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Abstract: Germany has emerged as the global leader in wind project development, a large share of the country’s 

electricity produced by domestic wind turbines. Similar to other countries with a high penetration of wind power 

installations, there are numerous restrictions in Germany that could potentially stagnate the positive development 

towards the country’s renewable energy targets for 2050. These restrictions risk causing delays and cost overruns in 

the development of onshore wind projects, which can increase the levelized cost of energy and even halt the 

development of new wind farms. This study aims to inform German wind industry stakeholders about the current 

restrictions by producing a socio-technical wind atlas, which also suits as a resource map for new project investments. 

The atlas is a geographical information system developed for Germany, which is supplemented with interdisciplinary 

parameters and built on open source data. Moreover, the socio-technical wind atlas has been developed using seamless 

vector data. To determine the area available for wind power development, a raster calculation with a spatial resolution 

of 10×10m was performed, making it the most precise source for new wind project development restrictions in 

Germany today. The methodology and data used aim to aid similar developments of decision support systems for wind 

power development in other countries, region or even globally. 

 

Keywords: Wind energy, Site assessment, Wind atlas, Resource assessment, Socio-technical 

systems, Geographical Information Systems, QGIS 

1. Introduction 

Wind power has developed significantly around the world in recent decades, increasing from an installed 

capacity of 17,400 MW in 2000 to close to 600,000 MW in 2018 (GWEC, 2018). Despite financial crises, 

increasing public opposition (Enevoldsen & Sovacool, 2016), and a few projects with significant cost 

overrun (Sovacool, et al., 2016), the annual installed capacity and cumulative capacity are growing 

continuously as a result of new countries investing in wind power together with the growth in different 

wind farm configurations (Enevoldsen & Valentine, 2016). The main reason for this continuous 

development is the influence of political frameworks expressed as support mechanisms, which has 

enhanced the business potential of new wind farm installations (WindEurope, 2016). In Germany, the 

Renewable Energy Sources Act (Bundesministerium der Justiz und für Verbraucherschutz, 2017) presents 

the legislations regarding wind energy development. These legislations are intended to ensure the creation 

of a stable political framework for future wind power development and to meet Germany’s renewable 

energy target of 65% renewable electricity in 2030 (Energy Transition, 2018). Nevertheless, administrative 

barriers and regulatory uncertainty have become an issue in Germany due to the growth in installed onshore 

wind power from 1,121MW in 1995 to 50,019MW in 2017 (Bundesministerium für Wirtschaft und Energie, 

2016). For example, technical challenges such as grid overload and environmental issues, including 

increasing turbine distances from housing, have delayed and stopped the development of some projects  
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(Enevoldsen & Sovacool, 2016). The ambitious targets for renewable energies and the accompanying 

legislations are therefore producing challenges for the wind power industry, challenges that will become 

increasingly commonplace in the future as the number of renewable energy installations increases. It is 

therefore imaginable that it will become more important for wind industry stakeholders to monitor the 

legislative frameworks for wind power, especially regarding the technical, environmental, and social 

constraints that can slow down a project or even impede it completely, as highlighted by Enevoldsen & 

Sovacool (2016). Considering the recent development and forecast for Germany, wind speed is clearly no 

longer the only decision criterion when identifying suitable sites for wind energy, and the times are past 

when wind turbines were only placed on sites with optimal wind regimes. The main reason for this 

development is owing to the continuous growth in size of wind turbines, which allows developers to harvest 

the wind at greater heights, in greater areas, and with optimized performance systems. Based on Enevoldsen 

& Sovacool (2016) and Enevoldsen & Permien (2018), however, the focus on risks of non-technical nature 

increases. This implies not only that challenges cannot be solved by technologies, such as devices, objects, 

infrastructures, systems, and tools alone (Brown, 2011); the social-political dimension must also be 

included to solve problems including human behaviour and decision making. Conversely, the problems 

cannot be solved solely by social science, as wind turbines obviously require certain wind conditions to 

achieve minimal acceptable production levels (Manwell, 2009). The challenges facing the wind turbine 

industry are of a socio-technical nature and, in practice, have implications for energy and climate research. 

The development of a system to overcome problems in this field, such as a socio-technical wind atlas, must 

therefore deal with the overlap between these dimensions, known as socio-technicality. This social 

perspective requirement in engineering science and academia has been highlighted by Sovacool (2014), 

who states that administrators and academia should develop problem-oriented, topical programmes on 

energy. It also states that energy studies must become more socially oriented, interdisciplinary, and 

heterogeneous. Here, the qualitative and quantitative analysis of both physical and social processes can 

achieve better analytic excellence and social impact (Sovacool, 2014). Elsewhere, Sovacool (2015) states 

that it is time to innovate on energy research, with the argument being that specialized, disciplinary studies 

in energy research remain important, but that it is imperative to explore the existing overlaps between the 

social sciences and energy studies. 

The dramatic development in recent years of onshore wind power in Germany raises several 

interdisciplinary challenges that are of interest from a socio-technical perspective. Social challenges have 

emerged after installing a vast number of onshore wind farms planned solely on the basis of wind 

conditions, and public opposition is increasing due to the impact of wind turbines on everyday life (Jobert, 

et al., 2007; Zoellner, et al., 2008). The major challenge facing Germany is therefore to define the 

constraints on wind project development. Based on these constraints, developers, energy providers, and 

turbine manufacturers must plan wind turbine sites and parks with a much broader focus on decisive 

parameters. In literature, several studies have sought to answer such through spatial analyses for energy as 

a whole (Castán Broto & Baker, 2018), and certainly also for energy project developments, and especially 

wind. However, as highlighted in the literature review presented in this study, few, if any, studies have 

adequately succeeded in determining the holistic and interdisciplinary challenges of wind project 

development. The reasoning being that especially the social aspects have been narrowed to local acceptance 

or health barriers, whereas Enevoldsen & Permien (2018) found that the dominating social barriers are 

driven by political and ecological restrictions. Moreover, to answer such knowledge gap requires data in a 

mesoscale that can be used to cover the aforementioned constraints. Geographic information is used in 
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multiple sectors and fields of study. It has conventional applications in real estate, construction, and land-

use planning, as well as unconventional applications in medical anthropology, archaeology, and marketing 

(Cristea & Jocea, 2016). In the wind energy industry, spatial information is mainly used to map wind 

resources, elevation models, and ground roughness to calculate loads and energy production (Manwell, 

2009). But spatial information can also be used to map social and environmental constraints, which is part 

of the background for why this research aims at revealing academia’s current state when it comes to 

examining and defining the socio-technical aspect of wind project development in Germany and to establish 

an overview of the opportunities for future onshore wind project development to reach the ambitious 

German renewable energy targets. In so doing, it seeks to determine the shortcomings of previous academic 

contributions, which have either targeted the social or technical parameters of future wind project 

development exclusively. 

2. Research materials and methods 

The methods applied are structured into a literature review, theorizing the constraints, the development of 

the socio-technical wind atlas, a comparative analysis, and discussion of the results. Figure 1 presents a 

schematic representation of the development of the socio-technical wind atlas. Here, the literature defines 

the social, environmental, and technical constraints as well as the theoretical potential. Then, Open Street 

Map; the different German national and regional authorities for geodetic information, nature conservation, 

energy, and climate; and the European Environmental Agency provide free and open access to geographic 

information that can cover these constraints, which are found to be prevailing in previous studies. Resulting 

from the overlay of layers is a decision support system that can visualize constraints and highlight the areas 

that are preferable for wind energy development. 
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Figure 1 Schematic overview of the methodology 

 

A systematic approach for the literature search has been chosen. The Google Scholar search engine and 

Aarhus University library were used to find articles and books mentioning sets of keywords matching the 

intended study. Here, the combinations listed in Table 1 were used to search for literature, resulting in 76 

scientific articles.  

Table 1 

Keywords combinations 

"Wind" + "Atlas" + "Germany” 

"Wind" + "Mapping" 

"Wind" + "Atlas" 

"Wind" + "Map" 

"Wind" + "Atlas" + "Deutschland"  

"Building" + "Constraints" + "Wind" + "Turbines" 

"Baubeschränkungen" + "Windkraftanlagen" 

"Social" + "Impacts" + "Wind" + "Turbines" 

"Socio-Technical" + "Wind" + "Turbine" + "Stiting" 

"Socio-Technical" + "Wind" + "Atlas" 

"Wind" + "Atlas" + "Including" + "Social" + "Constraints" 
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These articles were categorized as applicable for the study according to the following criteria: the study is 

related to wind power; the study includes the social and technical dimensions; the study includes geographic 

information; and the study is applicable for industrial wind turbines. The next step was further 

categorization in different areas or fields of application: ‘General Wind Power Development’, ‘GIS’, 

‘Previous Studies Same Field’, ‘Wind Assessment’, ‘Social Influences on Wind Power’, and ‘Other’. 

The category ‘Constraints’ (with further distinction made regarding the federal states) was added later. 

These groups were mainly found via a Google search for jurisdiction in the federal building regulations. 

Here, another 40 documents were found to define the distance requirements at a later stage of the study.  

Figure 2 illustrates the number of articles appropriated into each group. 

Figure 2 Division of Literature Outputs 

 

Here, it is interesting to note that the main focus in previous studies has been on the assessment of wind 

resources in order to produce maps showing the available potential. While academia has previously 

regarded the resource assessment as the greatest risk factor, the industry has not shared this view 

(Enevoldsen, 2016b). Simultaneously, numerous studies have focused on the social opposition to wind 

power and its influence on wind power projects. The literature search found nine articles combining social 

opposition and wind resource assessments, which were used to map the socio-technicality of wind power 

development. They are collected in a category entitled ‘Previous Study – Same Field’. These articles will 

be in focus in the further literature review. 

Geo-processing tools are being used to modify the spatial information received from the sources. Quantum 

GIS 2.18 was chosen to handle these processing steps. In QGIS, a seemingly endless stream of extensions 

and tools is being developed by the contributors to this open source project. The tools used in this study are 

part of the standard repertoire of QGIS. Here, the functions ‘Select’, ‘Merge’, ‘Buffer’, ‘Simplify 

Geometries’, ‘Rasterize’, and ‘Reproject layer’ are used to process the raw data (QGIS Development Team, 

2018). 
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3. Theorizing the boundaries of wind power potential 

 

3.1 Wind power potential 

Multiple definitions of the potential of wind power are found in the literature. Voivontas (1998) follows a 

methodology that defines the theoretical potential as ‘the maximum wind energy output in a region’ 

(Voivontas, 1998, p. 335). In this definition, constraints are acting as exclusion criteria ‘which eliminate 

areas with characteristics prohibiting the exploitation of wind energy’ (Voivontas, 1998, p. 335). 

Hau (2006) assesses potential by searching for sites where the annual mean wind speed reaches the 

minimum value considered economically viable. A long list of restrictions then reduces the suitable area to 

the area feasible for wind turbines. Manwell (2009) measures the potential of a site in terms of, first, 

meteorological potential (i.e. the available wind resource on the respective site); second, site potential (i.e. 

geographical availability); third, technical potential (which accounts for the available technology); fourth, 

economic potential; and fifth, implementation potential (i.e. that which can be implemented within a certain 

time frame). Luetkehus (2013) defines wind power potential by starting with the theoretical potential, which 

includes the physically usable energy supply of the wind. The technical potential is the part of this energy 

that wind turbines can convert into electrical energy. On the one hand, the ecological potential is the part 

of the technical potential that can be exploited regarding ecological restrictions, which are the exclusion 

areas intended to prevent significant damage to animals, plants, and humans. On the other hand, the 

economic potential is the part of the technical potential that can be achieved by considering economic 

aspects. Finally, the feasible potential is a small part of the potential resulting from the intersection of the 

ecological and economic potentials. Theoretically, it includes many other restrictions, including landscape 

aesthetics and local community acceptance. Due to its subjective nature, the quantification of these aspects 

has previously been described as a challenge for academia (Luetkehus, 2013). Similar approaches to 

determining the wind energy potential are followed in many other studies: (Krewitt, 2003; Grassi, 2012; 

Li, 2013; McKenna, 2015; McKenna, 2014; Jaeger, 2016) (Höltinger, et al., 2016) (Rinne , et al., 2018). 

In our definition (see Figure 3) we are assuming that the theoretical potential area, visualized by the outer 

circle,  is defined by the wind resource and turbine technology available to transform the energy from the 

wind into electricity. This is further constrained by technical, environmental and social constraints, 

visualised by the inner circles. The overlap of these constraints is building the feasible potential, which is 

the fraction of the theoretical potential where the area is suitable from a socio-technical perspective.  
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Figure 3 

Energy potential 

 

 

The exclusion criteria used to find the feasible potential in this study are based on the types of constraints 

used in literature. The first step towards defining the feasible potential is therefore defining the categories 

of constraints. In Hau (2006), these categories are environmental impact, safety aspects, and economic 

effects. The ‘environmental impact’ category includes the assessments for noise emissions, shadow flicker, 

hydrological, archaeological, historical, ecological, impact on local flora and fauna, and the visual impact 

on the landscape (Hau, 2006). Here, the social and environmental constraints are combined in a single 

category. The safety category includes interference with telecommunication systems and aircraft safety 

(Hau, 2006). The economic aspects include measures for compensation for the effects and economic impact 

on the local economy (Hau, 2006). 

Gasch (2012) defines these categories differently. Here, the legislative levels are the delimiter. Since Gasch 

(2012) mainly focuses on wind turbines in Germany, the German legislation is used as an example. Here, 

national laws (e.g. the Building Code and the Nature Conservation Act) comprise the top legislative level. 

Further, development projects are regulated by federal laws. The Federal Building Regulation, maximum 

height limitations and regulations on minimum distances, land-use planning, and regional development are 

used. On the most local level, the competences of the community are listed; as in the latter instance, these 

are: prescribing privileged areas, developing land use plans, verifying admissibility and issuing construction 

permits (Gasch, 2012). Categorizing these constraints according to the main basis for the claim, the Federal 

Building Code, Aviation Act, Road Traffic Regulation, the Federal Building Regulation, and maximum 

height limitations and regulation of minimum distances, these can be seen as social constraints on wind 

power development. Moreover, the Federal Nature Conservation Act, Federal Act on Emission Protection, 

Environmental Impact Assessment Act, land use planning and regional development, as well as prescribing 

privileged areas and developing land use plans can be seen as environmental constraints on wind power 

development. As a last group, the technical constraints that are preventing wind turbines from being built 
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in areas where they simply cannot withstand the ambient air climate or terrain characteristics could be 

added. These are not regulated by state laws but by laws of physics. 

Another opus written by Brower (2012) is mainly about wind power project resource assessments. He 

mentions restrictions involving a variety of matters, including areas that are protected by law for e.g. 

military use or wildlife (Brower, 2012). The planning of wind farms close to residential areas represents 

another concern, as there are buffer zones to be considered surrounding existing homes and other buildings 

(Brower, 2012). Here, social constraints emerges as a clear category. As a last group, he refers to cultural, 

environmental, and other concerns. Here, historical or religious monuments, sensitive wildlife habitats not 

under official protection, exceptional scenic or aesthetic value, and areas that can stimulate public 

opposition are listed (Brower, 2012). Historical and religious monuments, exceptional scenic or aesthetic 

value and areas that can arouse public opposition can, thus, be seen as social constraints. Conversely, 

sensitive wildlife habitats not under official protection fall into the environmental category, and the 

legislative restrictions and land use restrictions can be split into environmental and social constraints. 

In the last of the basic literature from Manwell (2009), the categorization of constraints on wind power 

projects is similar. The following issues are found in this piece: economic issues, topographical issues, legal 

issues, permitting issues, geological issues, environmental issues, public acceptance issues, safety issues, 

and interconnection issues (Manwell, 2009). In order to fit these into the groups found in the other literature, 

the economic, topographical, geological, and interconnection issues can be seen as technical constraints. 

Further, (partly) legal issues, permit issues, public acceptance issues, and safety issues can be seen as social 

constraints. And lastly, environmental issues and (partly) legal issues comprise the environmental group. 

In all of the basic literature, it was possible to find constraints matching the social constraints, environmental 

constraints, and technical constraints categories. While it is possible to define a different set of groups, the 

literature review sees them as ubiquitous. 

 

3.2 Social constraints 

Based on the classification of constraints presented in Figure 2, the first category introduced is defined as 

social constraints or areas that are linked to social opposition to a wind power project. Multiple studies have 

highlighted the importance of including social factors in the planning phase of wind power projects in recent 

years. These studies were categorized in the literature search under the category ‘Social Influences on Wind 

Power’ (Wolsink, 1988; Ek, 2005; Jolivet, 2010; Scheidler, 2010; Pasqualetti, 2011; Mulvaney, 2013; Ek, 

2013; Gibbons, 2015; Enevoldsen & Sovacool, 2016). These studies identify a wide range of factors that 

influence the social opposition to wind power projects. Since many of these studies conclude on factors that 

are difficult to measure, a different approach to the social constraints had to be found in order to quantify 

them. Hence, rather than listing the reasons for opposition highlighted in these articles, investigation into 

how these factors were included as measurable constraints in similar projects will be more valuable. In 

order to include these in the socio-technical wind atlas, closer examination of the methodologies applied in 

the focus literature will highlight the factors that can be quantified and applied in a GIS. 

In an early study by Voivontas (1998), areas near towns were the only exclusion criterion applied in the 

methodology used to calculate the feasible potential. The article states that these areas are excluded for 
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safety reasons but also to minimize visual impact. While not explicitly stated as such, this can be seen as a 

social constraint that is applied to circumvent social opposition (Voivontas, 1998). A study regarding a 

large-scale wind resource map of Germany by Bofinger (2011) applied a standard for social constraints, 

where landscape conservation areas, national parks, and built-up areas are initially excluded from the area 

of interest (Bofinger, 2011). In another study on a similar scale, a calculation of buffer zones on the basis 

of noise protection and oppressive effect are added as safety distances (Luetkehus, 2013). These two studies 

make these calculations using infrastructural data and data from the federal agencies.  

Another methodology mentioned in the literature is deriving land use information from satellite imagery. 

The satellite imagery (with additional local information) is processed into different land use categories 

known under the name Corine Land Cover (CLC). From these categories, different unsuitable areas can be 

identified from a criteria catalogue. Most types of unsuitable areas further entail a buffer zone around them. 

The catalogue also includes the following types of social constraints: general residential areas, mixed 

building areas, commercial building areas, industrial areas, landscape protection areas, and national parks 

(McKenna, 2014). Krewitt (2003) includes a method that excludes landscape conservation areas as well as 

measuring the effect of wind turbines on the natural scenery. Since the social acceptance of wind energy is 

determined by visual effects, the ‘visual sensitivity is determined by the landscape’s relief and is 

characterized as the percentage of the area within a circle of 5 km radius that is visible from the circle’s 

center’ (Krewitt, 2003). Five different categories thus score the visual sensitivity of the area (Krewitt, 2003). 

Jaeger (2016) presents a special approach whereby the basic exclusion areas with special functional 

character are defined as previously seen: residential areas, areas with mixed use, industry and commercial 

areas, special areas, areas for public facilities, green and recreational areas. To further quantify possible 

opposition based on the aesthetic aspects of the landscape, geo-referenced results defining the landscape-

aesthetical potential are used. These are from a pilot project for the federal state Baden-Württemberg. This 

dataset excludes parts of the country considered to be beautiful, unique and/or otherwise worth protecting 

(Jaeger, 2016). 

A study of wind power in Sweden follows a slightly different methodology. Generally, a buffer zone of 

2,000 metres is applied for all urban areas. Recreational areas and areas of interest for outdoor activities are 

also protected by the Environmental Code. Further, urban green areas, sport areas, ski slopes, golf courses, 

non-urban parks, and camping areas were excluded. The data for this information can be obtained from the 

County Administrative Boards of Sweden (Länsstyrelserna) (Li, 2013). 

In order to sum up the social constraints, Table 2 provides an overview of the points mentioned in the 

literature. 
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Table 2 

Social constraints overview 

Article: 
Constraints: 

(Bofinger, 
2011) 

(Grassi, 
2012) 

(Jaeger, 
2016) 

(Krewitt, 
2003) 

(Li, 
2013) 

(Luetkehus, 
2013) 

(McKenna, 
2014) 

(McKenna, 
2015) 

(Voivontas, 
1998) 

Buildings X X X X X X X X X 

Landscape 

conservation 

areas 

X ‒ X X X X X X ‒ 

National Parks X ‒ X X X X X X ‒ 

Urban green 

area, recrea-

tional facility 

‒ ‒ X - X ‒ X X ‒ 

Weighs the 

visual 

sensitivity of the 

area 

‒ ‒ ‒ X ‒ ‒ ‒ ‒ ‒ 

Landscape-

aesthetical 

potential 

‒ ‒ X ‒ ‒ ‒ ‒ ‒ ‒ 

Government 

lands 
‒ X ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

Native 

American 

reserves 

‒ X ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

Environmental 

code 
‒ ‒ ‒ ‒ X ‒ ‒ ‒ ‒ 

 

From Table 2 can be derived that especially buildings with buffer zones, landscape conservation areas, 

national parks, and recreational areas, such as green urban areas and recreational facilities, are generally 

excluded due to the risk of social opposition. The country-specific legislative regulations that are included 

in these constraints also become apparent. Different types of areas are in focus in Sweden and the USA 

than in Germany. Since most of the literature upon which this review is based relates to Germany, the 

validity of defining the social constraints based on these is given. Another point of comparison is to 

Enevoldsen’s (2018) study, where an in-depth literature review of risk factors for onshore wind power 

projects is performed for Northern Europe and especially Sweden. There is a clear overlap between the 

study by Enevoldsen (2018) and this literature review regarding the risk factors concerning the construction 

phase of a wind power project. In the study by Enevoldsen (2018) especially the risk factors deriving from 

land use and social opposition match very well with the constraints in this review. Social opposition can 

have different causes, including environmental impact, visual impact, and socioeconomic impact. Under 

social constraints, especially the visual and socioeconomic impacts are covered. In conclusion, the datasets 

applied in this research revealed the factors which are likely to cause social opposition, yet, previous studies 

have proposed methods to examine and quantify where such exists (Seresinhe, et al., 2015) (Seresinhe, et 

al., 2017). This study has not quantified social opposition as such, as the target was to determine the 

potential within firm social – and technical constraints, with as little uncertainty as possible. Social 

opposition is certainly a challenge for wind project development, yet, a challenge which a project developer 

can overcome unlike firm legal constraints (Enevoldsen & Sovacool, 2016). The environmental impact is 

handled by the next category 
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3.3 Environmental constraints 

The second category, ‘environmental constraints’, includes all of the exclusion areas that can be associated 

with environmental claims. Voivontas (1998) calls the areas that are excluded in order to find the feasible 

potential ‘protected areas’, including forests and nature reserves in which wind power development is 

prohibited. 

Bofinger (2011) excludes areas in different types of forests, and the following areas are protected: natural 

parks, biosphere reserves, fauna and flora habitats, and nature reserves. These comprise the environmental 

constraints in this case. 

Luetkehus (2013) lists the following constraints on wind power development and the calculation of the 

feasible potential: nature conservation areas, special protection areas (SPAs), wetlands under the Ramsar 

Convention, biosphere reserves, flora-fauna habitat areas, and natural parks are excluded from wind power 

development. Further, a dataset from the Federal Agency for Nature Conservation (Bundesamt für 

Naturschutz (BfN)) was used to define biotope areas of cross-national importance. Certain species are found 

in these areas, and the area size and cohesiveness make it worthy of protection. This study also excludes 

forest areas with important ecological functions. 

Two studies from McKenna about Germany (2014) and Europe (2015) propose the exclusion of areas 

defined by a catalogue based on CLC data. Here nature reserves, general fauna-flora habitats, fauna-flora 

habitats for bats, bird sanctuaries, and special protection areas and biosphere reserves fall under the 

‘environmental’ category (McKenna, 2014). The European study also included data for protected areas that 

were not available in the CLC-2000 data drawn from NATURA 2000 Projects and the CDDA (common 

database on designated areas) (McKenna, 2015). 

Krewitt (2003) considers several environmental constraints: not only nature protection areas and natural 

preserve areas, but also special protection areas declared by the EU bird directive and flora-fauna habitats 

(FFH). Further, forests and moors and a wide range of different biotopes, including breeding areas and 

areas for migrating birds, are excluded from the calculation. Marsh areas are also excluded from the 

potential, and mention is made of how some of the nature-conservation categories are not hard constraints, 

meaning that it is not strictly prohibited to install wind turbines. A thorough environmental impact 

assessment procedure and environmental compensation measures are however required, and therefore the 

areas are excluded from the study (Krewitt, 2003). 

Jaeger (2016) finds that the environmental constraints do not differ from those previously named. Here 

again, biosphere areas (core zone), biosphere areas (cultivation zone), bird sanctuaries, flora-fauna habitats 

(FFH-area), natural monuments, nature reserves, and protected biotopes were excluded. The only outsider 

on the list is the special consideration of protection areas for a single species, the western capercaillie 

(known as wood grouse). 

The list of environmental constraints in the U.S. study is relatively short, since only forests and protected 

areas are excluded. Since protected areas could cover a wide range of areas to be excluded, however, it is 

assumed that nature reserves, nature parks, and other environmental protection areas are meant with this 

term (Grassi, 2012). 
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The Swedish paper defines the environmental constraints as: nature reserves, ecologically sensitive areas, 

and wetlands (Li, 2013). These terms cover different types of areas in the Swedish legislation than in the 

German legislation. While these terms therefore cannot be used to define the exclusion areas in this study, 

they can be used to compare the focus on each of these categories from an international perspective. The 

social constraints clearly seem dominant compared to the environmental constraints in Sweden. 

Unfortunately, this is not the scope of this study, and future research must investigate this topic further. 

Table 3 shows that nature reserve, biosphere reserve, the European flora-fauna habitat, and special 

protection areas are the most common environmental constraints in wind power development. It also 

becomes apparent that forests are excluded in several studies. In light of recent studies about wind power 

in forests (Enevoldsen, 2018; Enevoldsen & Permien, 2018), it is unthinkable to exclude forests completely 

from the study, as these forested areas have no other basis of claim than falling under the land use category 

entitled ‘forest’. All of the other constraints in this category will be considered when searching for data to 

include in the socio-technical wind atlas. 

Table 3 

Environmental constraints overview 

Article: 

Constraints: 

(Bofinger

, 2011) 

(Grassi

, 2012) 

(Jaeger

, 2016) 

(Krewitt

, 2003) 

(Li, 

2013

) 

(Luetkehus

, 2013) 

(McKenna

, 2014) 

(McKenna

, 2015) 

(Voivontas

, 1998) 

Nature 

reserve 
X X X X X X X X X 

Biosphere 

reserve 
X ‒ X X X X X X ‒ 

Flora-fauna 

habitat 
X ‒ X X ‒ X X X ‒ 

Special 

protection 

area 

‒ ‒ X X ‒ X X X ‒ 

Forests X X ‒ ‒ ‒ X ‒ ‒ X 

Marsh/swam

p 
‒ ‒ ‒ X X ‒ X X ‒ 

Natural parks X ‒ ‒ X ‒ X ‒ ‒ ‒ 

Flora-fauna 

habitat‒bats 
‒ ‒ ‒ ‒ ‒ ‒ X X ‒ 

Natural 

monuments 
‒ ‒ X ‒ ‒ X ‒ ‒ ‒ 

Wetlands 

Ramsar 
‒ ‒ ‒ ‒ ‒ X ‒ ‒ ‒ 

 

3.4 Technical constraints 

The last group of constraints in the categorization is ‘technical constraints’, which are found in different 

forms in the literature. In the earliest study, the technical constraints were limited to high altitude and high 

slope areas due to the difficult access to the sites and the maximum slope upon which a turbine can be 

installed. The wind resource is not included as a technical constraint, as it is used as a decision variable 

rather than an exclusion variable (Voivontas, 1998). In Bofinger (2011), the technical constraints include 

infrastructure obstacles, like roads, railways, and power lines, as well as bodies of water. Bofinger also 

considers glaciers, permanent snow areas, and areas located in tidal zones; it is technically unfeasible or 
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impossible to place turbines in these areas. The BfN study includes infrastructural and elevation data to 

exclude areas with excessively steep slopes and roads, railways, and waterways from the potential 

calculation (Luetkehus, 2013). The two studies from McKenna (2014; 2015) exclude gradients steeper than 

20 degrees for technical and mechanical reasons as well as areas in proximity to infrastructure obstacles 

(McKenna, 2014; McKenna, 2015). Krewitt’s (2003) study uses infrastructure data to calculate an exclusion 

zone around roads and railways. Also, high slopes and other topographic features are excluded (Krewitt, 

2003). Jarger’s (2016) study excludes isolated areas that are smaller than 0.2 ha (as they are not large 

enough for a wind turbine), areas with a slope exceeding 20 degrees, and infrastructural areas (Jaeger, 

2016). 

In the study focusing on Iowa, the topographical characteristics are derived from a digital elevation model 

including data for elevation, slope, and curvature. Defined in the methodology, the eligible areas exclude 

land with slopes exceeding 20%, since machines cannot be operated in such conditions to construct 

foundations. Roads and airports are also excluded with a buffer zone (Grassi, 2012). 

Besides infrastructural exclusion areas, the Swedish study considers soil types and certain buffer zones. 

This buffer zones include safety distances to mine and dump areas, excludes areas with gravel and sand, 

and slopes exceeding 30% are excluded (Li, 2013). 

An overview of technical constraints is presented in Table 4. In the underlying literature, multiple factors 

have been defined as technical constraints. However, only infrastructure is featured consistently in all of 

the articles. Important factors, such as slopes, airports and waterbodies are mentioned in most of the 

analysed literature. Evidently, they should also be included in the socio-technical wind atlas. 

Table 4 

Technical constraints 

Article: 

Constraints: 

(Bofinger, 

2011) 

(Grassi, 

2012) 

(Jaeger, 

2016) 

(Krewitt, 

2003) 

(Li, 

2013) 

(Luetkehus, 

2013) 

(McKenna, 

2014) 

(McKenna, 

2015) 

(Voivontas, 

1998) 

Infrastructure 

(build-up areas, 

roads, railways 

& power lines) 

X X X X X X X X X 

Slope X X X ‒ X X X X X 

Airports X X X ‒ X X X X X 

Waterbodies X ‒ X ‒ X X X X ‒ 

High altitude ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ X 

Glaciers & 

permanent snow 
X ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

Tidal zones X ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

Area < 0.2 ha ‒ ‒ X ‒ ‒ ‒ ‒ ‒ ‒ 

Soil type ‒ ‒ ‒ ‒ X ‒ ‒ ‒ ‒ 
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3.5 Ranking the constraints 

Since not all of the collected constraints are equally important in that they do not have the same impact on 

a wind power project, a ranking must be found. The constraints in such a ranking would normally be divided 

into hard and soft exclusion criteria. In the case of Germany and the variety in the federal-level legislation, 

this ranking can become very complex. To keep it within the logic of the methodology, a ranking is made 

based on the importance derived from the literature review at hand. It follows that the constraints mentioned 

in a greater number of articles are perceived as more relevant than constraints used in only a few sources. 

This approach is verified when the impact of these constraints on the feasible potential of Germany, once 

implemented into the socio-technical wind atlas, are compared to previous results. 

Table 5 

Ranking the constraints 

Number of references using constraint 

9 8 7 6 5 4 3 2 1 

Buildings 
Airport

s 

Biosphere 

reserves 

Flora- fauna 

habitat 

Special 

protectio

n area 

Forests 
Natura

l parks 

Flora-

fauna 

habitat bats 

Area < 0.2 ha 

Infrastructur

e (roads, 

railways& 

power lines) 

Slopes 

Landscape 

conservatio

n areas 

Waterbodie

s 
 Marsh 

/swamp 
 

Natural 

monument

s 

Environmenta

l code 

Nature 

reserves 
 National 

parks 
  Green urban 

area 
  

Glaciers & 

permanent 

snow 

     Recreationa

l  facility 
  Government 

lands 

        High altitude 

        
Landscape-

aesthetical 

potential 

        
Native 

American 

reserves 
        Soil type 

        Tidal zones 

        

Weighting the 

visual 

sensitivity of 

the area 

        Ramsar 

Wetlands 
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In Table 5, the ranking of the constraints found in the previous three chapters can be seen sorted after the 

number of articles in which they are used. Only three constraints are consistently used in all of the articles 

in this literature review. Naturally, there are also some exceptions where the different target regions have 

specific constraints deriving from local legislation (e.g. Native American reserves for the USA or the 

Environmental Code in Sweden, which cannot be applied to Germany, our target country). For the 

development of the socio-technical wind atlas, only constraints that are mentioned in multiple articles (>1) 

will be included. Forests are not viewed as a general constraint for wind power development, as previous 

studies have indicated how to overcome this challenge (Enevoldsen, 2018; Floors, et al., 2018). 

4. Results 

The data necessary to develop a decision support system for visualizing constraints and areas preferable for 

wind project development was provided from different sources. Table 6 provides an overview of the data 

sources used. Protected Areas, which cover most of the social and environmental constraints are part of the 

federal legislation in Germany. Regarding the Protected Areas, the respective federal states and the 

responsible authorities are named. 

Starting with the wind data for the development of the socio-technical wind atlas, the EMDConwx dataset 

is used on a European scale. Other datasets, such as the German Weather Service (DWD), could also have 

been used, however, as it is freely accessible. The EMDConwx dataset has a resolution of 3×3km across 

Europe, which is relatively precise and can be downloaded in shape format via windprospector.com. The 

basis of the dataset is a grid file, which is why the different polygons have angular borders. Next, the 

datasets from Open Street Map that provide the basis for the infrastructural information used in the socio-

technical wind atlas are presented in Table 6. Here, different layers for buildings, roads, railways, and 

waterways are available on geofabrik.de and can be downloaded on the federal level in shape format.  

Some issues become apparent when considering the Open Street Map data. First, the borders of buildings 

are not very accurately represented in the data, which can have implications for the validity of the 

recommendations made on the basis of this data. However, since to all of them a buffer zone is applied, the 

actual border of the feature is of secondary importance. The significance of the actual outline is vanishingly 

small when applying a large buffer radius (500‒1000m). This leads to the assumption that the actual 

existence of a feature in the dataset is much more important than then accuracy of the feature’s outline 

itself. Second, bodies of water are not covered very consistently and the representation of their width is not 

very accurate, meaning that rivers and waterways are generally included as line geometries (with the width 

as an attribute), this entails the necessity to process the data before it can be used in this context. Another 

factor is the completeness, which is not given when comparing to satellite imagery. Keeping these 

limitations in mind, once processed with the right widths and merged the information available for Germany 

is relatively dense and detailed. One can therefore argue that the quality of the data is sufficient for the 

intended usage. For more detailed planning, however, a more detailed dataset should be used together with 

cross-validation with satellite imagery and/or other maps. 
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Table 6 

Data sources 

Datasets Source 

Average annual wind speed 100m EMDConwx Dataset 

Buildings Open Street Map Contributors – Geofabrik.de 

Roads Open Street Map Contributors – Geofabrik.de 

Railways Open Street Map Contributors – Geofabrik.de 

Waterways, lakes and rivers Open Street Map Contributors – Geofabrik.de 

Natura2000 FFH  European Environment Agency 

Natura2000 SPA  European Environment Agency 

Airports – from Corine Land Cover European Environment Agency 

Existing turbines Federal Network Agency  

Elevation (DEM200) Federal Agency for Cartography and Geodesy 

Protected Areas in Baden-

Württemberg 

State Institute for the Environment, Survey and Nature Conservation of 

Baden-Württemberg 

Protected Areas in Bavaria State Institute for Environment of Bavaria 

Protected Areas in Berlin Senate Department for Urban Development and Environment of Berlin 

Protected Areas in Brandenburg 
Agricultural and Environmental Information System of the State of 

Brandenburg 

Protected Areas in Bremen 
Senator for Environment, Construction and Transport Unit 31 

Conservation and Landscape Planning of Bremen 

Protected Areas in Hamburg 
Department of Environment and Energy (BUE), Office for Nature 

Conservation, Green Planning and Energy of Hamburg 

Protected Areas in Hesse 
State Institute for Nature Conservation, Environment and Geology of 

Hesse 

Protected Areas in Mecklenburg-

Vorpommern 

State Institute for the Environment, Nature Conservation and Geology of 

Mecklenburg-Vorpommern 

Protected Areas in Lower Saxony 
Ministry for the Environment, Energy and Climate Protection of Lower 

Saxony 

Protected Areas in North Rhine-

Westphalia 

State Institute for Nature, Environment and Consumer Protection of North 

Rhine-Westphalia 

Protected Areas in Rhineland-

Palatinate 
State Institute for Environment of Rhineland-Palatinate 

Protected Areas in Saxony State Institute for Environment, Agriculture and Geology of Saxony 

Protected Areas in Saxony-Anhalt State Institute for Environment of Saxony-Anhalt 

Protected Areas in Schleswig-Holstein 
State Institute for Agriculture, Environment and Rural Areas of 

Schleswig-Holstein 

Protected Areas in Saarland The Ministry of Environment and Consumer Protection of Saarland 

Protected Areas in Thuringia State Institute for Environment and Geology of Thuringia 

 

Further, Natura2000 areas (i.e. the areas protected by European legislation), can be found on the European 

Environmental Agency website. These datasets include the FFH, SPAs, SPAS for bats, and  Corine Land 

Cover data. Only the airports are taken from this dataset, since the resolution and accuracy are found 

insufficient for other applications, even though other studies rely heavily on this data source. A layer for 

existing turbines was provided by the Federal Network Agency. This dataset covers all existing renewable 

energy sources in Germany, and in a processing step the turbines are equipped with a safety buffer zone 

consisting of 3 times the Rotor Diameter or if this information was not available a 400m safety distance. 
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The last national dataset in the list is the Digital Elevation Model, which is freely available from the 

National Geodetic Agency and shows elevations in Germany in a grid file with 200×200m resolution. 

Here, it is important to highlight that the data density and accessibility regarding the topic of protected areas 

varies between states, meaning that some states have a sophisticated information system architecture 

regarding geographic data while others have a very outdated or no online presence at all. Most of the federal 

states have a web-based GIS, the layers of which can be visualized and, in some cases, also directly 

downloaded. This was possible for Baden-Württemberg, Bavaria, Hamburg, Mecklenburg-Vorpommern, 

Saxony, and Saarland. In the case of Brandenburg and Bremen, the layers were available for downloading 

directly on the website or through a third party. In other cases, the layers were available on request (the data 

for Saxony-Anhalt and Schleswig-Holstein were received via email). 

The data for the requirements found in the previous section require further processing to be used in the 

socio-technical wind atlas. To know what kind of buffer zones are applied to which datasets, the distance 

requirements for the different federal states must be defined. The German planning system for wind energy 

development is regulated by the federal legislative. Here, section 249 in the German Construction Law 

(BauGB) states that the federal states may decide by federal law that projects related to the exploration, 

development, or use of wind energy are only applicable if there is a certain distance from the permissible 

structural uses referred to in the federal law (§249 III BauGB). Unfortunately, the federal states do not 

regulate these distance requirements in their building regulations (Landesbauordnungen) in a consistent 

manner. However, the Federal-State Initiative for Wind Energy (2013) published an overview over the 

federal regulations regarding the distance requirements for wind turbines (Federal-State Initiative for Wind 

Energy, 2013). Based on this overview the distance requirements in table 6 were defined. For buildings in 

states where no official guideline was available a minimum distance of 500m was applied. For roads and 

for railways a minimum distance of 100m was applied. In general a conservative approach was chosen to 

define buffer zones. 

Table 7 

Distance requirements 

Federal State Buildings Waterbodies Railways Roads 

Baden-Württemberg 700 50 300 100 

Bavaria 2000 50 300 100 

Berlin 1000 50 300 200 

Brandenburg 1000 50 300 200 

Bremen 500 50 300 200 

Hamburg 500 50 50 100 

Hesse 1000 50 100 150 

Mecklenburg-Vorpommern 1000 50 100 100 

Lower Saxony 1000 50 100 100 

North Rhine-Westphalia 500 50 100 200 

Rhineland-Palatinate 1000 50 100 100 

Saxony 1500 50 150 250 

Saxony-Anhalt 2000 50 200 300 

Schleswig-Holstein 800 50 130 130 

Saarland 500 50 100 100 

Thuringia 500 50 100 100 
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Moving on towards the actual layer structure of the socio-technical wind atlas, Figure 4 is showing the 

impact of the different constraints.  

Figure 4 – Socio-Technical Wind Atlas Germany 
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The top left map, the impact of waterbodies and their distance demand are shown. The distribution of the 

impact is relatively homogenous. When looking at the top-right map the impact of roads, railways and 

airports including their distance demand is highlighted. Naturally, a network between the major cities can 

be seen, that is resulting from the highways, roads and rails connecting these. However, the network in the 

countryside is relatively sparse and therefore bigger patches are available in between major cities. Looking 

at the bottom-left map the constraints related to buildings and their distance demand is visualized. When 

comparing the different parts of the country it becomes evident how much the distance demands of the 

federal states are defining the area available for wind power development. In a dense populated country 

like Germany this factor seems to have a major impact on the feasible potential. States with legislatives 

repelling renewable energy are clearly standing out in the map. Looking at the button-right map the 

protected areas are shown. Following the inconsistency in the data availability for this topic the map shown 

different protected areas types to be prominent in the different states. However, overall an evenly 

distribution of the impact can be acknowledged. This structure is useful to compare the spatial distribution 

of the impact but not for finding suitable areas for wind power development. Since the areas without 

constraints are to be selected it can be difficult when having to compare different maps next to each other. 

In the socio-technical wind atlas all these layers are to be overlaid so the areas where no constraints are 

eminent can be seen and compared regarding the wind speeds. This and the definition of the feasible 

potential in Germany is attempted in the following. 

5. Discussion 
 

5.1 The German socio-technical constraints  

This section introduces a comparative analysis strategy to discuss the socio-technical constraints in 

Germany. The strategy is based on an in-depth examination and comparative analysis of the existing 

suggestions for the socio-technical wind power mapping of the country. The natural starting point for such 

discussion is the area available for wind project development, which in this research has been calculated 

following the approach used in Enevoldsen & Permien (2018). As several restrictions are overlapping, 

adding the area of each restriction and subtracting it from the size of the country would produce a faulty 

conclusion of the areas suitable for wind project development. Merging and subtracting the vector layers 

was not possible due to the size and complexity of the layers and their features. A calculation of the area 

has therefore been performed using a three-step procedure. First, the country boundary layer of Germany 

has been rasterized in a 10×10m grid using QGIS, whereas the burn-in value of the grid cells is 1 in each 

cell, which lies within the boundary of Germany. Further, the burn-in value for each cell of the restriction 

layers is 1 where there happens to be a restricted area feature. Second, the resulting raster files have been 

subtracted from the boundary layer in this form using the QGIS Raster Calculator: 

Output = Boundary Germany – Environmental Constraints – Social Constraints – Technical Constraints 

 

Third, the resulting number of cells has been calculated and multiplied by the respective area of each pixel 

to obtain an indicative area size in square kilometres. 
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Figure 5 Rasterising the restrictions in Germany 

 

The outcome of the approach illustrated in Figure 5 suggests that Germany still has 46,741 km2 left for 

onshore wind project development. When assuming that parts of Germany, not least the parts with lower 

wind farm density, are covered by lower wind speeds (Groetzner & Mengelkamp, 2012.), the use of multi-

megawatt wind turbines with a large rotor diameter for harvesting the kinetic energy from lower wind 

speeds is suggested. The chosen turbine in the 4MW class has a rotor diameter of 145m. The footprint of 

such a wind turbine is merely a few square meters, however, given the rotor diameter and potential wake 

effects, the land use of a modern multi-megawatt has been estimated to be 19.8 MW/km2 following the 

findings from (Enevoldsen & Jacobson, 2019). 

When applying the land use for a single wind turbine, Germany has (in theory) space for an additional 

925,471MW or approx. 230,000 4MW class wind turbines. This does not include the repowering of existing 

wind turbines, which would further increase this number. The socio-technical wind atlas presented for 

Germany has been compared to the previous suggestion in Table 7 in order to define the strengths and 

weaknesses of the atlas. 
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Table 8 

Previous suggestions on area availability in Germany 

Study 
Area available for wind project 

development 
Data input for restrictions 

Bofinger (2011) 43,957km2 
DWD, Corine Land Cover, Basis-DLM und DLM 

250 

Lütkehus (2013) 49,361km2 
DWD, Basis-DLM, protected areas from Federal 

Agency for Nature Conservation 

McKenna et al. (2015) 41,623km2 DWD, Open Street Map, Corine Land Cover 

 

Having compared other suggestions to the one introduced in this study, it becomes clear that this 

countrywide socio-technical wind atlas enables the stakeholders in the German and European wind industry 

to plan which federal states to target for future wind project development. The novel aspect of this study, 

compared to the ones presented in Table 7 is not only the update based on a more extensive and up-to-date 

dataset, yet, the fact that all legal constraints have been taken into consideration and calculated resulting in 

a realistic wind atlas, which ultimately defines the potential anno 2019.   

 

5.2 The concept of open data in wind power planning 

A wider implication this study is entailing be the successful use of open data in creating a decision 

supporting system for wind power planning. In the studies used to define the constraints in wind power 

planning in Germany the use of open source data was not seen. This atlas is constructed using open data 

sources as well as open source data, which one the one hand enables any stakeholder to construct, maintain, 

and apply the same dataset. On the other hand, it steers away from the perception of open source data to be 

of a lesser quality and not usable for academic and even commercial application. This study aims to disabuse 

advocates of this thinking and show that open source data can provide the same or even better insights, 

especially on spatial content, compared to proprietary data sets.  

Further, this atlas is especially valuable compared to other studies because it is constructed with the use of 

open (source) data sources that are available throughout Europe and some even globally. Lastly, the 

methodology first used on Sweden in Enevoldsen & Permien (2018) has been successfully applied in this 

study on Germany, which is a more complex and multifarious country when it comes to the legislation 

regarding and planning of wind power projects. This suggests an important novel finding, namely that it 

will be possible for the same methodology to be applied in studies with a much broader scope, which has 

not been possible previously. It will furthermore add to the on-going debate on where to plan new onshore 

wind projects in mature and developing markets (Enevoldsen, et al., 2018). 
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6. Conclusion 

This study presents an extensive literature review of previous contributions for constructing socio-technical 

wind atlases for larger areas. In this study, the previous suggestions for wind project restrictions have been 

divided into social, environmental, and technical categories, which provides an overview of the parameters 

that any wind industry stakeholder must consider. It also shows that no previous academic contribution 

managed to include all of the categories, which demonstrates the unique method and content of this study. 

The output of the study is a socio-technical atlas and insight into the vast German potential for onshore 

wind project development, with room left for almost 1,000 GW wind, which thereby adds an important 

argument towards the debate on land use of onshore wind turbines.  

The methodology applied in this research is applicable for any country in which similar open source datasets 

are available. It is the first national suggestion that includes and maps the interdisciplinary constraints of 

wind project development on a national scale. The approach is therefore considered a beacon for the future 

development of socio-technical wind atlases, as the method is transparent and can therefore be applied to 

any continent, country, or region in the world. 
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