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Abstract 

This report presents Europe’s economically viable onshore wind energy potential at high 

geographical resolution (the JRC ENSPRESO 2 data set). It finds that in some scenarios, installable 

capacity and annual electricity generation are approximately double those previously estimated, 

indicating that onshore wind can play a much bigger role in the decarbonisation of Europe’s energy 

system than previously assessed. It also finds that policy decisions on setback distances have a 

significant impact on the available potential. ENSPRESO 2 builds on the original ENSPRESO project 

(ENergy Systems Potential Renewable Energy SOurces) which concluded in 2018. The updated 

version operates at an unprecedented resolution of 1 km2, incorporating newly available wind energy 

data sets and reflecting recent technological advances in wind energy technology, research and 

practices. ENSPRESO 2 therefore enables policymakers and energy planners to make fully up-to-date, 

spatially informed decisions about onshore wind energy deployment. 
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1 Introduction 

The deployment of renewable energy is a key enabler to reach the European Union’s climate goals: 

reducing greenhouse gas emissions by at least 55% by 2030 and becoming climate-neutral by 20501. 

The REPowerEU plan, in particular, introduced a number of measures to reduce dependence on 

Russian fossil fuels and to increase the share of renewables. The revised Renewable Energy Directive 

establishes an EU wide target of at least 42.5% of renewable energy sources for 2030 (compared to 

an initial target of 32% target) and aims to reach 45% (Directive (EU) 2023/2413, 2023) which means 

almost a doubling of the  existing share of renewable energy in the EU.  

In order to accelerate the deployment of renewables, the new Renewable Energy Directive also 

includes provisions to simplify permitting processes for renewable energy projects. The Commission 

Recommendation on speeding up permit-granting procedures for renewable energy projects and 

facilitating Power Purchase Agreements asks Member States to identify so called "renewables 

acceleration areas". These are locations that are particularly suitable for the installation of plants for 

the production of energy from renewable sources; and where no significant environmental impacts 

are expected (C(2022) 3219 final, 2022). The Commission's Energy and Industry Geography Lab, 

managed by the JRC, is supporting Member States in identifying such “renewables acceleration 

areas”. 2 A key element and the starting point for an optimal siting of renewables is a updated high 

resolution dataset on the potential for renewable energy.  

In the past, the JRC developed an EU wide, transparent and coherent database of wind, solar and 

biomass energy potentials, the ENergy Systems Potential Renewable Energy SOurces, technical 

potentials (ENSPRESO) data.3 As highlighted by Ruiz et al. (2019), its main objective was to provide 

input data for the energy system model JRC-EU-TIMES. The focus was on wind, solar, and biomass. Its 

spatial resolution was guided by the nomenclature of territorial units for statistics (NUTS) and data 

was aggregated to NUTS 2 level, as this was the spatial granularity required by the energy system 

model.  

In the meantime, the need for an update (ENSPRESO 2) became clear in order to reflect recent 

technological advances in renewable energy generation and also to provide data on high spatial 

resolution (<1 km) to support the climate and energy transition of the EU.  

The JRC has been working on ENSPRESO 2 with the aim to provide consistent data on the potential of 

renewable energy in Europe at high spatial resolution. ENSPRESO 2 goes beyond NUTS2 level and 

provides the technical RES potential. ENSPRESO 2 focuses on the EU27 but includes other European 

countries as well: UK, EFTA (Iceland, Liechtenstein, Norway, Switzerland), the Western Balkans 

(Albania, Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia, Serbia), and Türkiye. 

This report presents the results of the work for ENSPRESO 2 related to onshore wind. The results for 

offshore wind will be published in a separate technical report shortly after the publication of this 

report, followed by a report on ENSPRESO 2 solar photovoltaics in 2025.   

                                                             

 

1 https://eur-lex.europa.eu/eli/reg/2021/1119/oj  

2 https://joint-research-centre.ec.europa.eu/scientific-tools-databases/energy-and-industry-geography-lab_en 

3 https://data.jrc.ec.europa.eu/collection/id-00138 

https://eur-lex.europa.eu/eli/reg/2021/1119/oj
https://joint-research-centre.ec.europa.eu/scientific-tools-databases/energy-and-industry-geography-lab_en
https://data.jrc.ec.europa.eu/collection/id-00138
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The ENSPRESO 2 datasets will be integrated into the Energy and Industry Geography Lab (EIGL) data 

portfolio and will also be available at the JRC data catalogue.4 

                                                             

 

4 https://data.jrc.ec.europa.eu/collection/id-00138 

https://energy-industry-geolab.jrc.ec.europa.eu/
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2 Scope and methodology  

This study introduces the results of our modelling activities for ENSPRESO 2 that estimate the 

potential for onshore wind. Substantial technological developments have taken place since the 

publication of the initial ENSPRESO 1 data set (Dalla Longa et al., 2018) and a subsequent continuous 

increase of capacity factors of wind turbines has been observed globally. The ten countries with the 

highest installed capacity all reported rising capacity factor values between 2010 and 2020 and 

beyond. This trend has been attributed to improvements in turbine technology and also increasing 

hub heights (Jung and Schindler, 2023). This means that better wind resources can be accessed more 

efficiently which overall leads to higher capacity factors and electricity generation. 

The ENSPRESO 2 project aims to reflect these developments in the wind sector which leads to an 

improved energy generation of modern large-scale multi-MW wind turbines. Small wind turbines 

(250 kW) that were still part of the ENSPRESO 1 data are not considered. The potential for airborne 

wind energy (AWE) is also not analysed in the current update. Both technologies are either largely 

obsolete or have not reached  technological readiness levels sufficient to support large-scale 

deployment.  

The general ENSPRESO approach is to model several scenarios so that uncertainties in the input 

parameters, technological set-ups and the choice of policy options can be explored. In the case of 

onshore wind, the scenarios were based on different sets of setback distances from human 

settlements such as towns, villages, hamlets and individual houses.  

The outputs of this study provide results both for the potential installable capacity of onshore wind 

turbines and also the potential electricity that could be generated annually. All data can be visualised 

and downloaded on the EIGL at 1 x 1 km resolution using a base raster provided by Eurostat GISCO5. 

Such 1 km resolution provide a detailed information about the spatial distribution of the RES 

potential. It also matches the resolution of the EU energy atlas that provides high-resolution maps of 

energy balances and scenarios from 2019 to 20506.  

We aggregated the ENSPRESO 2 results to NUTS0, NUTS1, NUTS2, and NUTS3 levels and these layers 

are also available on the EIGL platform7. 

 

2.1 Onshore wind 

2.1.1 Wind resource data  

Reliable and accurate wind speed data is of central importance for wind potential assessment 

because the relationship between wind speed and wind power is non-linear. This means that 

                                                             

 

5 https://ec.europa.eu/eurostat/fr/web/gisco/overview  

6 https://data.jrc.ec.europa.eu/dataset/76a6b550-253c-44a4-9a4c-d22079e7bf62  

7 https://energy-industry-geolab.jrc.ec.europa.eu/  

https://ec.europa.eu/eurostat/fr/web/gisco/overview
https://data.jrc.ec.europa.eu/dataset/76a6b550-253c-44a4-9a4c-d22079e7bf62
https://energy-industry-geolab.jrc.ec.europa.eu/
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relatively small changes in wind speed will result in significant changes in wind power output of a 

wind turbine. This is because wind power is proportional to the cube of the wind speed (v³). 

𝑃𝑜𝑤𝑒𝑟 =
1

2
𝐶𝜌𝐴𝑉3 

 

where 

𝜌 = 𝐴𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝐶 = 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑜𝑓 𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 

𝐴 = 𝑆𝑤𝑒𝑝𝑡 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑏𝑙𝑎𝑑𝑒 

𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑤𝑖𝑛𝑑 

 

The relationship between wind speed at hub height and the electrical power output of a wind 
turbine is illustrated by the power curve of that turbine (Figure 1). The power curve typically has a 
cubic shape, with power output increasing rapidly at low to moderate wind speeds and levelling off 
at higher wind speeds. Below the cut-in speed, no power is generated.  The rated power wind speed 
denotes the point where the turbine produces its maximum power output, typically around 10-15 
m/s. The power output then levels off and becomes insensitive to wind speed increases. At the cut-
out wind speed the turbine shuts down to prevent damage, usually around 22-25 m/s. 

Figure 1: Normalized composite power curve of a typical IEC Class 1 wind turbine 

 

Source: NREL8 

                                                             

 

8 (https://nrel.github.io/turbine-models/IEC_Class1_Normalized_Industry_Composite.html#power-

curve)  

 

https://nrel.github.io/turbine-models/IEC_Class1_Normalized_Industry_Composite.html#power-curve
https://nrel.github.io/turbine-models/IEC_Class1_Normalized_Industry_Composite.html#power-curve


 

 

8 
 

The cubed relationship between wind speed and wind power has direct implications for European 

energy policies because a number of low-wind regions potentially do not have sufficient wind 

resources to support economically viable wind energy deployments.      

In the past years, substantial efforts were made to generate more accurate and reliable wind 

resource data. Two data sets in particular can be highlighted in the context of onshore wind: the 

Global Wind Atlas (GWA) and the Global Atlas of Siting Parameters (GASP). The ENSPRESO 2 project 

benefitted substantially from such data improvements and could leverage their outputs. In the 

following sections, both datasets will be described further.  

 

2.1.1.1 Global Wind Atlas 

The Global Wind Atlas (GWA)9 provides access to high-resolution wind data globally and for the 

generation of ENSPRESO 2 we used the output that was generated by GWA 3.3 that was released in 

June 2023. For onshore wind the GWA provides near-global coverage.  

The GWA is generated by a cascading downscaling process that starts with the ERA5 re-analysis data 

set from the European Centre for Medium-Range Weather Forecasts (ECMWF) which simulates the 

atmospheric conditions between 2008 and 2017. Potential climate change related changes of wind 

patterns in the future are not reflected. This ERA5 layer has a spatial resolution of approximately 31 

km (0.28° × 0.28°) at the equator, which corresponds to about 9 km (0.08° × 0.08°) at mid-latitudes.  

The data is then used to force the Weather Research and Forecasting (WRF) model which is a state of 

the art mesoscale numerical weather prediction system. The model uses a grid spacing of 3 km and 

outputs a set of generalized wind climates.  

In a second step, this mesoscale data is downscaled again to microscale level with the Wind Atlas 

Analysis and Application Program (WAsP) that was developed by the Danish Technical University 

(DTU). WAsP calculates local wind climates at five heights (10 m, 50 m, 100 m, 150 m and 200 m 

above ground level) at a spatial resolution of 250 m. Users of the GWA have the opportunity to 

download wind resource information in a range of formats and units. The latest version 3 of the GWA 

offers mean wind speed, mean wind density, and also CF for reference turbines of IEC classes I, II, 

and III.  

 

2.1.1.2 Global Atlas of Siting Parameters 

The Global Atlas of Siting Parameters (GASP) project has the objective to reduce the levelized costs of 

energy (LCOE) of wind project by providing highly resolved data sets that quantify extreme wind 

conditions. This information is of substantial benefit for wind energy planners as they can avoid to 

place turbines in dangerous wind environments that were not designed to withstand extreme 

conditions. Before the publication of GASP, the assessment of localised wind climates had to rely 

                                                             

 

9 www.globalwindatlas.info  

http://www.globalwindatlas.info/
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mainly on in-situ measurements. Such measurements, however, were often short-term and sensitive 

to potentially missing data of extreme wind events. 

Extreme wind exceed normal operating conditions and can potentially cause damage to the 

structural integrity of a wind turbine. These conditions can vary depending on the location and 

turbine design. Siting information on extreme wind conditions helps to optimize the financial viability 

of wind projects because the correct choice of design turbine classes and improved maintenance 

plans. By this, unnecessary costs for over-designed turbines can be avoided. The selection of the 

appropriate turbine designs also leads to higher annual energy production. Studies have shown that 

a IEC-appropriate turbine generates up to 50% more power than over-designed turbines that often 

have smaller diameters because they were optimised for stronger wind climates (Fingersh et al., 

2006). 

The GASP project is leveraging GWA data sets but also uses additional reanalysis input in the form of 

the Climate Forecast System Reanalysis (CFSR) dataset (Larsén et al., 2021). CFSR data is used to 

estimate extreme wind conditions. This is then followed by downscaling the flow from a spatial 

resolution of 40 km to a local scale of 275 m using a range of models, including the microscale model 

LINCOM (Larsén et al., 2022).   

GASP provides a suit of parameters that that describe extreme wind conditions, including flow 

inclination, shear exponent, air density for extreme winds, the 50-year wind at three heights (50, 

100, and 150 m), and turbulence. This allows it to make wind turbine IEC class recommendations 

according to the IEC-61400 standard (International Electrotechnical Commission, 2005). This 

industrial standard aims to ensure that wind turbine designs and installations are appropriate for 

local wind climates and so that turbines can withstand expected extreme weather conditions that 

they are likely to encounter during their life span.           

 

2.1.2 Modelling approach and model criteria 

This section outlines our modelling approach for estimating Europe’s onshore wind potential. When 

undertaking renewable energy potential analysis, it is common to distinguish between different 

types of “potential” (Brown et al., 2016; Hoogwijk et al., 2004). Briefly put, the theoretical potential 

denotes the total energy content of the wind; the geographical potential describes the energy that 

could be generated after a number of geographical constraints are taken into account; the technical 

potential is wind power generated at the geographical potential including energy losses due to the 

power density of the wind turbines; and the economic potential outlines the technical potential that 

could be economically implemented, i.e. can meet minimum profitability expectations of private 

developers. The market potential is describing that part of the economic potential that is viable after 

policy incentives and competition from other energy sources is taken into account. Each category 

narrows down the previous one as it applies additional limitations and constraints. 

Recently, an additional potential type has emerged in the academic debate that overlaps potential 

types listed above. This is the feasible potential which delineates the achievable economic potential 

that accounts for market, organizational and social barriers (Jäger et al., 2016; McKenna et al., 2022). 

The feasible potential has some similarities with the implementation potential that was defined in 

the early 1990’s but failed to become established in the wind research community back then. The 

implementation potential refers to the amount of economic potential that can be implemented 
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within a certain timeframe, taking (institutional) constraints and incentives into account (van Wijk 

and Coelingh, 1993). 

It should be noted that the above described potential categories are relatively loosely defined and 

regularly interpreted in different ways and overlap. In the context of ENSPRESO 2 we consider our 

output to describe the economically viable potential because we employ a minimum wind turbine 

capacity factor threshold from which we assume that wind farms would be able to operate in an 

economically feasible mode. At the same time, we also would like to emphasize that we did not 

undertake localised cost modelling that determines actual levelized costs of energy (LCOE) at specific 

locations. This was out of the scope of the project.  

In general, we follow the general modelling approach that was used for ENSPRESO 1 (Dalla Longa et 

al., 2018; Ruiz et al., 2019) and other wind energy assessments that have been conducted (McKenna 

et al., 2022; Miyake et al., 2024). The process exhibits a series of cascading overlay operations for 

which we created a wide range of input spatial data sets (Figure 2). Each of these steps, its 

assumptions and associated data sources will be discussed in more detail in the following sections.  

 

Figure 2. Conceptual framework of ENSPRESO 2 modelling to determine the online wind potential 

 

Source: JRC 

 

Land suitability (LUISA 2018 Basemap)

Settlement Setback Exclusion Zones (4 scenarios)

Slope (< 18%)

Natura 2000 (exclusion with 500 m buffer zone)

Wind resource > 20% Capacity Factor

Calculation of Installable Capacity (MW/km2), 1 km cells

Calculation of Energy Generation (GWh/km2), 1 km cells

Aggregation of Results to NUTS 3, 2, 1, 0
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2.1.3 Land suitability 

The availability of up-to-date and highly resolved land cover information is of central importance for 

modelling the wind potential. Land cover serves as a critical proxy for the suitability for onshore wind 

developments. It can also be used to identify the location of unsuitable areas and to delineate 

exclusion buffers around them if required.  

A number of landcover data sets are publicly available and a comprehensive overview of landcover 

data in the global and European context is provided by García-Álvarez et al. (2022). The core land 

cover requirements for this project were high spatial granularity, a validated accuracy, and the 

implementation of a comprehensive landcover classification scheme that can be used to classify 

suitability/non-suitability for wind energy use. 

The original ENSPRESO 1 project (Ruiz et al., 2019) employed the CORINE Land Cover (CLC) dataset as 

core landcover data source. CLC is an EUropean-wide land cover and land use database that provides 

a harmonized and consistent classification of land cover and land use across Europe10. It identifies 44 

land cover classes which are hierarchically organised and can be grouped into the following 

categories: artificial surfaces (urban areas, infrastructure, etc.), agricultural areas (arable land, 

permanent crops, etc.), forests (broad-leaved, coniferous, mixed, etc.), wetlands (inland wetlands, 

coastal wetlands, etc.), and water bodies (rivers, lakes, etc.). The limitation of CLC, however, is its 

spatial resolution: The CLC data has a spatial resolution of 100 meters for linear objects but the 

overall minimum mapping unit (MMU) is 25 ha. This makes it problematic for the intended 

production of a high resolution 1 km2 output for ENSPRESO 2.  

We instead opted to use the LUISA Base Map 2018 of the JRC’s Land-Use based Integrated 

Sustainability Assessment modelling platform11. This data was developed by integrating information 

from multiple datasets, including the CORINE Land Cover maps, Copernicus Earth Observation 

products, OpenStreetMap by using a structured geospatial data fusion approach (European 

Commission. Joint Research Centre., 2021). The pixel size of the raster cells is 100 m and the MMU is 

1 ha for artificial surfaces and 5 ha for non-artificial surfaces. 

Compared to the CORINE Land Cover, the LUISA Base Map has significantly higher spatial and 

thematic resolutions, allowing more detailed identification of land classes for wind energy 

developments. The respective classification is detailed in Table 1.   

 

Table 1. Classification key for onshore wind suitability and settlement layer definition 

LUISA 2018 Code Landcover Class Wind Suitability Settlement 

1111 High density urban fabric No Yes 

1121 Medium density urban fabric No Yes 

1122 Low density urban fabric No Yes 

1123 Isolated or very low density urban fabric No Yes 

                                                             

 

10 https://land.copernicus.eu/en/products/corine-land-cover  

11 Joint Research Centre Data Catalogue - LUISA Base Map 2018 - European Commission (europa.eu) 

https://land.copernicus.eu/en/products/corine-land-cover
https://data.jrc.ec.europa.eu/dataset/51858b51-8f27-4006-bf82-53eba35a142c
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LUISA 2018 Code Landcover Class Wind Suitability Settlement 

1130 Urban vegetation No Yes 

1210 Industrial or commercial units No Yes 

1221 Road and rail networks and associated land No No 

1222 Major stations No Yes 

1230 Port areas No Yes 

1241 Airport areas No Yes 

1242 Airport terminals No Yes 

1310 Mineral extraction sites No No 

1320 Dump sites No No 

1330 Construction sites No Yes 

1410 Green urban areas No No 

1421 Sport and leisure green Yes No 

1422 Sport and leisure built-up Yes Yes 

2110 Non irrigated arable land Yes No 

2120 Permanently irrigated land Yes No 

2130 Rice fields Yes No 

2210 Vineyards Yes No 

2220 Fruit trees and berry plantations Yes No 

2230 Olive groves Yes No 

2310 Pastures Yes No 

2410 Annual crops associated with permanent crops Yes No 

2420 Complex cultivation patterns Yes No 

2430 Land principally occupied by agriculture Yes No 

2440 Agro-forestry areas No No 

3110 Broad-leaved forest No No 

3120 Coniferous forest No No 

3130 Mixed forest No No 

3210 Natural grassland Yes No 

3220 Moors and heathland No No 

3230 Sclerophyllous vegetation Yes No 

3240 Transitional woodland shrub Yes No 

3310 Beaches, dunes and sand plains Yes No 

3320 Bare rock Yes No 

3330 Sparsely vegetated areas Yes No 

3340 Burnt areas Yes No 

3350 Glaciers and perpetual snow No No 

4000 Wetlands No No 

5110 Water courses No No 

5120 Water bodies No No 

5210 Coastal lagoons No No 

5220 Estuaries No No 
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LUISA 2018 Code Landcover Class Wind Suitability Settlement 

5230 Sea and ocean No No 

Source: JRC   

2.1.4 Setback distances 

Setback distances to settlements are highly relevant for wind energy planning and primarily related 

to concerns about health and safety aspects, environmental impacts, and aesthetics. A central 

concern is noise as wind turbines emit sound from the mechanical operation of the turbine and the 

aerodynamic noise of the blades moving through the air. Setback distances help to minimize the 

impact of noise on nearby residents and also to sensitive natural areas. Setback regulations are also 

important to protect against potential hazards such as ice throw, where ice accumulates on turbine 

blades and is subsequently thrown off. The unlikely event of a turbine or blade failure where debris 

could fall outside the turbine's footprint needs also to be considered. Shadow flicker is another 

concern as wind turbine blades can cast moving shadows on nearby buildings and residences.  

Since ENSPRESO 1 (Dalla Longa et al., 2018), the setback distances regulations have often changed 

and needed to be updated. The legislation in many countries and regions is regularly extremely 

complex and delegated to various administrative levels and authorities. In general, there are three 

approaches to define setback distances: i) purely based on distance; ii) based on noise levels; and iii) 

based on wind turbine dimensions such as hub height and tip height. In the first case, the setback 

distance could be directly used while for the latter two cases, some assumptions had to be made 

regarding typical turbine type and height. 

Furthermore, some countries use a detailed cadastral classification of settlements and buildings (e.g. 

residential areas, commercial areas, single buildings, buildings in rural environments) when 

determining set back distances. Examples are using different values depending on use categories 

such as residential areas with increased protection requirements (hospitals, schools), residential 

buildings in agricultural environments; or buildings located outside dedicated residential areas or the 

built environment. Setback distance regulations might also differ depending on capacity of the wind 

turbine itself. 

The situation becomes even more complicated when considering that the legal definitions of 

"building", "residential area" or "settlements" can differ between countries. Also, often setback 

distances are set on a regional level; sometimes even at municipal level. Some countries do not have 

regulations in place but are handled within the individual permit application for each wind project. 

Finally, setback distances are sometimes different for repowering projects compared to new 

developments. 

In the framework of Europe-wide ENSPRESO 2 project, we therefore needed to adopt a simplified 

approach and included only setback distances to buildings, regardless if they are formally part of a 

municipality or not. Other entities such as areas regulated by water protection, airports, radar and 

weather measurement installations, railway network, power transmission lines, motorways, and 

military installations were not buffered. The main reason for not including these were (a) the 

plethora of individual regulations across Europe and (b) the non-availability of coherent European 

data sets. This is particularly the case for military infrastructure data which is often classified. 
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Substantial effort was invested to collect up-to-date national and sub-national set back regulations. 

However, it needs to be noted that for some countries information on specific setback distances is 

potentially outdated or not fully accurate. For some regions generalized assumptions had to be 

made; e.g. using setback distances from neighbouring regions or countries (Table 2). For other 

countries, excellent overviews are available which explain all the details of the regulations.12 Overall, 

we would like to emphasise that the regulatory environment for setback regulations is in constant 

flux and often subject to localised planning and zoning laws. We therefore caution that the listed 

general regulations in Table 2 might be incomplete or outdated despite all efforts to collect up-to 

date information from all countries.     

 

Table 2. Overview of setback distances applied 

Country Region NUTS code Setback 
distance (m) 

Comment 

Albania  AL 2 000  

Austria Lower Austria AT12 1 000 Distance differs between type of area, 1200 m for 
general residential areas assumed (1) 

Austria Upper Austria AT31 1 000 Distance for newly built turbines > 0.5 MW 

Austria Burgenland AT11 1 200 Distance to settlements 

Austria Styria AT22 1 000 No regulation in place (2) 

Austria Carinthia AT21 1 500 Distance to permanently inhabited buildings and 
dedicated building land 

Austria Vienna AT13 1 000 No regulation in place (2) 

Austria Salzburg AT32 1 000 No regulation in place (2) 

Austria Tyrol AT33 1 000 No regulation in place (2) 

Austria Vorarlberg AT34 1 000 No regulation in place (2) 

Belgium Flanders BE2 600 Based on noise regulation (3) 

Belgium Wallonia BE3 700 4x tip height (4) 

Belgium Brussels BE1 10 000 Wind project prohibited 

Bosnia and 
Herzegovina 

 BA 2 000  

Bulgaria   500  

Croatia   500 Restrictions prescribed in spatial plans at local 
level. 500 m is commonly being used 

Cyprus   850 Distance greater than 850 m from an already 
established limit; also noise limits apply 

Czechia   500 Based on noise regulation (3). Not very clear 

Denmark   700 4x tip height (4). Also noise limits apply 

Estonia   600 Based on noise regulation (3) 

Finland   550 Based on noise regulation (3) 

                                                             

 

12 For example, the Fachagentur Windenergie provides an excellent – and regularly updated – overview of the regulations in 
all Federal States of Germany: https://www.fachagentur-windenergie.de/aktuelles/detail/abstandsempfehlungen-in-
den-bundeslaendern/ 

https://www.fachagentur-windenergie.de/aktuelles/detail/abstandsempfehlungen-in-den-bundeslaendern/
https://www.fachagentur-windenergie.de/aktuelles/detail/abstandsempfehlungen-in-den-bundeslaendern/
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Country Region NUTS code Setback 
distance (m) 

Comment 

France   500  

Germany Baden-Württemberg DE1 700 Distance to purely residential areas, mixed areas 
and commercial areas 

Germany Bavaria DE2 1 800 10x tip height (4) 

Germany Berlin DE3 1 000 No regulation in place (2) 

Germany Brandenburg DE4 1 000  

Germany Bremen DE5 620 620 m to residential areas and lower distance to 
other areas 

Germany Hamburg DE6 500 500 m to residential areas and 400 m to 
individual buildings 

Germany Hesse DE7 1 000  

Germany Mecklenburg-
Vorpommern 

DE8 1 000  

Germany Lower Saxony DE9  2x tip height (4) 

Germany North Rhine-Westfalia DEA 1 000  

Germany Rhineland-Palatinate DEB 900 900 m to residential areas and 500 m to 
individual buildings 

Germany Saarland DEC 1 000 No regulation in place (2) 

Germany Saxony DED 1 000  

Germany Saxony-Anhalt DEE 1 000 No regulation in place (2) 

Germany Schleswig-Holstein DEF 500 500 m to residential areas and lower distance to 
other areas 

Germany Thuringia DEG 1 000 1000 m to residential areas and 600 m to 
individual buildings 

Greece   1 000  

Hungary   700  

Ireland   500 Also, noise limits apply 

Italy   

1 000  National regulation foresee 200 m distance or 6x 
tip height; applied for all regions where no 
specific regulations apply or where regional 
regulations apply same limits 

Italy Sardegna ITG2 700 700 m from nuclei and houses scattered in the 
countryside, intended for residential use 

Kosovo  XK 2 000  

Latvia   800  

Lithuania   700  

Luxembourg 
  500 900 m distance to buildings; also noise limit 

applies 

Malta   1 000 No regulation in place (2) 

Netherlands   600 Based on noise regulation (3) 

Poland   700  

Portugal   500 500 m to rural settlements and urban land  

Romania 

  500 Various technical norms and guidelines available. 
Most wind farm planning documents mention 
500 m (or 3x hub height)  

Slovakia   550 Based on noise regulation (3) 

Slovenia   1 000 No regulation in place (2) 
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Country Region NUTS code Setback 
distance (m) 

Comment 

Spain 
  1 000 National regulation applied for all regions where 

no specific regulations apply  

Spain Baleares ES53 1 000 1000 m around settlements and urban centres 

Spain Castilla y Leon ES41 500 No regulation in place (2) 

Spain Canary islands ES70 400  

Spain Canary islands 
ES70 400 400 m distance to inhabited areas for turbines > 

900 kW 

Spain Pais Vasco 
ES21 400 Noise from wind turbines should not be heard 

from a distance of 400 m 

Spain Asturias y Cantabria 
ES12 & ES13 500 500 m distance to rural nuclei and scattered 

buildings; larger distance to other areas 

Spain Galicia 
ES11 500 500 m distance from rural centers, sectorised 

urban or developable land 

Spain Navarra ES22 1 000 Distance to urban centres 

Spain Valencia ES52 1 000 Distance to urban centres 

Spain Castilla-La Mancha ES42 500 No regulation in place (2) 

Sweden   600 Based on noise regulation (3) 

Turkiye  TK 1 000 No regulation in place (2) 

United Kingdom England UK 800 Adopted from ENSPRESO 1 

United Kingdom Wales UKL 500 Adopted from ENSPRESO 1 

United Kingdom Northern Ireland UKN 500 Adopted from ENSPRESO 1 

United Kingdom Scotland UKM 2 000 Adopted from ENSPRESO 1 

 
1 According to IG Windkraft, distances differ between 750 and 2 000 m depending on type of residential area. 1 200 m is 

the distance to "dedicated residential building land and special building land area with increased protection 

requirements, e.g. hospital, school, retirement home". 
2 Setback distance assumed based on other regions 
3 Distances were assumed as follows: 500 m for 50 dB (night), 550 m for 45 dB (night), 600 m for 37-45 dB (night) 
4 Assuming 180 m tip height 

Source: JRC 

 

To model the impact of varying setback distance regulations it is important to employ robust and 

consistent data on the location of settlements and individual dwellings from which buffer zones can 

be drawn to estimate the significance of set-back regulations.  

Several data sets were considered. This included using settlement information provided by the 

Openstreetmap project. OpenStreetMap (OSM) is a global collaborative project to create a free 

editable map of the world (Minghini and Frassinelli, 2019). The geographic database OSM allows 

users to contribute and edit map data and can be used free of charge. OSM data includes detailed 

spatial information about buildings and settlements which makes it a candidate for being the base 

layer for our setback distance analysis. However, the fact that OSM largely relies of volunteered 

geographic information (VGI) also means that it is edited by a wide range of volunteers with varying 

levels of mapping skills. The completeness and quality of its annotations are heterogeneous across 

different geographical locations (Vargas-Munoz et al., 2021). An example is the Lombardy region in 

Italy where more than 50% of the buildings that are registered in official cadastral data were not 
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represented in OSM data (Brovelli and Zamboni, 2018). Such spatial inconsistencies are problematic 

for the ENSPRESO 2 study as we required data that provides coherent Europe-wide reliable data.  

Another candidate data set for modelling setback distances was the World Settlement Footprint 

(WSF) which is a global data set produced by the German Space Agency (DLR). It consists of a binary 

layer that outlines settlements in 10 m resolution13. The WSF is based on earth observation data 

collected by the Sentinel 1 and Sentinel 2 satellite missions of the European Copernicus programme 

and aims to outline human settlements on a global scale. 

Its model architecture is based on the hypothesis that settlements are stable features and can 

therefore be identified by time series data. The modelling approach consisted of using temporal 

statistics in combination with a complex analysis chain using reference building outlines and binary 

Random Forest classification. This was concluded by a post-processing step that employed ancillary 

datasets to further reduce omission and commission errors (Marconcini et al., 2020). 

For ENSPRESO 2 we tested the suitability of WSF data for setback distance modelling in two regions. 

The first one was a coastal area in Schleswig-Holstein in Germany. Close visual inspection and 

comparison with aerial photography data showed that WSF outlined buildings/settlements well. 

However, it also outlined a number of artificial structures such as grid masts and wind turbines.    

This apparent property of WSF data to include some non-settlement structures was also observed in 

a second test case in Austria where we utilised the Green Transition Information Factory (GTIF) of the 

European Space Agency (ESA)14. The tool allows it to model set-back distances using either WSF data 

or official Austrian cadastral data. A comparison of both options showed that setback distances 

based on WSF data were substantially larger than when using official cadastral data. Based on the 

results of these tests it was concluded that the WSF data is not suitable for the determination of 

exclusion zones based on set-back distances for ENSPRESO 2. 

We therefore decided to create a settlement data layer using the LUISA 2018 landcover data set (see 

classification scheme Table 1). This provided a binary layer with a spatial resolution of 100 m from 

which setback distance exclusion zones were generated. It should be noted, however, that some 

countries and regional administrations have separate setback distance regulations for municipalities 

and individual dwellings. Often, the distance requirements for individual dwellings are lower than for 

municipalities. As we did not have sufficient cadastral data available to further define our settlement 

layer into municipalities and individual dwellings, only buffer regulations for municipalities were 

used. This means that our approach is conservative as we potentially defined larger exclusion areas 

as was actual required in some places.  

In order to cover the complexity of setback distances, we have decided to assess the influence of 

setback regulations by four different scenarios: 

(a) The high scenario uses a setback distance of 500 m which is the considered to be the 

approximate limit in terms of noise exposure for the population in the vicinity of wind farms 

(Merino-Martínez et al., 2021). 

                                                             

 

13 https://download.geoservice.dlr.de/WSF2019/ 

14 https://gtif.esa.int/ 

https://download.geoservice.dlr.de/WSF2019/
https://gtif.esa.int/
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(b) The mid scenario uses a setback distance of 1000 m which is the modal value listed in Table 2 

and therefore can be used as an established distance that is already used by many European 

administrations. 

(c) The low scenario uses a setback distance in of 2000 m and is the largest setback distance 

actually implemented, according to Table 2. This scenario is therefore the most restrictive 

setting. 

(d) The reference scenario uses the current regulations listed in Table 2 that are implemented at 

the beginning of the year 2024.   

 

2.1.5 Slope 

Areas with steep slopes are problematic for the construction of wind parks and the slope angle of a 

location is therefore an important factor to consider. A gentle slope of less than 5% is generally 

preferred for wind turbine placement (McKenna et al., 2022). Slope can affect the accessibility of the 

area for construction and maintenance, as steeper slopes make it more difficult to build roads and 

infrastructure which increases construction costs and logistical challenges (Wiser et al., 2019). 

An additional factor is that the slope and azimuth of terrains influence flow patterns and cause 

localised turbulence pattern (Wu et al., 2019) that are not always reflected in generic wind resource 

data sets. A gentle slope creates a more consistent wind flow while steeper slopes can lead to 

turbulence effects and reduced wind speeds. In areas with complex topography, wind shear can be 

more pronounced which affects turbine performance and energy production (Huang et al., 2022). 

Slope has therefore an impact in both capital expenditure (CAPEX) and operating expenditure 

(OPEX). 

Terrain slope also has an impact on noise propagation from wind turbines. In areas with steeper 

slopes, noise can be directed towards nearby residential areas. Finally, in terms of the environmental 

impact of wind parks, steeper slopes may lead to increased erosion or habitat disruption, particularly 

in the construction phase (Sessarego and Shen, 2020). 

In terms of specific slope ranges, terrain with flat to gentle slopes of up to 5% is considered to be 

ideal for wind turbine placement, as they offer easy access, a minimal environmental impact, and a 

consistent wind flow. Moderate slopes between 10 – 20% can still be suitable for wind farms but 

require more careful planning microscale wind flow modelling.  Steeper slopes of 20 – 30% or more 

are commonly challenging for wind turbine installation and require bespoke design modifications. 

Overall, the specific slope requirements for a wind energy project depend on various factors such as 

local regulations, environmental conditions, and project-specific constraints. 

A wide range of slope thresholds have been employed in wind resource assessments. One example is 

the very restrictive threshold of 3% that was selected for the first ENSPRESO 1 study (Dalla Longa et 

al., 2018), 9% for an assessment of the United Kingdom (Price et al., 2018), 20% for a global analysis 

(Bosch et al., 2017), 30% for Germany (Blankenhorn and Resch, 2014; Luetkehus et al., 2013) and 

Europe (Ryberg et al., 2020), and 36% on China (Zhou et al., 2012). For the context of our ENSPRESO 

2 project it was decided to adopt the conservative threshold of 18% to ensure that the potential 

estimation of ENSPRESO 2 would not be skewed by an overoptimistic slope parameter setting.  For 
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the calculation of slope data we used the 90 m Copernicus GLO-90 digital Surface Model (DSM)15. 

This DSM is derived from a revised version of the WorldDEM that included internal data correction 

such as the consistent flow of rivers, edited shore- and coastlines, and the removal of implausible 

terrain structures. The WorldDEM product is based on the radar satellite data acquired by the 

TanDEM-X Mission of German Aerospace Centre (DLR) and Airbus Defence and Space (Riegler et al., 

2015).  

2.1.6 Conservation Areas 

It is general practice to exclude conservation areas from wind energy potential studies as to avoid 

disruption of sensitive ecosystems and to maintain the integrity of protected areas. Wind farms can 

harm species and habitats either directly (e.g., through bird collisions) or indirectly (e.g., through 

habitat disruption). Another factor is the maintenance of ecosystem services, as protected areas 

often provide essential services such as water filtration, soil formation, and climate regulation. Wind 

farms can disrupt these services and thereby compromise the benefits they provide to human 

societies. 

For our analysis we used the areas designated as Natura 2000 sites as proxy for regions that should 

be excluded from wind developments. We also applied a generic 500 m distance buffer to all Natura 

2000 areas. Natura 2000 is a network of protected areas in the European Union (EU) established 

under the Habitats Directive (92/43/EEC) and the Birds Directive (2009/147/EC). Natura 2000 sites 

are legally protected, and any development, including wind farms, must comply with the EU's 

environmental legislation.  

Natura 2000 sites are designated to protect specific habitats and species. When assessing wind farm 

proposals near or in Natura 2000 sites, authorities must consider the cumulative impact of the 

development on the site's conservation objectives. This means evaluating the potential impacts of 

the wind farm in conjunction with other human activities in the area. In our analysis we have 

assumed Natura 2000 areas indicate the presence of protected species and habitats. The related 

data sets were as accessed via the depository of the European Environment Agency16.  

We also addressed the conservation and nature protection aspect by excluding land cover classes 

from the potential analysis that indicate sensitive environments, such as wetlands, moors & 

heathlands, and coastal lagoons (see Table 1). Due to the lack of consistent Europe-wide data, we did 

not include bird migration routes in the analysis.    

 

2.1.7 Capacity Factors and reference turbines  

The capacity factor (CF) of a wind farm can be defined as the percentage of a year that wind turbines 

operate with their full rated capacity. For example, a CF of 25% is equivalent to 2190 full load hours 

per year. The CF is a crucial parameter for the economic viability of a wind farm because it directly 

                                                             

 

15 https://portal.opentopography.org/raster?opentopoID=OTSDEM.032021.4326.1  

16 https://www.eea.europa.eu/data-and-maps/data/natura-14/natura-2000-spatial-data  

https://portal.opentopography.org/raster?opentopoID=OTSDEM.032021.4326.1
https://www.eea.europa.eu/data-and-maps/data/natura-14/natura-2000-spatial-data
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affects the project's revenue and profitability. As the CF determines how much energy can on 

average be generated over the course of a year, it influences economic indicators such as the return 

on investment (ROI) or levelized cost of electricity (LCOE) of a wind farm project. Lenders and 

investors therefore use the CF as key metric to assess the creditworthiness of a wind farm project. A 

higher capacity factor reduces the risk of the project, making it easier to secure financing and often 

also lowering associated interest rates. A high capacity factor can also improve the stability and 

reliability of the grid.  

Capacity factors of modern wind turbines have risen continuously in the past decades. A recent study 

on the development of full load hours of German onshore turbines exemplifies this with a recorded 

CF of 14-20% in the year 2000, rising to 22–28% in 2020 and expected to reach up to 40% in 2030 

(Borrmann et al., 2020). This trend has been observed globally as well, with the two main drivers 

being rising hub heights and improved turbine technology (Jung and Schindler, 2023).  

To reflect such advances in the ENSPRESO 2 project we have adopted the capacity factor data 

information that is provided by the GWA because they are based on state-of-the art reference 

turbines for three IEC classes (see Table 3). However, the CF values of the GWA are essentially only 

based on the local wind conditions and the power curves of the respective reference turbines. This 

means that they represent more theoretical values without consideration of operational limitations 

that occur during the operation of wind farms.    

To address this aspect, it is necessary to apply a loss factor which expresses the amount of energy 

that is lost due to issues such as equipment downtime, maintenance downtime, and environmental 

conditions. Loss factors can vary depending on the specific location and design of the wind farm. 

Examples of such operational issues are equipment failure, maintenance, wake effects and 

environmental conditions such as icing (Fields et al., 2021). An additional aspect is the decline of the 

wind farm performance over the period of its lifetime (Staffell and Green, 2014) which needs to be 

factored in as well when estimating the long-term average energy production over the life cycle of a 

wind park. 

The loss factor is typically expressed as a percentage of the total potential energy production of the 

wind farm. A realistic estimation of such operational loss factors is a central consideration for 

estimating the actual energy output of a wind farm. A review of actual generation data of onshore 

wind turbines in Germany calculated an average loss factor of 17%. However, this value included an 

assumed 1.5% loss due to regulatory restrictions as well (Borrmann et al., 2020). The forward-looking 

NREL 2023 Electricity Annual Technology Baseline (ATB) data base17 excluded regulatory issues and 

estimated for the year 2030 loss factors between 10.7% and 18%, depending on scenarios. These 

values reduced to 9.5% and 16% for the year 2050, as it is expected that the wind industry continues 

to benefit from advances in atmospheric sciences and forecasting so that dynamic wind plant control 

strategies can further limit wake effects.     

For ENSPRESO 2 we decided to continue to apply a general loss factor of 15%, which was adopted in 

the original ENSPRESO 1 project as well (Dalla Longa et al., 2018) because this value is in agreement 

with range of loss factors discussed earlier. 

                                                             

 

17 https://atb.nrel.gov/electricity/2023/land-based_wind 
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Table 3. Technical specifications of IEC reference turbines used in the Global Wind Atlas 

Turbine characteristics Reference turbine 
IEC I 

Reference turbine IEC 
II 

Reference turbine IEC 
III 

Rated power (MW) 3.45 3.45 3.45 

Rotor diameter (m) 112 126 136 

Hub height (m) 100 100 100 

Design annual average wind 
speed (m/s) 

10 8.5 7.5 

Assumed wind density for 
power curve (kg/m3) 

1.225 1.225 1.225 

Cut-in wind speed 3 3 3 

Full rated power at wind speed 
(m/s) 

12.5 11.5 11 

Cut-out wind speed 9(m/s) 25 22.5 22.5 

Source: GWA 

In our final analysis of the onshore potential we also then applied a CF threshold of minimum 20% 

(after losses) to safeguard that the identified wind locations meet basic economic viability 

expectations. Areas that had a lower CF than 20% were therefore deemed unsuitable for onshore 

wind energy development and excluded. 

For capacity calculations we continue to assume a power output of 3.45 MW for our reference 

turbine, similar to the original ENSPRESO 1 project (Dalla Longa et al., 2018). However, we raised the 

assumed hub height from 80 m to 100 m to reflect recent technological advances in the onshore 

wind industry's installation practices. A higher hub height makes it possible to access better and less 

disturbed wind flows. This in turn leads to better CF and associated electricity generation costs (Jung 

and Schindler, 2022; Satymov et al., 2022).    

2.1.8 Capacity density 

The capacity density can be defined as the ratio of the wind farm’s rated capacity to its ground area, 

usually expressed in MW/km2. Past assessment studies have used a range of capacity density 

assumptions and there is an ongoing debate about the appropriate capacity density for modern wind 

parks in both the onshore and the offshore domain (Enevoldsen and Jacobson, 2021; McKenna et al., 

2022; Pryor et al., 2021; Pryor and Barthelmie, 2024). The original ENSPRESO 1 study adopted a 
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unified value of 5 MW/km2 for its onshore and offshore wind potential model. For ENSPRESO 2, we 

decided that it is more appropriate to employ different capacity densities for each domain. 

A recent review (McKenna et al., 2022) reported that the power densities in academic studies on 

onshore potential ranged between 1.5 MW/km2 (Bosch et al., 2017) and 18.6 MW/km2 (McKenna et 

al., 2015). A more data oriented study investigated the power density of actual wind farms in Europe 

and this resulted in higher values. Densities ranged between 6.2 to 49 MW/km2, with an average of 

19.8 MW/km2 (Enevoldsen and Jacobson, 2021). One of the reasons that is given for such 

discrepancy is that onshore wind farms have a relatively moderate size of 20 - 50 MW and are 

clustered in space. Because of the substantial distances between them, project developers do not 

have to consider wake optimisation across large areas. 

For the onshore domain of ENSPRESO 2, we adopted an assumed maximum power density of 10 

MW/km2. This value has been employed by a number of other potential studies in the European 

context as well (Enevoldsen et al., 2019; McKenna et al., 2015; Ryberg et al., 2019).  

 

2.1.9 Spatial aggregation of wind capacity and annual electricity generation 

The analysis of the onshore wind potential was carried out on spatial resolution of the 100 m LUISA 

landcover data set. All other input data sets were resampled to that resolution and projected to the 

coordinate reference system (CRS) ETRS89-LAEA Europe. This CRS is also known by the EPSG 

Geodetic Parameter Dataset identifier EPSG:3035. It is a Lambert equal area projection and is 

recommended by the JRC for analytical work on continental Europe (Annoni et al., 2001).  

The actual output resolution of ENSPRESO 2 onshore wind is 1 km2. This means that the results of our 

availability analysis (carried out on 100 m level) needed to be aggregated to our reporting resolution 

of 1 km. Two output layers were created: First, the estimate of installable capacity in units of 

MW/km2, and second the modelled annual electricity generation of GWh/km2.   

As outlined in the section on onshore power density, we assume a maximum capacity of 10 MW per 

1 km2 cell. This means that if the entire 1 km grid cell (equivalent to all 100 m cells from the land 

availability analysis) is deemed suitable for wind development, then the maximum capacity of 

10 MW will be assigned to that 1 km2 cell. Cells that have smaller suitable areas are respectively 

assigned smaller capacities, using a linear scaling process. This means that a 1 km2 cell with 30% 

suitability will be assigned a capacity of 3 MW/km2, which is equivalent to the capacity of one 

reference turbine.  

However, fully applying this logic of linear scaling would mean that all 1 km2 cells with less than 30% 

suitability would be assigned zero capacity. This would also mean that substantial wind potential 

could not be considered and therefore lead to an underestimation of wind potential. Such “small 

area problem” has been recognised by other authors (McKenna et al., 2022, 2014; Ryberg et al., 

2020).  

To avoid underestimation of capacity we used the approach to assign 3 MW also for those 1 km2 cells 

that have suitable wind areas which are large enough to accommodate the physical footprint of a 

single turbine, i.e. its tower base and associated infrastructure. We assume that a minimum of 4 ha 

would be sufficient for this. This means that all 1 km2 cells with at least 4% of wind suitability were 
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assigned a single turbine capacity of 3 MW as well. Cells with less than 4% suitability were considered 

unsuitable for wind (see Figure 3). 

The annual electricity generation was calculated using the respective capacity factor of all the 

suitable cells, using the respective CF of the reference turbine. This resulted in the second output 

layer that provide annual electricity generation on 1 km2 level, expressed in units of GWh/km2. 

 

Figure 3. Assigning onshore wind capacity based on cell suitability.  

 

Source: JRC 
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3 Results 

This section introduces the key results of the ENSPRESO 2 study and will present the output with a 

series of example maps and figures. 

3.1 Results for mid scenario (1000 m setback distance) 

The core outputs of ENSPRESO 2 are: 

(a) data on the installable capacity in terms of MW/km2, and 

(b) information about the annual electricity (GWh/km2) that can be expected to be generated by the 

respective capacity, using localised turbine capacity factors. 

Figures 4 and 5 show those outputs for the mid-scenario of 1000 m setback distance. It can be seen 

that most countries in central Europe have large regions with moderate installation capacities per 1 

km2 cells, meaning that wind parks could be developed there and contribute to the electricity supply. 

The highest installation capacities per 1 km2 cell are limited to selected countries with low population 

densities, for example in eastern Europe (e.g. Hungary and Romania) and the Iberian peninsula.   

Figures 6 and 7 show the national aggregates of both wind economically viable wind capacity and 

associated annual electricity generation. Spain is, by a substantial margin, the EU member state with 

the highest economically viable wind potential, followed by Romania and Sweden. The combination 

of Figures 6 and 7 also illustrates the importance of wind resource. For example, Italy has a higher 

onshore wind capacity than for Lithuania. Nevertheless, Lithuania records a higher electricity 

generation potential because of its better wind resource. A similar dynamic can be observed 

between Greece and Romania (higher installable capacity) and Estonia and Sweden (higher electricity 

generation), respectively.   

To illustrate the value of the spatial detail of ENSPRESO 2 we created two smaller scale maps that 

zoom into the annual electricity generation patterns of the Baltic region (Figure 8) and southern Italy, 

Albania, and mainland Greece (Figure 9). The Baltic region map clearly shows two distinct spatial 

patterns. For Germany, Denmark and Poland, the identified economically viable onshore wind 

potential consists of distinct clusters of hotspots of high generation. This means that wind energy 

planning will need to target such areas. For Sweden and Finland, on the other hand, the viable wind 

resource is more homogeneously distributed, with no clear high generation hotspots.  

The Mediterranean example in Figure 9 also shows that economically viable wind resource in those 

countries is concentrated in smaller hotspots. In southern Italy, most of the significant clusters can be 

found in Apulia and Basilicata, with much less potential in neighbouring Calabria. For Greece, most 

resource clusters are concentrated in the Peloponnese Region and in Macedonia.  

The full data set data is openly available and can be accessed via the EIGL data portal18 of the JRC.  

                                                             

 

18 https://energy-industry-geolab.jrc.ec.europa.eu/ 
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Figure 4. Onshore wind capacity potential for 1000 m setback distance.  

 



 

 

26 
 

 Figure 5. Onshore wind electricity generation potential for 1000 m setback distance 
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Figure 6. Economically viable onshore wind capacity for the 1000 m setback scenario, aggregated to national 

level 

 

Source: JRC 

 

 

 

Figure 7. Potential annual electricity generation for the 1000 m setback scenario, aggregated to national level 

 

Source: JRC 



 

 

28 
 

Figure 8. Annual Generation, 1000 m setback distance, for Baltic Sea region.   
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Figure 9. Annual Generation, 1000 m setback distance, for Southern Italy and mainland Greece. 
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3.2 Setback distance scenarios 

The previous section focused in detail on the results of the mid-scenario with a 1000 m setback 

distance. As discussed in section 2.1.4, three additional scenarios were modelled for the ENSPRESO 2 

project, using alternative setback distances of 500 m, 2000 m, and regulations that are in place in 

2024. 

The impact of setback regulations on potential estimates is illustrated in Figures 10 and 11 which 

show the difference between the four setback distance scenarios. As can be expected, the 500 m 

setback assumption generates the highest potential and the 2000 m scenarios the lowest. However, 

the impact of setback changes varies significantly across EU member states and reflects the 

settlement structure, population distribution, and dominant landcover types. As an example, in 

countries such as Poland, Germany, Czechia, and Denmark the shift from 500 m to 1000 m reduces 

the potential by two-third. The even more restrictive setback distance of 2000 reduces the potential 

in those countries to near zero. Such impact is less dramatic in states with lower population 

densities, e.g. Finland, Sweden, Bulgaria, and Romania. Here, even a setback distance of 2000 m 

would result in sizable onshore wind potential. 

The following series of maps illustrate this output and provides capacity and electricity generation 

maps for all four scenarios. Figures 12, 13 and 14 show the capacity potential and the spatial 

dynamics that are associated with different setback dynamics. For the 500 m setback scenario (Figure 

12) a consistent capacity of 3-5 MW/km2 can be found across Europe. Cells with very high capacity of 

up to 10 MW/km2 are largely limited to lower populated regions such as south-east Europe and 

central Spain. These areas maintain most of their capacities in the 1000 m scenario (Figure 4). 

However, most of the densely populated regions in central Europe see their onshore wind capacities 

substantially reduced. This indicates that these areas are particularly sensitive to even relatively 

moderate changes to setback distance regulations. 

The restrictive setback distances of 2000 m (Figure 13) would eradicate most of the economically 

viable wind potential in central Europe and also reduce substantial capacities to Spain and south-east 

Europe. Interestingly, most of Scandinavia is relatively insensitive to changes in setback distance 

assumptions and shows limited potential differences between scenarios. 

The same patterns can be seen in the maps that show the annual electricity generation per km2 cell. 

However, the importance of wind resource is clearly evident. Whereas the 500 m capacity scenario 

displays quite uniform capacities across central Europe (Figure 12), the associated electricity 

generation map (Figure 15) shows much stronger patterns. Regions in northern Europe exhibit 

considerably higher production due to their better wind resources. Similar can be observed for 

Scandinavia where coastal areas along the North Sea are among the highest producing cells overall. 
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Figure 10. ENSPRESO 2 modelled installable onshore wind capacity for all four setback distance scenarios 

 

 

Source: JRC 

 

 

Figure 11. ENSPRESO 2 modelled onshore wind annual electricity generation for all four setback distance 

scenarios 

 

 

Source: JRC 
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Figure 12. Onshore wind capacity potential for 500 m setback distance 
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Figure 13. Onshore wind capacity potential for 2000 m setback distance 
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Figure 14. Onshore wind capacity potential for current setback distance regulations (reference scenario) 
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Figure 15. Onshore wind electricity generation potential for 500 m setback distance 
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Figure 16. Onshore wind electricity generation potential for 2000 m setback distance 

 



 

 

37 
 

Figure 17. Onshore wind electricity generation potential for the reference scenario 
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3.3 Results at NUTS level 

The original 1 km2 resolution data of ENSPRESO 2 can of course be aggregated up to larger spatial 

units that delineate administrative districts that are used in local, regional, and national planning 

activities. In the European context, the Nomenclature of territorial units for statistics, abbreviated 

NUTS (from the French version Nomenclature des Unités territoriales statistiques) subdivides the 

economic territory into regions at four different levels (NUTS O, 1, 2 and 3) , moving from larger to 

smaller territorial units19.  

Figures 18-21 show the modelled capacity aggregated to NUTS 3 level, followed by Figures 22-25 on 

electricity generation. Note that the aggregation to NUTS 3 level was normalised to the size of the 

respective NUTS 3 areas. Figures 26 to 33 show the data aggregated to national level, but reporting 

non-normalised absolute data.  

All full set of data that provides aggregation to all NUTS levels is available for download at the EIGL 

data portal20.  

                                                             

 

19 https://ec.europa.eu/eurostat/web/nuts  

20 https://energy-industry-geolab.jrc.ec.europa.eu/  

https://ec.europa.eu/eurostat/web/nuts
https://energy-industry-geolab.jrc.ec.europa.eu/
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Figure 18. Onshore wind capacity (MW/km2) aggregated to NUTS 3 level, 500 m setback distance  
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Figure 19. Onshore wind capacity (MW/km2) aggregated to NUTS 3 level, 1000 m setback distance  
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Figure 20. Onshore wind capacity (MW/km2) aggregated to NUTS 3 level, 2000 m setback distance  
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Figure 21. Onshore wind capacity (MW/km2) aggregated to NUTS 3 level, reference scenario  
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Figure 22. Onshore wind generation (GWh/km2) aggregated to NUTS 3 level, 500 m setback distance  
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Figure 23. Onshore wind generation (GWh/km2) aggregated to NUTS 3 level, 1000 m setback distance  
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Figure 24. Onshore wind generation (GWh/km2) aggregated to NUTS 3 level, 2000 m setback distance  
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Figure 25. Onshore wind generation (GWh/km2) aggregated to NUTS 3 level, reference scenario  
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Figure 26. Onshore Wind Capacity (GW) aggregated to NUTS 0 level, 500 m setback distance 
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Figure 27. Onshore Wind Capacity (GW) aggregated to NUTS 0 level, 1000 m setback distance 
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Figure 28. Onshore Wind Capacity (GW) aggregated to NUTS 0 level, 2000 m setback distance 
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Figure 29. Onshore Wind Capacity (GW) aggregated to NUTS 0 level, reference scenario 
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Figure 30. Onshore Wind Generation (TWh) aggregated to NUTS 0 level, 500 m setback distance 
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Figure 31. Onshore Wind Generation (TWh) aggregated to NUTS 0 level, 1000 m setback distance 
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Figure 32. Onshore Wind Generation (TWh) aggregated to NUTS 0 level, 2000 m setback distance 
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Figure 33. Onshore Wind Generation (TWh) aggregated to NUTS 0 level, reference scenario 
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3.4 Comparison of the results to ENSPRESO 1 

Overall, the ENSPRESO 2 project identified a substantially higher onshore wind potential compared to 

the original ENSPRESO 1 data. This can be exemplified by using the reference scenario results which 

use the actual set back distance regulations that were in the place at the time of model 

parameterisation. Figure 34 illustrates the differences aggregated up to member state NUTS 0 level. 

It can be seen that ENSPRESO 2 reports substantially higher onshore wind potential. Compared to 

ENSPRESO 1, many member states double the installation capacity. To a large extend this can be 

explained by the updated model set-up of ENSPRESO 2 that extends the maximum capacity density 

to 10 MW/km2. In the ENSPRESO 1 model, this was limited to 5 MW/km2.  

There are a number of member states that record even higher differences in their potential 

estimates. These are mostly a function of changes in setback distance regulations, with many 

countries (e.g. Estonia, Poland, or Finland) relaxing their previously restrictive setback distance 

regulations which directly leads to higher potential estimations. The opposite example is the case of 

Greece and the Netherlands which have lower onshore wind potential in ENSPRESO 2 due to more 

restrictive setback distance regulations. Specific details on country-level results are provided in the 

annex of this report.   

 

 

 

Figure 34. Comparison of onshore wind capacities between ENSPRESO 1 and 2, using the reference scenarios as 

an example. The reference scenario represents the setback distance regulations that were in place at the time 

both models were generated, respectively 

 

 

Source: JRC 
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4 Conclusions  

This report introduces the EU’s first economically viable onshore wind energy potential at high 

geographical resolution (ENSPRESO 2 data set). The data provides spatially explicit information about 

installable wind capacity in each grid cell at a resolution of 1 km2. This is complemented by estimates 

of the annual electricity generation if this capacity were to be installed. 

ENSPRESO 2 onshore wind was generated by a detailed geographical modelling exercise which used 

new data sets that became available in the past decade. The model also uses updated 

parameterisation assumptions that reflect recent technical and methodological advances in the wind 

industry. 

The analysis also tested the impact that setback distance regulations have on available potential by 

using four scenarios, with 500 m being the least restrictive and 2 000 the most conservative 

approach. The results show that stringent setback distances lead to a dramatic reduction of wind 

potential. For the 500 m scenario, an installable capacity of approximately 8 100 GW is estimated, 

with an associated annual electricity generation of 22 500 TWh. These figures are reduced to 

4 150 GW/10 800 TWh and 1 600 GW/3 900 TWh for the 1 000 m and 2 000 m scenarios, 

respectively. This shows that administrative and policy decisions on setback distances have 

significant consequences for Europe’s onshore wind energy potential. 

Overall, the ENSPRESO 2 results show that the economically viable onshore wind potential is 

approximately double that estimated by the original ENSPRESO study in 2018. This indicates that 

onshore wind can play a much bigger role in the decarbonisation of Europe’s energy system than 

previously thought.  

The spatially highly resolved output of ENSPRESO 2 illustrates that the economically viable onshore 

wind potential is unequally distributed geographically. It is a function of a mix of drivers such as wind 

resource, settlement structures, and landcover types. ENSPRESO 2 data provides policymakers and 

energy planners with up-to-date information about this distribution and will enable more spatially 

informed decision making.  
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Annexes 

Annex 1. ENSPRESO 2 onshore wind capacities and annual electricity generation  

 

EU-27 

 

NUTS ID Onshore Wind 

Capacity 

Reference 

Scenario 

(GW) 

Onshore Wind 

Capacity       

500 m     

setback 

(GW) 

Onshore Wind 

Capacity     

1000 m 

setback 

(GW) 

Onshore Wind 

Capacity    

2000 m 

setback 

(GW) 

AT 11.4 61.81 25.6 9.6 

BE 19.2 28.47 3.4 0.1 

BG 158.8 204.47 146.7 56.40 

CY 4.6 13.00 6.7 1.9 

CZ 177.4 200.81 55.7 2.5 

DE 290.6 654.41 152.4 4.3 

DK 32.7 77.21 6.7 0.2 

EE 120.2 114.08 75.6 30.5 

EL 44.2 14 b b2.49 88.9 29.7 

ES 1087.7 1372.99 1015.9 500.4 

FI 511.6 392.62 269.5 169.6 

FR 1085.4 1164.73 317.5 29.8 

HR 60.1 74.20 37.7 9.1 

HU 284.2 348.39 210 51.4 

IE 154.5 159.32 35.1 4.6 
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IT 130.6 338.94 187 57.8 

LT 213.2 256.37 146.5 31 

LU 2.5 3.43 0.7 0 

LV 172.7 209.94 145 60.5 

MT 0.01 0.15 0 0 

NL 25 40.25 2.4 0.01 

PL 485.3 741.46 206.1 8.5 

PT 213.9 196.17 123.5 43.2 

RO 575.5 660.01 462.4 192.6 

SE 542.6 540.92 391.9 281.3 

SI 0.6 5.33 1 0.07 

SK 65 84.26 38.4 4.6 

EU 27 6469 8086 4152 1579 
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Non EU  

 

NUTS ID Onshore Wind 

Capacity 

Reference 

Scenario 

(GW) 

Onshore Wind 

Capacity      

500 m    

setback 

(GW) 

Onshore Wind 

Capacity     

1000 m 

setback 

(GW) 

Onshore Wind 

Capacity    

2000 m 

setback 

(GW) 

AL 16.6 30.8 22.8 14.6 

BA 69.7 73 70.6 69.9 

CH 9.1 23.4 12.7 8.5 

FRO21 5.2 5.27 5.2 5.2 

IS 339.1 381.75 370.8 352.3 

LI 0.00 0.02 0.02 0.01 

ME 10.1 20.80 18.6 15.9 

MK 15.75 33.22 26.6 17 

NO 571.6 747.35 701.7 647.3 

RS 215.6 256.53 176.6 77.4 

TR 1537.44 1972.73 1537.4 845 

UK 255.9 561.49 159.3 56.29 

XK 20.9 21.8 21.1 20.9 

 

 

 

                                                             

 

21 Faroe Islands 
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EU-27 

 

NUTS ID Onshore Wind 

Annual 

Generation  

Reference 

Scenario 

(TWh) 

Onshore Wind 

Annual 

Generation    

500 m       

setback 

(TWh) 

Onshore Wind 

Annual 

Generation    

1000 m 

setback 

(TWh) 

Onshore Wind 

Annual 

Generation    

2000 m 

setback 

(TWh) 

AT 48.4 161 66.4 22.9 

BE 68.7 102.1 11.9 0.4 

BG 428.4 455.8 326.2 124.8 

CY 12.7 23.9 12.3 3.5 

CZ 462.6 492.7 136.6 6.5 

DE 1022.1 2099.5 491.1 13.4 

DK 132.2 316.7 27.2 0.7 

EE 385.8 367.9 236 90.7 

EL 155 351.4 216.3 72.7 

ES 2949.8 3196 2356 1159.7 

FI 1445.7 1047.8 693.1 430.2 

FR 3306.8 3489.3 908.7 77.2 

HR 146.2 160.7 82.4 20.3 

HU 681 814.7 487.9 119.2 

IE 629.1 653.8 144.6 19.2 

IT 385.4 777.5 429.4 133.8 

LT 757.8 917.1 518.1 106.3 
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LU 7.3 10.3 2 0 

LV 563.6 697.8 471.5 189.7 

MT 0.02 0.4 0.01 0 

NL 97.8 159.5 9.6 0 

PL 1612.1 2486.7 680.9 25.8 

PT 564.9 444.9 272.9 93.6 

RO 1420.7 1496.7 1050.3 442.2 

SE 1938 1535 1061.8 754.4 

SI 1.3 10.3 2 0.2 

SK 167.9 192.2 87.6 10.9 

EU 27 19391 22462 10783 3918 
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Non EU 

NUTS ID Onshore Wind 

Annual 

Generation 

Reference 

Scenario 

(TWh) 

Onshore Wind 

Annual 

Generation 

500 m 

setback 

(TWh) 

Onshore Wind 

Annual 

Generation 

1000 m 

setback 

(TWh) 

Onshore Wind 

Annual 

Generation 

2000 m 

setback 

(TWh) 

AL 37.6 61.5 46.7 32 

BA 165 172.2 165.9 164.7 

CH 23.6 52.7 29.2 19.7 

FRO 26.6 26.9 26.4 26.5 

IS 1381.8 1402.9 1358.1 1292.5 

LI 0.02 0.03 0.02 0.02 

ME 43.9 49.4 44.6 39.1 

MK 58.3 70.2 55.6 36 

NO 2488.3 2603.1 2453 2285.9 

RS 546.5 582 404.2 181.5 

TR 3141.8 4456.2 3449.7 1922.5 

UK 1096.2 2215.1 639.9 232 

XK 42.4 45.1 42.9 42.3 
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