et al., 2013) and the
poor quality or implementation of EIAs is identiﬁed as a major constraint for Natura 2000 to achieve its goals in the EU (Kati et al., 2015).
The new EU Biodiversity Strategy for 2030 (EC, 2020b) promises
to reverse biodiversity decline. For example, it commits to expanding
the network of protected areas (target: 30% of EU land) and initiates
the concept of strict protection within them (target: 10% of EU land).
However, it does not commit yet to impeding land take and landscape fragmentation and fails therefore to adequately address the
biodiversity-wind energy-land use nexus on EU land.
Greece presents a typical conﬂict terrain of climate vs biodiversity
policies, through land use spatial planning (Fig. 1). It lies in a global biodiversity hotspot (Myers et al., 2000), hosting 5752 and 23,000 known
plant and animal species respectively (22% and 17% of them endemic respectively), and has an extensive Natura 2000 network of protected
areas (27.3% of land) (OECD, 2020). At the same time, it presents an attractive case for wind energy investments, which have rapidly increased
in recent years (12% average annual increase for the period 2006–2017)
(MoEE, 2019). This is due to its high wind potential, large availability of
public land (about half of the land is covered by forested and grassland
areas, of which 77.5% is public) (Spanos et al., 2015), combined with a
supportive national climate policy for RES deployment. The national climate policy sets an ambitious national target (NT) of wind harnessing of
7.05 GW by 2030 (MoEE, 2019). However, no study has assessed yet the
land take footprint of forthcoming windfarm investments, and the degree to which they may accelerate the already increasing trend of sealed
surfaces (EEA, 2020) and fragmentation (EEA, 2019c) nationwide. The
recent report on the environmental performance of Greece (OECD,
2020), recognizes the nexus, urging for further RES development, whilst
highlighting habitat fragmentation and road sprawl in Greece as key
pressures to biodiversity.
This study suggests a novel method for a win - win spatial windfarm
planning strategy that accomplishes a sustainable scenario for the biodiversity - wind energy - land use nexus. The suggested sustainable scenario is tested in Greece and refers to onshore wind energy deployment.
First, we calculate the wind power produced (GW) based on the current
licensing (onshore and offshore operating and planned windfarms).
Second, we develop a sustainable scenario of onshore windfarm spatial
planning and demonstrate its effectiveness for meeting national climate
goals, whilst also comparing it to the business-as-usual scenario. Third,
we evaluate the beneﬁts and losses of the sustainable scenario for biodiversity and energy production, cross-checking with biodiversity and
wind speed data, respectively. We ﬁnally discuss the perspectives of
such a sustainable solution under a social and policy framework.

2.2. Business-as-usual scenario: future wind harnessing
To calculate the future onshore wind power produced (installed capacity in MW), we considered the windfarm applications of all four permission stages (evaluation, production, construction, operation). To
calculate in particular how much of the power will be produced inside
the terrestrial Natura 2000 network, we considered its boundaries
(MoEE, 2018) and summed the power of the windfarm polygons included in the network (summing only the power of the turbines
(MW) included in the Natura 2000 network, in cases where windfarm
polygons partially overlapped with the network).
2.3. Sustainable scenario: future wind harnessing
We present here a new methodological approach for sustainable
windfarm spatial planning on terrestrial ecosystems. The sustainable
scenario deﬁnes the windfarm-free zone, banning further windfarm investments inside the Natura 2000 network of protected areas and in the
less fragmented land outside the network. It also deﬁnes the investment
zone, including the more fragmented land outside the Natura 2000
network.
2.3.1. Deﬁning the investment and windfarm-free zones
We considered the fragmentation map of Greece, provided by the
European Environmental Agency (EEA, 2019d) for the year 2015, referring to the terrestrial part of the country (130,807.61 km2). The
Landscape Fragmentation Indicator (LFI) assesses how movement
between different parts of the landscape is interrupted by impervious surfaces and trafﬁc infrastructure. It is calculated in terms of
the number of meshes per 1000 km2 (seff values) and concludes to
ﬁve fragmentation zones: very low (0–1.5), low (1.5–10), medium
(10–50), high (50–250) and very high (>250) (EEA, 2019c). Furthermore, we considered the boundaries of the network of Natura 2000
in Greece (MoEE, 2018), by clipping the Natura 2000 to the extent
of the fragmentation map. A total of 9964 km 2 of the very high,
high and medium LFI fragmentation zones are included in the
windfarm-free area, as part of the terrestrial Natura 2000 network
– 28% of the network.
Using the above datasets, we deﬁned a spatially explicit prioritization zoning system of the investment zone, corresponding to the
union of the three most fragmented zones (very high, high, medium)
that expand outside the Natura 2000 network. The remaining land, i.e.
the Natura 2000 network and the very low and low fragmentation
zones outside the network shape the windfarm-free area, where future
wind farm construction is banned. Our study focused on terrestrial
ecosystems, not considering wetlands and lakes in the analysis (no
windfarm applications yet there), as a priori exclusion zones from any
windfarm development.

2. Materials and methods
2.1. Windfarm database treatment
We collected data on all windfarm applications for obtaining an operation license submitted to the national Regulatory Authority for Energy, accessing the respective online geospatial database (RAE, 2020).
For every windfarm application, information on the installed power
(ΜW: 106 W) for the respective investment polygon (polygon geometry shapeﬁle) and the corresponding wind turbines (point geometry
shapeﬁle) was available. For hybrid energy investments, which combine
several types of RES (i.e. solar panels, hydropower, wind turbines), only
polygons containing wind turbines were considered.
In order to obtain a realistic estimate of the anticipated onshore
installed wind power, we performed a thorough check to eliminate applications that are likely to be rejected, due to conﬂicts arising from
overlapping windfarm polygons. Overlapping polygons were detected
only at the evaluation stage and we adopted a conservative approach
to fully or partially exclude them (and their respective power) as follows: For overlapping polygons within the evaluation stage: (i) we
counted fully overlapping polygons only once, (ii) we excluded the

2.3.2. Installed power in the investment and windfarm-free zones
The sustainable scenario can apply under a realistic framework in
Greece as follows: (a) the currently operating windfarms continue to
operate for their lifetime, (b) the windfarms that have a construction
permit are allowed outside the sites of the Natura 2000 network,
(c) all other forthcoming windfarm investments are allowed exclusively
in the investment zone (Table 1).
3
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to 20 m/s) of wind speed at three heights above the ground, as this is
the usual rotor height range of the turbines (80 m, 100 m and 120 m).
We compared the wind speed at the points occurring in the two zones
by implementing a non-parametric Wilcoxon rank sum test for each
height (p<0.05).
Geospatial analyses were implemented in ArcGIS 10.7 (ESRI, 2018)
using the Greek Grid projected coordinate system and statistical analyses were conducted in R 3.6.3 (R CoreTeam, 2020).

In order to calculate the installed power within the investment
and windfarm-free zone, we considered the database produced and
applied the following procedure for each permission stage: (a) for
operating windfarms we summed their respective installed power,
(b) for windfarms under construction, we summed their respective
installed power outside the Natura 2000 network, irrespective of
their fragmentation class and, (c) for windfarms with a production
permit or under evaluation, we considered only those polygons
within the medium, high and very high fragmentation classes outside the Natura 2000 network and summed their respective installed
power. In the case of windfarm polygons spanning two fragmentation zones, we assigned them to the fragmentation zone of the
highest percent cover overlap. In the case of windfarm polygons partially overlapping with the Natura 2000 network, we summed the
power of their wind turbines located outside the network.

3. Results
3.1. Investment interest for the wind energy sector
The original database (onshore and offshore) comprised 1940 applications (nearly 18,000 wind turbines) as of 10/3/2020 totaling 64.17
GW of power, classiﬁed under four successive permission stages: evaluation, production, construction and operation. The overall investment
interest in Greece was therefore nine times higher than the NT (7.05
GW). Eighty-ﬁve applications (24.56 GW) were excluded from the original database (overlapping polygons), leaving a total wind power of
39.61 GW. This is the anticipated power to be installed, if all onshore
and offshore windfarm applications as of March 2020 are going to be licensed, which will exceed the NT by over 5 times (532%) (Table A1). The
onshore windfarm database that was used in our scenario analysis included 1838 onshore windfarm applications (nearly 16,000 wind turbines) of a total power of 35.36 GW (Table A1).

2.4. Sustainable scenario evaluation
2.4.1. Performance for biodiversity conservation
To assess whether our sustainable scenario provides substantial
beneﬁts for the terrestrial biodiversity of Greece, we adopted a versatile approach, using six different ecological datasets. First, we considered the geospatial database of the distribution (10 km × 10 km)
of the terrestrial protected Greek habitats and species after the
Habitats and Birds Directives (monitoring period 2013–2018: 81
habitats, 282 species, 251 bird species) (Hadjicharalambous and
Chrysopolitou, 2020). We calculated the percentage of their distribution within the investment and windfarm-free zones and their areaweighted proportion, correcting for the different extents of the two
zones. We then tested whether area-weighted proportions of the
annexed Greek habitats, species and bird species' distributions signiﬁcantly differed between the investment and the windfarm-free
zones, using a non-parametric Wilcoxon rank sum test (p < 0.05).
Second, we tested our sustainable scenario over the three bird sensitivity maps available for Greece, by calculating the spatial overlap of our
windfarm-free zone with the respective exclusion zones suggested by
the studies. The ﬁrst national study stipulated a terrestrial exclusion
zone of 1618 km2 for the conservation of the cinereous vulture population in Greece (Vasilakis et al., 2017), on the basis of the species sensitivity map (Vasilakis et al., 2016). The second national study stipulated a
terrestrial exclusion zone of 32,572 km2 for the conservation of 21
protected bird species (Dimalexis et al., 2010). The study used the
knowledge baseline prior to 2010 and applied a set of ﬁve criteria, related to the occurrence of migratory bottlenecks and corridors, the location of nesting sites and colonies, and the presence of Ramsar wetlands.
The third study was regional and suggested a terrestrial exclusion zone
of 1445 km2 in NE Greece for the adequate conservation of 10 protected
bird species, using a set of criteria related to the cinereous vulture high
use area, the location of bird nesting sites and colonies and the extent of
national parks and important habitats for birds in the study area (WWF,
2013).
Third, we tested our scenario over two spatial datasets of important
areas for conservation. We considered the terrestrial part of the Important Bird Areas (IBAs) of Greece (30,413 km2), which are recognized as
sites particularly important for bird populations conservation (HOS,
2019). We also considered the map of the roadless areas of Greece
(6498 km2: land patches of a size greater than 1 km2 that are at least
1 km away from the nearest road) (Kati et al., 2020b), which indicates
those areas on Greek land of minimal anthropogenic disturbance and
greater naturalness, especially when of large size (Kati et al., 2020a).

3.2. Current wind harnessing
Greece has already achieved 44% of the 2030 national target for wind
harnessing (NT=7.05 GW) with 23% of wind harnessing currently taking place within the terrestrial Natura 2000 network (0.72 GW, 190
wind farms, ca 700 turbines) (Fig. 2, Table A1).
3.3. Business-as-usual scenario: future wind harnessing
Assuming that all onshore windfarm applications as of March 2020
are licensed (corrected data for overlapping, all permission stages),
wind harnessing will increase by eleven-fold (35.36 GW) outpacing
the national target by a factor of ﬁve (502%). The harnessed wind
power in the terrestrial Natura 2000 will increase by 17.5 times (565
more windfarms, ca 4800 more turbines), but the land resources outside
the network will themselves be enough to exceed the NT by 3.2 times
(1013 more windfarms, ca 9600 more turbines) (Fig. 2, Table A1). If
we add the extra installed capacity of the windfarms with a construction

2.4.2. Wind speed
We compared the wind speed between the windfarm-free and investment zones using the available geospatial data from the national
Regulatory Authority for Energy (RAE, 2020). Data are available as
point measurements (5,925,702 measurements in total ranging from 0

Fig. 2. Cumulative wind power (GW) harnessed across the successive permission stages of
onshore windfarm applications (date as of 10/3/2020) in the business as usual scenario
(red) and in the sustainable scenario (green) with reference to the Natura 2000
network and the 2030 national target. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Sustainable spatial planning map of wind energy in Greece, deﬁning the investment zone (blue) for locating upcoming windfarms and the respective exclusion zone (green) after
the sustainable scenario. Windfarms indicated are for all applications up to March 2020. Data are openly available at: http://dx.doi.org/10.17632/kh3fjww93t.1. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

It comprises the terrestrial Natura 2000 territory (35,385 km2: Special
Protection Areas (SPAs) for bird conservation and Sites of Community Importance (SCIs) for habitats and other species conservation),
as well as the very low and low fragmented zones of the LFI that extend exclusively outside the Natura 2000 network (41,241 km 2 ).
This contrasts with the suggested investment zone for planting
windfarms outside the Natura 2000 network which accounts for
41.4% of Greek land (54,182 km2) (Fig. 3). The total area of current
windfarm applications' polygons would account for 1.22% of the investment zone area.

permission and of the windfarms at the ﬁnal production stage that will
enter the construction phase soon (with Decision Approving Environmental Terms) to the capacity of the currently operating windfarms,
the total installed capacity will already exceed the national target (by
125%) (Table A1).
3.4. Sustainable scenario: future wind harnessing
We propose a windfarm-free zone that accounts for 58.6% of the
terrestrial part of the country (76,626 km2) (Kati and Kassara, 2020).

Table 1
Installed power data (MW = 106 W or 10−3 GW) inside Natura 2000 network and across the fragmentation zones outside the network (EEA, 2019d). Total power produced under the
sustainable scenario of onshore windfarm spatial planning on Greek land (shaded cells) (applications as of 10/3/2020) following three criteria: (a) all windfarms currently operating
within the country, (b) windfarms under construction outside the Natura 2000 network, (c) all other forthcoming windfarm investments in the medium and high fragmentation zones
outside Natura 2000. The total and cumulative values are also presented as a percentage (%NT) of the national target (NT = 7.05 GW by 2030).
Stage

Installed power (MW)
N2000

Operation
Construction
Production
Evaluation
Total

722.62
450.27
6423.80
5024.37
12,621.05

Sustainable scenario power

Outside N2000

Criterion

Very low

Low

Medium

High

120.90
208.25
2035.32
655.22
3019.68

1326.29
730.95
5798.17
4262.87
12,118.27

777.63
166.51
3780.14
1959.86
6684.13

165.24
8.52
503.80
241.09
918.64
5

Very high
0,18

a
b
c

Total

Cumulative

ΜW

%NT

%NT

3112.86
1114.23
4283.94
2200.95
10,711.98

44.2
15.8
60.8
31.2

44.2
60.0
120.8
152.0
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Applying a set of realistic rules (Table 1), we ﬁnd that the sustainable
scenario reduces installed power capacity by 24.65 GW and supports
further onshore wind energy investments of 7.60 GW (Fig. 2). It succeeds in achieving the NT, exceeding it by 1.5 times (10.71 GW).
Hence, it allows for an overachievement of the 2030 RES target without
taking into consideration the future offshore wind investments that
would further increase energy production.

Furthermore, a new regulation is also being implemented that further
speeds up and simpliﬁes the environmental licensing process for smaller
RES investments up to 10 MW (approval of the environmental terms by
the Regional Governor, no public consultation stage) (3291/06.08.2020).
These recent regulations seem to have neglected the National Biodiversity
Strategy and Action Plan calling for ensuring the compatibility of energy
production, including that based on renewables, with biodiversity conservation (MoEE, 2014).
While the government is taking steps to speed up environmental licensing procedures, there are serious concerns about the impact of such
rapid windfarm development on biodiversity under an ambiguous environmental regulatory framework (OECD, 2020), and during a transition
period lacking adequate spatial planning tools in force at national and
Natura site level: The current SEA for renewables is deemed outdated
and of poor quality (Vasilakis et al., 2017); it was offended by the
European Commission because the Natura 2000 goals have not been adequately integrated (case 2014/4073). EIAs and AAs are also often insufﬁcient, failing to prevent adverse project impacts to Natura 2000
habitats and species (Vasilakis et al., 2017). The new SEA is under development as well as the Special Environmental Studies that will deﬁne the
speciﬁc zoning system and the compatible land uses in all Natura 2000
sites in Greece. Therefore, Greece stands at a critical crossroads, making
impressive progress towards its climate goals by implementing the
business-as-usual scenario, which however might have serious if not irreversible effects on species and habitats.

3.5. Sustainable scenario evaluation
Results derived from the cross-checking of the sustainable scenario
with biodiversity data indicate substantial beneﬁts for biodiversity. The
windfarm-free zone covers a signiﬁcantly greater proportion of the distribution area of the 81 annexed habitats (W = 1567, p<0.001) and the
282 species under the Habitats Directive (W = 21,098, p<0.001), as
well as the 251 annexed bird species under the BirdsDirective (W =
20,598, p<0.001) than does the investment zone (Table A2). Furthermore, the windfarm-free zone covers to a greater extent the terrestrial
area of the suggested exclusion zones from three relevant ornithological
studies as follows: 89% of the cinereous vulture exclusion zone, 82% of
the national exclusion zone for birds, and 91% of the regional exclusion
zone for birds in NE Greece (Fig. A1-A3). Finally, the windfarm-free
zone covers 93% of the terrestrial area of the Important Bird Areas of
Greece (Fig. A4), and 80% of the roadless areas of the country (Fig. A5).
The ecological value of the investment zone is much lower (6% of IBAs,
20% of roadless areas).
The wind speed in the investment zone is also signiﬁcantly lower
(p<0.001) by 4% on average at the three representative heights above
ground that encompass wind turbine towers (80 m, 100 m, 120 m)
(Table A3).

4.2. The sustainable scenario
4.2.1. The scenario rationale
The suggested windfarm-free zone is delineated to protect species
and habitats from the negative impacts of further windfarm deployment on 58.6% of Greek land. Such broad scale scenarios for biodiversity
conservation should ideally account for cumulative impacts from
windfarm operations under a multicriteria approach, including multispecies sensitivity maps, migratory routes, stepping stones and wildlife
corridors (EC, 2020a; Gaultier et al., 2020), but also Key Biodiversity
Areas (IUCN, 2016) and ecosystem services (Kokkoris et al., 2018).
However, uncertainty is inherent in conservation biology, which is a crisis discipline, requiring rapid conservation decisions often in the absence of an adequate knowledge base (Meffe et al., 2005). A scenario
built on robust ﬁne scale biological data would outperform our sustainable scenario, which uses biodiversity surrogates (the Natura 2000 network and least fragmented areas) to deﬁne the windfarm-free zone. The
network of Natura 2000 was used, because it is a coherent system of
sites recognized as well-designed to adequately represent the targeted
bird species (Birds Directive 2009/147/EC) and the other targeted species and habitats (Habitats Directive 92/43/EEC) (Milieu et al., 2016).
The zones of very low and low fragmentation were used as they are
more ecologically valuable for biodiversity and ecosystem function than
the highly fragmented zones containing roads and artiﬁcial land. This
assumption relies on the acknowledged serious negative impacts of
fragmentation on species and ecosystem functions; these are related
to habitat loss, increased isolation and edge effects, which in turn are associated with negative time-lagged responses of species extinction and
ecosystem function debts (Haddad et al., 2015).
The sustainable scenario suggested siting future windfarms on degraded land, in terms of the most fragmented land outside the Natura
2000 network. Such spatial prioritization approaches of ﬁrst locating
windfarms on the most degraded lands are gaining recognition worldwide as the best practice for achieving both climate and biodiversity
goals (Diffendorfer et al., 2019; Kiesecker et al., 2011; Rehbein et al.,
2020; Waite, 2017).

4. Discussion
4.1. The business-as-usual scenario and the Greek policy
The country is currently implementing an ambitious energy transition for 2030 towards climatic neutrality, through the National Energy
and Climate Plan (NECP), phasing out lignite dependence and committing to even more stringent targets for 2030 than the EU requirements
(MoEE, 2019). The current electricity consumption in Greece is 56.89
TWh (9% imported) (WorldData, 2020) and it is anticipated to be
57.93 TWh by 2030 (MoEE, 2019). According to the NECP (MoEE,
2019), the share of RES is anticipated to increase from 17% (year 2017)
to 35% in the national gross ﬁnal energy consumption by 2030 and
from 24.5% to at least 61% in electricity generation in Greece, with the
share attributable to windfarm installed capacity being signiﬁcant, i.e.
37% of RES (7.05 GW). Although no national target has been set yet for
2050, the continuation of the NECP beyond 2030 is expected to achieve
82% of electricity generation from RES by 2050, according to the national
long-term strategy (MoEE, 2020). That would require 10 GW of onshore
windfarm installed capacity, reaching 11.2 GW, in case that more intensive climate measures are adopted. The long-term strategy (MoEE,
2020) presents four disruptive innovation scenarios (over 95% of electricity generation from RES) to achieve climatic neutrality, predicting required windfarm installed capacity between 12.1 GW and 17.5 GW. We
show that the implementation of the business-as-usual scenario would
lead to an excessive windfarm installed capacity (35.36 GW) beyond
the 2030 national target and beyond the predictions of the 2050 scenarios. We also underline that there is no convergence of the climate and
biodiversity policies. A recent law of environmental modernization
(Law 4685/07.05.2020) has corroborated the current favourable policy
framework for RES, involving: (a) RES investments on public land at a
low price, (b) acceleration and simpliﬁcation of the licensing process
for projects, including RES, particularly so for obtaining an environmental permission, and (c) update of the compatible land uses in the Natura
2000 zones, allowing in principle RES and new roads across the network.

4.2.2. The scenario contribution to climate goals
In this study, we have showed that there is no pressing need for the
Greek climate policies to accelerate wind energy development, since the
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et al., 2020c). Wolves select their rendezvous sites after the denning period away from forest roads in areas with low forest fragmentation
(Iliopoulos et al., 2014). The cinereous vulture is known to select nesting
trees away from forest roads as well (Poirazidis et al., 2004). Furthermore, the implementation of our scenario would prevent the anticipated artiﬁcial land encroachment in the upland pastures of Crete,
that are the main foraging habitat of the griffon vulture, and, consequently, avoid negatively impacting their population (Xirouchakis
et al., 2019). Further research is needed to assess the anticipated land
take footprint of windfarm infrastructures in Greece, particularly because Greece shows one of the most rapid fragmentation increases in
the EU (EEA, 2019a).

national climate target for wind harnessing can be readily achieved in a
sustainable way. The sustainable scenario (10.71 GW) demonstrates in
quantitative terms that it is possible to meet and exceed the target on
41.4% of Greek land, within the suggested investment zone. Furthermore, the land resources in the investment zone seem to be enough to
meet the 2050 target, as identiﬁed by the main “no-regret” scenario
(11.2 GW) or even other scenario targets (MoEE, 2020), since current
applications of windfarms will occupy a small fraction of land in the investment zone (1.22%). We therefore argue that our sustainable approach, deﬁning an investment zone in the most fragmented lands
outside the Natura 2000 network, provides a feasible national solution
even with the marginally lower wind speeds. Therefore, the Greek paradigm adds to the global best practice experience.

4.2.4. Socioeconomic aspect
In the Greek paradigm, the elevenfold increase in windfarm investments, and even more in the Natura 2000 network, will radically alter
the Greek landscape, as well as cause other environmental effects.
Such an implementation already incurs signiﬁcant social opposition
founded on landscape and socioeconomic values (Botetzagias et al.,
2015; Vlami et al., 2020, 2021). Public perceptions regarding intensiﬁcation of RES and windfarms may be polarized and should not be ignored
as RES implementation strongly relies upon their social acceptance
(Boudet, 2019). Although it was beyond the aims of our study to assess
the acceptance of our scenario, we believe that it could mitigate such
oppositions, since it protects the most natural and valuable landscapes,
providing less confrontational grounds for wind energy business in the
proposed investment zone (Polemis and Spais, 2020).
The sustainable scenario assumes that all current windfarm applications will be licensed to operate soon and impedes investments of 24.65
GW in the windfarm-free zone. However, it is not known how many of
the applications will reach the ﬁnal stage of the operation in both zones
of the scenario. Uncertainty is inherent in such estimates and depends
on land use policies, procedural frameworks, the technologies used
(Rinne et al., 2018), and the dynamic nature of investment interest.
Site selection for wind turbines planting is a complex decision to me
made by investors. Wind potential is the core economic criterion considered, in terms of average wind speed, direction, stability and wind
peaks, besides other criteria such as land availability, distance to roads
and transmission lines or electricity demand. We have shown that
land resources in the investment zone are enough to meet the national
climate target for 2030 and beyond, considering only current and not future applications, whilst wind turbines in the investment zone will be
by deﬁnition closer to roads, transmission lines and demand. Modern
technologies will undoubtedly ameliorate the impacts of land constraints by increasing wind energy yields at sites with lower average
wind speeds (Rinne et al., 2018). Proﬁt reduction may occur, but it
would be rather marginal, if we consider as an indicator the average
wind speed (4% less in investment zone). A similar European scale analysis also showed that if all areas designated for nature protection were
theoretically excluded from wind energy infrastructures, there would
only be a limited impact on wind energy generation potential (13.7% decrease) (EEA, 2009).

4.2.3. The scenario contribution to biodiversity conservation
The ﬁrst results evaluating the biodiversity-related performance of
our scenario are encouraging. The windfarm-free zone signiﬁcantly contributes more to the conservation of the annexed habitats and species of
the Nature Directives, in terms of their distribution area cover. It is expected to provide signiﬁcant beneﬁts for bird populations, as by deﬁnition it encompasses the total extent of the terrestrial SPAs in the
country. It greatly overlaps (93%) with the Important Bird Areas of
Greece, which are recognized as sites particularly important for bird
conservation, due to their populations of globally or regionally threatened, endemic or congregatory bird species (HOS, 2019). Furthermore,
the suggested windfarm-free zone greatly overlaps (82%–91%) with
the exclusion zones suggested by other ornithological sensitivity studies
(Dimalexis et al., 2010; Vasilakis et al., 2016; WWF, 2013). In the case of
cinereous vulture, it was reported that the current predicted collision
mortality from operating windfarms takes place almost fully (98%) in
the core area of the population distribution that represents the exclusion zone (Vasilakis et al., 2016). Furthermore, it was reported that
the annual cumulative collision mortality of the species would be 44%
of the current population if all windfarms were to operate without spatial restrictions, whilst this would drop to 1% when applying the exclusion zone (Vasilakis et al., 2017). Although studies combining sensitivity
maps, range use modelling and Collision Risk Models are largely lacking
for other wildlife species, it is encouraging that our broad-scale sustainable scenario performed well locally. It may serve as a national guideline
for windfarm deployment, with further reﬁnement using accurate local
biological data. Furthermore, a recent study on the population of griffon
vultures on the island of Crete pinpointed that the estimated collision
mortality would drop by over 50% if no windfarms were allowed to operate in the Natura 2000 network (Xirouchakis et al., 2019), further corroborating our approach of excluding the Natura 2000 network from
the windfarm investment zone. The scenario can also beneﬁt the bat
populations included in the windfarm free zone, as they also experience
collision mortalities with wind turbines in Greece (Georgiakakis et al.,
2012).
The windfarm-free zone greatly overlaps (80%) with the roadless
areas of Greece. These roadless areas have value per se as less disturbed
areas of great naturalness serving as biodiversity reservoirs, hampering
invasive species spread and extreme climatic events, supporting a wide
array of ecological processes and providing a suite of social and economic beneﬁts (Hoffmann et al., 2020; Kati et al., 2020a; Selva et al.,
2015). In Greece, the Natura 2000 network is reported to be signiﬁcantly less fragmented than the area outside it and includes about half
of the roadless areas of the country (Kati et al., 2020a). The scenario is
expected to hinder fragmentation and land take in the network and
the windfarm-free zone outside of it, by blocking new road construction
and the conversion of land to artiﬁcial surfaces both associated with the
construction phase of windfarm infrastructures. Besides avoiding land
degradation and habitat loss, several species that are directly impacted
by roads will be particularly beneﬁted in the windfarm-free zone. For
example, the Balkan chamois shows a clear avoidance pattern to
human disturbance, selecting roadless areas across all seasons (Kati

4.2.5. Use and perspectives
Our results show that our sustainable scenario performs well, serving
both climate and biodiversity goals. Therefore, we clearly recommend
its integration into the forthcoming SEA for renewables, alongside the
other environmental and socio-economic criteria to be employed in
the study. Our scenario is in line with the provisions of the National Biodiversity Strategy calling for compatibility of renewable energy production with biodiversity conservation (MoEE, 2014). It also responds to the
recent OECD recommendation to “better integrate biodiversity considerations into EIA and SEA to avoid loss of birds and bats, especially in
sensitive areas such as mountainous regions, wetlands and migration
paths” (OECD, 2020).
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The sustainable scenario is built on available non-biological data and
serves as a fast broad-scale decision tool for the strategic territorial planning of the wind energy sector for the next decade. It does not seek to
replace or undervalue the much needed high-quality EIAs; these should
be conducted for all RES projects regardless of their size, accounting for
cumulative impacts and contributing to the reﬁnement of the scenario
implementation at local scale. Further research is urgently needed to
compile species-sensitivity maps and improve the biodiversity knowledge base in Greece; this would allow a cross-validation, improvement,
and reﬁnement of the suggested scenario.
Finally, we adopted a proactive and broad-scale approach to build
our scenario, which is recommended for land use and infrastructure
planning (Laurance and Arrea, 2017). We suggest using of the sustainable scenario as a guideline for the strategic territorial planning of
other projects that consume land across various sectors, such as transport, industry, tourism or other energy infrastructures (e.g. solar panels)
(OECD, 2020), in line with the National Biodiversity Strategy, calling for
effective integration of biodiversity conservation at all levels of spatial
planning and particularly the minimization of impacts of large infrastructure projects (MoEE, 2014).
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4.3. Broader policy insights
Appendix A. Supplementary data
Our study underlines the need for a greater convergence of biodiversity vs climate policies (Gardner et al., 2020), since biodiversity conservation is linked to the fulﬁllment of all SDGs (Blicharska et al., 2019) and
is the most cost-effective solution to address climate change (Díaz et al.,
2019; Naumann et al., 2011). For example, deﬁning the Natura 2000
network as a windfarm-free zone in the EU is worth considering as an
option, given our failure to meet biodiversity goals in the EU (EC,
2020) and the non-risk to achieving the energy supply/ energy demand
target required by 2030 (EEA, 2009).
We also call for bolder policies focused more on restraining land take
in natural ecosystems. For example, further studies are needed to quantify the capacity-based technical potential for renewable energy generation in the currently built environment (Hernandez et al., 2015), in line
with the no net land take milestone (EC, 2011). A land take threshold
could be applied as an on-off criterion in the licensing process of investments on EU land, to be considered in the forthcoming EU guidance document of windfarm developments and Natura 2000, in case windfarms
are continued to be allowed in the network. Finally, land take minimization should be better integrated in global policies, such as the post 2020
Biodiversity Framework to be adopted by the Convention on Biological
Diversity (CBD, 2010), or the Land Degradation Neutrality of the United
Nations Convention to Combat Desertiﬁcation (UNCCD, 2019).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.144471.
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