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SUMMARY IN SWEDISH  

En snabb utveckling av vindkraft har blivit globalt accepterad de senaste åren, bland 
annat på grund av en allmän kännedom om behovet av förnybar energiteknik. 
Vindkraften betraktas som en av de mest lovande ersättningsteknikerna för fossilt 
bränsle, som har exploaterats i över ett århundrade men nu visat sig vara en viktig 
faktor för människans påverkan på klimatet. Men även om vindkraften betraktas som 
ren, resurseffektiv och miljövänlig, så skapar den ändå vissa miljöproblem och 
påverkar socialekologiska system. Därför krävs en noggrann prövning vid urval av 
områden för placering av vindkraftsanläggningar. Denna studie tillhandahåller en 
översikt över vindkraften och dess utveckling det senaste årtiondet, och fokuserar på 
olika frågor som rör vindkraftens utveckling och miljöeffekter. Dessutom diskuteras 
en fallstudie som genomförts, vilken berör placering av landbaserade vindkraftverk i 
Västmanlands län i Sverige. 

SUMMARY IN ENGLISH  

Wind energy has become globally accepted and experienced a rapid development in 
recent years due to a general awareness of the need of renewable energy technologies 
to face the issues of climate change and energy security. Wind energy is considered 
one of the most promising technologies for replacement of fossil fuels which have 
been exploited for over one century but were proved to be a crucial factor of 
human-induced climate change. However, even though wind energy has been 
regarded to be clean, resource saving and environmentally friendly, it still poses special 
problems and concerns to the surrounding social-ecological system. Thereby it 
requires careful selection of sites of installation. This paper provides an overview of 
wind energy and its development in the recent decade and focus on elaborating 
different issues involved in wind energy development. This is done through a case 
study of applying GIS tools in selecting suitable locations for onshore wind power 
plants in Västmanland County of Sweden 

 

 

  



You Li TRITA LWR Degree Project 13:16 

 

iv 

  



Application of GIS tools in locating onshore wind power plants  

 

 v 

ACKNOWLEDGEMENT : 

Started in January of 2012, this master thesis work, which has been carried out at the 
Department of Land and Water Resources Engineering at KTH Royal Institute of 
Technology, Stockholm, Sweden, has received generous help from my advisor 
Assistant Professor Ulla Mörtberg with numbers of informative references, essential 
map data and insightful advices. Here, the author wishes to express the most sincere 
acknowledgements to her and all the ladies and gentlemen who have provided 
information, suggestions, and opportunities for improving the thesis work during this 
period. 

  



You Li TRITA LWR Degree Project 13:16 

 

vi 

 

  



Application of GIS tools in locating onshore wind power plants  

 

 vii 

TABLE OF CONTENT 

Summary in Swedish iii 
Summary in English iii 

Acknowledgement: v 
Table of Content vii 

Abstract 1 
1. Introduction 1 

2. Wind energy and its development in Sweden 2 

2.1. An general overview of wind energy development 2 

2.2. Wind energy development in Sweden 4 

2.3. Issues involved in onshore wind power plant site selcetion 6 

3. Methodology and data 8 

3.1. Application of GIS tools in locating onshore wind power plants 8 

3.2. Study area and data sets 9 

3.3. Assessment procedure 11 

4. Criteria selection and building a decision structure 12 

4.1. Constrains for excluding unsuitable areas 12 
4.1.1. Technical and economic aspects 12 
4.1.2. Planning and regulation aspects 17 
4.1.3. Environmental and social aspects 20 
4.1.4. Conclusion of constraints 26 

4.2. Factors for optimizing location 27 
4.2.1. Rating scale for each factor 28 
4.2.2. The weighing system and the overall suitability index map 31 

5. Results and discussion 32 

5.1. The final result 32 

5.2. The comparative study 33 

5.3. The potential errors and limitations 36 

6. Conclusion 37 

References 38 

Other Reference 40 

APENDIX I  –  CRITERIA SELECTED FO R CONSTRAINTS  II 
APPENDIX II  –  CONSTRAINTS OF PLANNING AND REGULATIONS FROM  

DIFFERENT COUNTRIES  III 
  



You Li TRITA LWR Degree Project 13:16 

 

viii 

 



Application of GIS tools in locating onshore wind power plants  

 

 1 

ABSTRACT 

A rapid development of wind energy has been approved globally within the last few 
years due to the common recognition of this renewable energy technology. It is seen 
as one of the most promising substitutions to fossil fuels which have been exploited 
for over one century but were proved to be a crucial factor of human-induced climate 
change. However, even though wind energy has been regarded to be clean, resource 
saving and environmentally friendly, it still poses special problems and concerns to the 
surrounding social-ecological system. Thereby it requires careful selection of sites of 
installation. This paper provides an overview of wind energy and its development in 
the recent decade and focus on elaborating different issues involved in wind energy 
development. This is done through a case study of applying GIS tools in selecting 
suitable locations for onshore wind power plants in Västmanland County of Sweden. 

Key words: Wind power, Wind power plants siting, GIS tools, MCE methods, 
Environmental impacts 

1. INTRODUCTION  

Due to the concerns about energy security and global warming which is 
strongly related to increasing exploitation of fossil fuels, fundamental 
changes in the energy system is necessary. This will provide a chance for 
the diffusion of renewable energy forms, which is expected to help 
achieving a sustainable future development. Wind energy, as one of them, 
has gained a burgeoning development during the last two decades. 

Today, the commonly used technology for harvesting wind energy, 
namely using wind turbines to translate the kinetic energy of moving air 
into electric power, cannot avoid producing negative social and 
environmental impacts. Examples of such impacts are noise problems, 
visual issues, and birds’ mortality, etc., especially for onshore wind power 
plants which are still preferred for economic and accessibility reasons. 
Some of those problems could be mitigated or conquered by technical 
innovation and smart designing while some others can only be solved by 
careful selection of sites. However, locating wind power plants is highly 
complex, since to balance the preferences among wind resource needs, 
financial investments, technical feasibility, and environmentally benign 
factors is tricky but crucial in the practice of real projects. For handling 
such questions simultaneously, the integration of Multi Criteria 
Evaluation (MCE) techniques with Geographic Information System 
(GIS) software provides an implementable method for quantifying and 
illustrating essential factors for making decisions in planning wind energy 
projects.  

Based on a literature review and experts’ opinion, this paper aims to 
provide a comprehensive discussion about issues that need to be 
considered in the wind power plants siting process, and thereby enhance 
the understanding of the interrelationship between different aspects in 
planning wind energy projects. Furthermore, as a case study of a real 
region (the Västmanland County of Sweden), this research is expected to 
provide a reference for local wind energy planning. Further the study will 
review empirical knowledge about developing GIS based analytical 
models for supporting decision-making in both planning and business 
fields. However, due to the difference between scientific research and 
real projects including the availability of data, the range of research in 
this paper is limited to the general planning (or so called macro-siting) 
phase and the main research questions involved are: 
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 What are main issues involved in planning wind energy projects? How 
are these issues stated in recent studies? How do they influence the 
choice of site locations? 

 In which way can the GIS tools be utilized in locating wind power 
plants? 

 Which areas are optimal locations for installing wind power plants in the 
study area? What are features of those suitable areas? 

 How will the results change when the selecting criteria are adjusted? 
What do those changes imply in real projects?  

 What suggestions could be generated for future wind energy project 
development? 

2. WIND ENERGY AND ITS DEVELOPMENT IN SWEDEN  

2.1. An general overview of wind energy development 
Through over two decades’ expansion, by 2010, the global wind energy 
installed capacity reached its new summit of 199.5 GW with 39.4 GW of 
which was the new added capacity that year (Li et al., 2011). The main 
driving forces behind this remarkable development can be considered to 
be the continuous population growth, desire of economic development, 
fear of rapidly depleted fossil fuels and associated negative 
environmental impacts by their consumption (Aydin et al., 2010). 
According to the International Energy Agency (IEA), the global energy 
demand increased 3.6% per year over the past 30 years, and it was 
estimated in 2004 that the world total energy consumption might reach 
31.7 TWh in 2030 (Saidur et al., 2011). To meet this demand without 
further devastating the environment, wind energy, as one of the most 
promising renewable clean energy sources, is expected to play a crucial 
role in the coming future. 

Among the solar radiation absorbed on earth, 0.25% of the total will be 
converted into the kinetic energy of moving air due to the unequal 
distribution of solar heating, and the speed and the direction of wind 
varies due to the diverse topography across the world (Clarke, 1991; 
Aydin et al., 2010). Human beings have utilized this form of energy for 
more than 3000 years for pumping water and to drain rice fields, and the 
use of wind energy for generating electricity began around 120 years ago 
when Prof. James Blyth, in Scotland, firstly built a windmill to generate 
electricity in 1887 (Leung and Yang, 2012). Several prototypes of wind 
power plants were built after that, and, in 1941, the US began to use it 
for providing electricity to farms in remote areas. However, a real 
boosted development of wind power technology has not begun until the 
1970s’ oil crisis took place (Leung and Yang, 2012), and ten years later, 
Denmark and the US finally realized the commercial use of wind energy 
from prototypes (Clarke, 1991). During the last decade, wind power 
development has been accelerated by world agendas and national polices 
which focus on climate change, environment and sustainable energy 
systems. Accordingly, an immense growth of wind power has been 
experienced not only by the original pioneering countries like Denmark, 
Germany and the US, but also the emerging nations like China and 
Turkey. It was calculated and stated that since the beginning of the 21st 
century, the world wind electricity generation capacity has doubled 
approximately every three and a half years (Fig. 1), and it is predicted 
that “wind energy will provide 5% of the world’s energy in 2020” (Leung 
and Yang, 2012).  
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Fig. 1 Global installed wind power capacity and growth rate from 1990 to 2010 (Leung 
and Yang, 2012). 

As one competitive substitute for fossil fuels, wind energy might keep 
growing in the coming future, some experts even predicted that “if the 
use of wind power increases to about 8–12% of total power generation, 
it will primarily replace nuclear power” (Pettersson and Söderholm, 
2009). However, concomitant difficulties and risks also emerged along its 
development, and some of them are hard to be conquered. Today, most 
countries still have to provide subsidies and special policies to support 
wind energy development since its costs are still higher than traditional 
heat power plants and vary considerably between different sites and 
projects (Energistyrelsen, 2009; Pettersson and Söderholm, 2009). 
Moreover, due to the constantly changing wind speed, wind energy is not 
stable and can therefore be hard to connect to the old grid 
(Energistyrelsen, 2009), and to update the grid will inevitably increase the 
costs. From another aspect, modern wind power plants are big and quite 
obvious, e.g. the height of today’s most common 2 MW wind power 
plant is over 120 m (Energistyrelsen, 2009; Dutra and Szklo, 2008). 
Similar to other artificial constructions, wind power plants could cause 
various impacts on the surrounding environment and societies, even 
though they are benign to climate issues (a further discussion will be 
provided in the third part of this section and in the chapter of criteria 
selection and building a decision structure). Accordingly, some papers 
(Pettersson and Söderholm, 2009, Leung and Yang, 2012) stated that the 
future development of onshore wind power plants could be constrained 
by difficulties in finding suitable sites when considering those impacts. In 
view of this, offshore wind power becomes an attractive choice since the 
wind blows stronger and more stable on the sea and some of the impacts, 
such as visual impact and noise, could be ignored. Some European 
countries like Denmark and UK are the leaders in this new area, and the 
total operating capacity of offshore wind farms across Europe reached 
2.9 GW by 2010 (Leung and Yang, 2012). However, off shore wind 
power are even more costly, and for those countries that have no or not 
enough suitable maritime territory, onshore wind power plants will still 
be their only choice to develop wind energy, and this paper will 
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concentrate on providing a comprehensive discussion about assessing 
suitable locations for building onshore wind power plants through the 
application of GIS tools. 

2.2. Wind energy development in Sweden 
European countries are pioneers of wind energy development; by 2010, 
3% of European energy supply was generated by wind. Since the 
mandatory target which was approved by the European Commission in 
2008 requires that 20% of the total energy use in 2020 should be 
generated from renewable energy, a rapid development of wind energy 
could be expected in the coming decade (Bishop and Stock, 2010; 
Szkliniarz and Vogt, 2011). Sweden, as one of the northern European 
countries, has its own ambitious plan. The Swedish Energy Agency (SEA) 
established a concrete goal for a total installed yearly wind power 
capacity of 10 TWh in 2010 ten years ago, and by the end of 2007, it has 
been updated with a new version as to reach 30 TWh in 2020 with 10 
TWh of which coming from offshore farms (Ek, 2005; Swedish 
Environmental Protection Agency, 2008; Waldo, 2012). 

Sweden is located in “a westerly wind belt characterized by a westerly 
geostrophic wind” (Hillring and Krieg, 1998) and maintains good wind 
energy potential especially for those areas close to the coastal line, along 
large lakes and plain areas. Not surprisingly, Sweden was one of the first 
countries to begin wind energy research in 1975 and built the first 
modern power plants in the late 1990s (Åstrand and Neij, 2006; 
Pedersen et al., 2010). After over two decades’ development, by 2011, 
Swedish total energy generation from wind power reached 6.1 TWh 
which equals to 4% of the total net electricity production that year (Fig. 
2). However, wind power plants development in Sweden was relatively 
slow until the recent couple of years. Factors behind this phenomenon 
might be the relatively weak policy instruments, public attitudes at the 
local level, and the process of technology and market development.  

 
Fig. 2 Energy produced by wind power plants in Sweden from 1997to 2011 (Swedish 
Energy Agency website, accessed in April, 2012). 
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Policy issues are often mentioned emphatically when it comes to wind 
energy development in Sweden. In fact, numbers of researchers criticized 
unstable and ambiguous Swedish policies for wind energy development 
from 1975 to 2000 (Åstrand and Neij, 2006; Söderholm et al., 2007; 
Pettersson et al, 2010; Söderholm and Pettersson, 2011). Several policies 
have been introduced into the Swedish energy sector for promoting 
energy efficiency and accelerating the diffusion of renewable energy 
resources since the oil crisis in the 1970s, and this was strengthened by 
the 1997 energy policy bill (Åstrand and Neij, 2006; Söderholm et al., 
2007). However, wind energy gained quite limited support during that 
period even though specific policy instruments like a public research and 
development program (from 1975 to 2010), an investment subsidy 
(1991), a transitory production subsidy (1994), and an environmental 
bonus (1994), etc., were introduced. It was concluded by some authors 
that those support policies were not continuous but “unstable”, and 
investors could not gain guarantees of sustained support for 
development projects from them (Åstrand and Neij, 2006; Pettersson et 
al., 2010). Consequently, the total annual wind power production in 
Sweden was only 265 MWh till 2000, which was relatively small when 
compared to Germany (6107 MWh), Spain (2836 MWh) and Denmark 
(2341 MWh) (Åstrand and Neij, 2006).  

Furthermore, wind energy development in Sweden was also constrained 
by other laws and rules like the Environmental Code and the Planning 
and Building Act which have introduced more constraints in the wind 
energy field. As a matter of fact, wind power projects in Sweden, 
especially for onshore installations, often faced obstacles in the 
permitting procedure for environmental concession and the territorial 
planning system according to Söderholm and Pettersson (2011). 
Moreover, the so called Swedish “municipal planning monopoly” 
tradition added to this situation (Åstrand and Neij, 2006; Pettersson et al., 
2010). Within the Swedish decentralized governing system, the local 
municipalities play a crucial role in physical planning and their influence 
has become even more accentuated due to the ambiguous national 
policies during that period. On one hand, this so called localization rules 
were “exceptionally vaguely formulated and their steering function is 
consequently almost lacking” (Söderholm and Pettersson, 2011), 
therefore, most of them could not provide objective guidance to use 
local land. On the other hand, it was stated that “In municipalities where 
politicians and officials are more reluctant to actively promote wind 
power, the planning requirements have been stricter and citizen 
participation more extensive. As a result, the installed capacity of 
windmills is often low” (Pettersson et al, 2010). Specific municipal rules 
and regulations will not be included here due to the scope of this paper 
and the complex and negotiable reality of local rules, however, the 
“municipal planning monopoly” tradition still matters today and need to 
be emphasized in real projects. As a conclusion, due to the lack of policy 
stability (Söderholm et al 2007), constraints brought by related laws and 
policies together with ineffective implementation of policies at local level 
has been seen as factors for slowing down the diffusion of wind energy 
in Sweden before 2000. (For more discussions about policy issues: 
Åstrand and Neij, 2006; Söderholm et al, 2007; Pettersson et al., 2010; 
Söderholm and Pettersson, 2011) 

On the other hand, public criticism at local level hampers the 
development of wind energy in Sweden as well (Söderholm et al., 2007). 
From the previous experience, although the public shows generally 
positive attitude towards wind energy, specific wind power projects 
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always meet resistance from local residents (Ek, 2005). Again, since the 
Swedish municipalities are authorized to veto and decide whether, where 
and how to build wind power plants, the local opposition crucially 
influenced the possibility of wind power projects (Söderholm and 
Pettersson, 2011; Waldo, 2012). Some earlier researches tried to explain 
people’s negative attitudes with the theory of Not in My Backyard 
(NIMBY) syndrome (Ek, 2005; Söderholm et al., 2007), but more 
recently researches tend to address alternative explanations based on a 
postal survey, which was carried out to 1000 Swedish house owners in 
2002 (Ek, 2005; Waldo, 2012). It has been concluded that unpleasant 
visual impact together with questions on the productivity and the 
profitability of wind power projects should also be regarded as main 
factors beside the NIMBY syndrome (Ek, 2005; Waldo, 2012). Similar 
results were found in Scotland and Ireland as well (Warren et al, 2004). 
Therefore, the importance of choosing optimal locations for avoiding 
visual impacts, the value of involving public participation in the planning 
and decision making process, and the requirement of market 
development are aspects worth to be highlighted for gaining approval 
among local residents and for a more successful development of wind 
energy in Sweden. 

In the aspect of technology and market, the Swedish Government has 
provided a long-term support for a research and development program 
in the wind energy field. However, today’s manufacturers in Sweden find 
it hard to compete with “cheaper, tested and approved Danish turbines” 
(Åstrand and Neij, 2006). According to the calculation quoted by 
Söderholm et al (2007), the cost of producing wind power in Sweden is 
high when comparing to traditional energy sources like coal and gas, and 
the public support like subsidies and tax preferences are still needed for 
obtaining commercial attractions. For a better independent wind power 
development in the future, the importance of synergetic technology and 
market mechanisms has been emphasized (Åstrand and Neij, 2006).  

As a result of improved policies and the development of the market, 
Sweden has achieved a rapid development of wind power during the last 
few years, and many more wind turbines are expected to be installed for 
meeting 2015 and 2020 goals. Since the cost of offshore wind power is 
still seen as too high, an expansion of onshore wind power in more 
remote areas of the country (e.g., northern Sweden) in the coming 
decade has been foreseen by e.g. Pettersson et al. (2010) and Waldo 
(2012). The following part will provide a discussion on onshore wind 
plant siting and try to clarify factors which are essential for selecting 
favorable locations. 

2.3. Issues involved in onshore wind power plant site selcetion 
A typical commercial wind power plant which consists of a number of 
wind turbines usually requires a large area of land even though the area 
of occupied land is actually small. Modern wind turbine technology has 
experienced a rapid increase since 1982; today, a commonly used 3-blade 
horizontal axis turbine could reach to over 120 m as total height with 
installed capacity of over 2 MW (Gasch and Twele, 2011) (Fig. 3 )( Fig. 
4). To build such a big construction, careful investigations and 
sophisticated evaluations are necessary for a comprehensive 
consideration of resources, economy, grid connection, transportation, 
geologic features, etc. To balance all the constraints and factors, onshore 
wind power plant siting processes can usually be divided into two 
periods; macro-siting in the planning stage for excluding unsuitable 
locations and micro-siting for selecting exact locations for each plant 
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within the site (Bai et al., 2008). According to the research scope, this 
paper will devote to the analysis of diverse criteria that should be 
involved in the macro-siting stage. 

To select ideal locations for building wind power plants, technological 
and economic requirements are always primary criteria to be met. 
Besides the wind resource which is the most crucial technical parameter 
for wind energy harvesting, construction conditions, such as the 
topography, soil type, slope, access to facilities like roads and grids, etc., 
can influence the feasibility of projects as well. Although some of the 
issues could be solved with higher investment, economic factors are even 
more emphasized in real projects by investors. The total investment for a 
wind power plant, which includes the pre-project costs, installation costs 
and operation costs, etc., need to be balanced with the income from 
electricity charge for getting profit (Dutra and Szklo, 2008; Szkliniarz and 
Vogt, 2011). Therefore the balance between the technical feasibility and 
the economic capacity is crucial, and most of those factors should be 
considered early for excluding unsuitable places. 

On the other hand, planning and permitting procedures, which are 
essential for evaluating and balancing various values and risks may bring 
inconveniences and even hindrances to the development of wind power 
plants (Jay, 2010; Haaren and Fthenakis, 2011). In Sweden, the 
Environmental Code and the Planning and Building Act are the two core 
documents that determine the preconditions of selecting suitable 
locations for wind energy projects. According to the Environmental 
Code, most of the proposed projects have to comply with a series of 
environmental requirements to get licenses for construction, and some 
of those requirements pre-exclude a large proportion of territory like 
urban areas, protected areas, watercourses, coastlines, wetlands, and 
other land use with higher priorities, etc. Besides, the Swedish Planning 
and Building Act has authorized local municipalities to set their own 
rules for constraining their own land use for a long time, and thereby 
wind energy projects in the 290 different Swedish municipalities have to 
confront with diverse preconditions (Söderholm et al., 2007). However, 
as mentioned above, only the general restrictions will be discussed in this 
paper. 

 
Fig. 3 Development of size and power increases of commercially 
produced wind turbines from 1982 to 2009 (Gasch and Twele, 
2011). 
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Fig. 4 A typical 2MW wind turbine (V80) made by Vestas (Vestas 

website, Accessed in April, 2012). 

Moreover, although wind is regarded as a renewable energy resource 
which does not pollute the atmosphere with greenhouse gases emissions 
when comparing to fossil fuels (Aydin et al., 2010, Leung and Yang, 
2012), wind power plants, especially onshore plants, could cause negative 
impacts on environment and human health. A poor location without 
consideration of ecological and social factors may result in problems 
affecting wildlife and local residents and even cause “local oppositions 
and costing both proponents and the concerned public significant time, 
effort and stress” (Bishop and Stock, 2010). More specifically, wind 
power plants can bring visual and noise problems due to the appearance 
and mechanism of wind turbines, bird and bat collisions, electromagnetic 
interference, and risk of accidents, etc. could happen during their 
operation time (Aydin et al., 2010). Besides, Leung and Yang (2012) 
recently pointed out the possibility for large wind power plants to change 
the local climate which may potentially cause long-term effects on 
surrounding areas. Therefore, evaluation of wind resource potentials 
together with their associated environmental impacts is essential in 
planning future wind energy projects (Aydin et al., 2010). For these 
controversial and/or vague technological and economic factors, planning 
issues, and environmental and social impacts, the Chapter 4 will provide 
a further discussion. 

3. METHODOLOGY AND DATA  

3.1. Application of GIS tools in locating onshore wind power plants 
As been discussed above, wind energy site selection is a complex process 
which involves numbers of variables and requires a systematic analysis to 
combine them together, and in this paper, GIS tools together with an 
MCE method were chosen as a useful approach to accomplish this task.  

GIS technology has been frequently utilized in spatial planning and siting 
of projects because it cannot only provide a logical solution for analyzing 
and uniting a variety of spatially related data in a cost-effective way 
(Szkliniarz and Vogt, 2011; Tiba, et al, 2010) but also visualize the results 
effectively. Moreover, since a decision support tool called MCE, which 
was developed for facilitating the requirement of combining multifaceted 
criteria with designed priorities, has been integrated with the GIS 
framework, GIS tools became more competent in this type of task 
(Amette and Zobel. 2011; Stephen, 1991; Tegou et al., 2010). 

A typical MCE process includes three stages. Firstly, variables will be 
divided into two groups: constraints which aim to reflect suitable and 
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Fig. 5 Examples of “×” and “+” arithmetic calculations in GIS 
tools. 

unsuitable areas tersely; and factors which aim to assign the priorities of 
certain areas. Secondly, constraints and factors will be processed 
separately for generating a series of Boolean maps (“1” as included while 
“0” as excluded) and Index maps (assigned with numbers representing 
levels of priority). Those Boolean maps can be directly added together 
into an overall Boolean constraint map by using a specific logical 
operator. For Index maps, a weighing system which is designed 
previously based on knowledge and experience, expert’s opinions, and 
results from Delphi methods, etc., is required to clarify the importance 
of different factors before adding them together. For combining separate 

maps, two arithmetic calculations “×” and “+” ( Fig. 5) are mostly used 

in GIS programs such as ArcGIS (Baban and Parry, 2001; Aydin et al., 
2010; Janke, 2010). Thirdly, the overall Boolean map and Index map will 
be combined together to generate the final result, and an evaluation of so 
called “what if” scenarios is required for achieving a comparative 
assessment. In this stage, several results can be produced and compared 
due to the change of uncertain criteria based on alternative 
considerations.  

Through a case study in Västmanland County, this paper will elaborate 
the whole assessment process of this combined assessment approach of 
GIS and MCE methods in mapping the “ideal” sites for wind power 
plants. Methods utilized in during the case study consisted of a literature 
review, the building of a decision structure and a spatial assessment. 

3.2. Study area and data sets 
Due to the recently increased interest in locating onshore wind farms in 
forest areas in Sweden, Västmanland County, located in the southeast of 
Sweden (Fig. 6) with 6302 km2 territory, 10 municipalities, and over 253 
thousand habitants by 2009 (Statistics Sweden Website, 2012), has been 
chosen as the study area of this paper because of its relatively sufficient 
wind resources and plentiful forest coverage. Moreover, the locations of 
already built wind farms (Vindbrukskollen, 2012) within this area 
together with the results of previous studies and planning documents 
provide the possibility of conducting a comparative analysis for verifying 
the results of this GIS based modeling research.  

The data sets used for mapping in this project were obtained from 
Lantmäteriet (2012 a, b and c), and totally nine map layer sets, of which 
detailed information can be found in Table 1, were involved in this paper 
for including essential technological, economic, planning and 
environmental constraints and factors. All the map layers were set into 

the same coordinate system and the same resolution (25×25 m2) before 
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processing. Due to availability of data, the total processed study area 
equaled to 5685.14 km2 which is smaller than the real territory of 
Västmanland County. The GIS software utilized in this paper was 
ArcGIS Desktop 10 (ESRI 2009). 

Furthermore, since some of the criteria involved in analyzing constraints 
and factors, such as the height for wind speed calculation, the capacity of 
power generation of wind turbines, etc., are diverse according to 
different types of wind turbines and can eventually influence the final 
results, the Vestas V80 2MW wind turbine was preset as the turbine 
model in this paper, and its basic facts and figures are listed in Table 2. 

 
Fig. 6 The location of study area in Sweden (©Lantmäteriet 

[i2012/920]，2012). 
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Table 1 Original map sets for processing. 

Map layers Type Description Reference 

Study area Vector Location and boundary of the study area. 
Lantmäteriet 

2012a 

Wind speed Vector Estimated wind speed at 80 m height. 
Lantmäteriet 

2012b 

Nature reserves Vector 
Nature reserves, Valuable key habitats and Valuable 
key large forests. 

Lantmäteriet 
2012a 

Land use Vector 
25 different types of land use, like national railways, 
grassland, historical building, natura 2000, etc. 

Lantmäteriet 
2012a 

Land cover Raster 
47 different types of land cover, like cities, airport, 
gravel and sand, cropland, different types of trees, etc. 

Lantmäteriet 
2012b 

Roads Vector Main roads within the study areas. 
Lantmäteriet 

2012a 

Grids Vector Power lines and transfoormation stations. 
Lantmäteriet 

2012a 

Single houses Vector Single houses within the study areas. 
Lantmäteriet 

2012a 

Digital elevation 
model 

Raster Elevation information in the study areas. 
Lantmäteriet 

2012c 

3.3. Assessment procedure  
Based on the original GIS data sets, the whole assessment procedure was 
divided into four stages (Fig. 7). Firstly, all issues relevant to wind power 
plants siting projects were listed and divided into constraints for 
excluding unsuitable areas and factors that determine the priorities of 
each area. Secondly, all constraints were discussed and processed based 
on the corresponding criterion for generating an overall Boolean map 
which reflected the theoretical total suitable area for location of wind 
energy development. In the third stage, each factor was analyzed and 
assigned with a consistent rating scale (from 1 to 5). Then a weighing 
system, which was based on the literature review, was designed to 
combine all factors into an overall suitability index map. However this 
overall Index map could not be used directly since unsuitable areas had 
not been excluded yet. Therefore, in the last stage, the overall index map 
was combined with the overall Boolean map in order to generate the 
final result that illustrates the suitability of the entire land area within the 
study area. Meanwhile, due to the criteria sets being rather controversial 
and blurred, both constraints and factors, and the negotiable weighing 
system, several “what if” scenarios were analyzed and discussed in this 
research as well. 

Table 2 Technical parameters of  Vestas V80 2MW wind turbine (Vestas website, 
Accessed in April, 2012). 

Category Facts Figures 

Opearting Data 

Rated power 2 MW 

Cut-in wind speed 4 m/s 

Rated wind speed 16 m/s 

Cut- out wind speed 25 m/s 

Operating temperature range -20 ℃ to 40 ℃ 

Rotor and Tower 

Rotor diameter 80 m 

Swept area 5027 m
2
 

Tower type tubular steel tower  

Hub heights 
80 m (other types could diverse from 60 to 100 m for 
IEC IA and IEC IIA wind) 
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Fig. 7 The flow of assessment procedures. 

Along with the assessment procedure, this paper endeavored to clarify all 
listed criteria through a comparative study of different countries’ cases. 
For a part of the included criteria, Swedish experiences and requirements 
would be regarded as an important reference rather than the absolute 
standard because that the aim of this paper is not limited in providing a 
case study experience but also to obtain a critical evaluation of today’s 
wind power plants siting criteria and to generate reasonable suggestions 
for future planning and development. 

4. CRITERIA SELECTION AND BUILDING A DECISION 

STRUCTURE 

4.1. Constrains for excluding unsuitable areas 
For avoiding improper siting of wind power projects, the location of 
plants needs to be selected cautiously by considering multifarious issues, 
and constraints are usually set to represent strict criteria for excluding 
unsuitable areas. However, constraints are not unalterable and actually 
diverse among different countries due to policies, laws, culture, 
technological capability, public attitudes, etc. In this paper, relevant 
constraints were generally divided into three categories; a technical and 
economic group, a planning and regulation group, and an environmental 
and ecological group. Each constraint will be discussed separately in the 
following text with different criteria based on literature review and 
experts’ opinions. Some of them like wind speed, slopes, distance to 
single houses and different land use, etc., will also be analyzed in the next 
section where they are treated as factors for assigning the priorities of 
specific areas (check Appendix I for all the criteria selected for 
constraints in this paper). 

4.1.1. Technical and economic aspects 

Technical and economic criteria, as the primary issues considered by 
investors for initiating a wind power project, will be discussed at the 
same time in this section since they are always combined together and 
interact with each other. More specifically, most of the technical 
difficulties or barriers in wind power projects today can be conquered 
with additional investments, theoretically, but will not be accepted in real 
projects due to the cost-efficiency principle. Therefore, some constraints 
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judged as technically unsuitable are actually technically inefficient and 
economically unfavorable (Möller, 2010). In this paper, cost-efficiency 
will be adopted as an important criterion when judging the suitability of 
several constraints in the following. 

Wind resource 

When installed in an ideal location with ample wind resources, a modern 
2 MW wind turbine can generate over 5000 MWh electricity per year 
which equals to over 1200 houses’ annual electricity consumption in 
average (Energistyrelsen, 2009). For reflecting the level of wind resource, 
commonly adopted indicators are annual mean wind speed, wind power 
density, available harvesting time, dominating wind direction and the 
existence of barriers, etc. (Clarke, 1991; Wu, 2006; Tegou et al., 2010), 
and the annual mean wind speed is the most crucial one among them.  

Driven by the sun, the wind crosses the world with various circulations 
such as global Hadley and Rossby Circulation, local Sea-land and 
Mountain-valley Circulation, etc., and the speed of wind changes all the 
time and diverge among different places (Gasch and Twele, 2011). For 
installing wind turbines, the most commonly accepted minimum annual 
mean wind speed is 4 m/s (Eriksson and Mattisson, 2008; 
Energistyrelsen, 2009; Tegou et al., 2010) at the hub height which equals 
to 80 or 100 m for common 2 to 2.5 MW onshore wind turbines, even 
though other standards like 5 km/h in UK (Baban and Parry, 2001) and 
6 m/s in China (Lv, 2010; Wu, 2006) have been reflected in previous 
studies as well. Most of modern turbines can gain their top capacity 
when the wind speed reaches 12 to 15 m/s but have to be stopped for 
avoiding security risks when the wind speed is over 25 m/s (Eriksson 
and Mattisson, 2008; Energistyrelsen, 2009). To obtain the accurate wind 
speed datasets requires a long period (usually over 12 month) measuring 
and recording of anemometer data at the rotor height within the 
planning location, and this procedure is compulsory in the micro-siting 
phase for making decisions of specific sites (Wu, 2006; Szkliniarz and 
Vogt, 2011). On the other side, in the macro-siting stage, average daily 
annual wind speed or estimated wind speed based on computer models 
are frequently used for making preliminary decisions in practice. In this 
research, the estimated wind speed data at 80 m height (Bergström and 
Söderberg, 2009) was processed with the criterion as equal as or greater 
than 4 m/s and equal as or less than 25 m/s (Fig. 8). 

Besides the annual mean wind speed, wind power density and available 
harvesting time are also important for estimating the level of wind 
resources. These two indicators together with the average wind speed are 
used to calculate the total potential energy generation within certain areas 
during a specific period of time. However, they will not be included in 
this paper due to lack of available data. In practice, both these indicators 
need to be measured by anemometer at the target locations in the 
micro-siting stage as needs measuring the accurate wind speed. 
Furthermore, the dominating wind direction, which can be reflected in a 
wind rose diagram (Wu, 2006), will not be included either. Even through 
stable wind direction is still preferred when considering the efficiency 
and the maintenance of turbines, this indicator is not crucial anymore 
since modern wind turbines can adjust their blade wheels to face the 
wind direction automatically in real time.  

The existence of barriers, which are presented as the surface roughness 
in the calculation for a 1/7 power relationship (Clarke, 1991), could 
influence the quality of the wind resource as well. According to previous 
studies, ideal locations are usually with short vegetation, such as open 
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arable or grazing farm land, land prairies, grasses, scrub, steppe, 
agriculture, logged areas, or barren lands (Clarke, 1991; Janke, 2010). 
Meanwhile, areas containing taller vegetation or artificialities are not 
favorable for wind harvesting but should not be excluded arbitrarily. As 
been mentioned above, forest areas have attracted increasing interest for 
wind power projects nowadays in Sweden even though they were 
regarded as unfavorable locations for wind power projects in some 
previous studies. For instance, according to Baban and Parry (2001), 
wind farms should be sited at least 500 m away from the closest large 
stand of trees to avoid negative effects. The main reasons behind this 
change are, firstly, that the disturbance of trees can be mitigated by taller 
turbine which is technically feasible today; secondly, there are numerous 
forests in the country and; thirdly, locating wind turbines in forest could 
help to avoid noise problems. In fact, both KTH and Uppsala University 
have specific research and development projects in this field. In this 
paper, the influence of surface is regarded as one factor for optimizing 
the most suitable locations for wind power plants and will be discussed 
in Section 4.2. 

Geological conditions 

Geological conditions here mainly refer to the soil type and slope angle 
in specific areas when considering the technical feasibility of 
construction. Firstly, suitable soil types should be solid enough to 
withstand great forces because the foundations of wind turbines transfer 
the weight of the turbines to the ground and poor soil conditions can 
raise costs for the foundation type by 100% or more (Haaren and 
Fthenakis, 2011), therefore e.g. karst (porous grounds and caves) and 
dune (sand) areas should be avoided (Haaren and Fthenakis, 2011). The 
considerations of soil types in this study was reflected by the constraints 
that concerning buffer distance for mine and dump areas in the planning 
and regulation section, and the exclusion of areas with gravel and sand. 

Different from the soil type criteria, the criterion concerning slopes was 
relatively blurred. Locations with steep slopes are not suitable for 
building wind turbines, but the precise scale for excluding the possibility 
of construction is uncertain since the increasing investments may 
sometimes solve such problems. According to previous studies, slopes 
greater than 10% are difficult for cranes to work on are usually avoided 
by developing companies (Tegou et al., 2010; Haaren and Fthenakis, 
2011). However there are some existing wind farms that were built on 
areas with higher slopes. For instance, Tegou et al. (2010) mentioned 
that one wind park in the Greek island of Crete was installed on 30% 
slope, and yet they set the excluding criterion for slope to 25% in their 
paper. In this study, 30% was selected as the maximum slope degree due 
to the practical experience (Fig. 8). 

Access to facilities 

Beyond the width of buffer zones kept for safety reason, a favorable site 
for wind power plants should be as close as possible to essential facilities 
and infrastructures such as roads and national grids in order to meet the 
cost efficiency request. As been introduced in Haaren and Fthenakis’ 
paper (2011), even though the major cost in a wind power project is for 
wind turbines, other components like road access and grid connection 
costs are essential and they vary considerably with location. More 
specifically, for a typical onshore wind farm in Europe today, the 
spatially dependent costs, such as the costs for road construction, grid 
connection, foundation and land/cleaning, are estimated to be around 15 
to 20% of the total cost. Further, road costs usually account for 1 to 5% 



Application of GIS tools in locating onshore wind power plants  

 

 15 

while grid connection costs account for 2 to 10% of the total cost 
(Haaren and Fthenakis, 2011). 

Roads are essential for nearly all construction projects since 
transportation of materials and equipment is inevitable. The access roads 
for wind power projects need to be sufficiently wide (15 feet or 4.6 m) 
and have strong pavements for cranes and trucks. Otherwise, a new road 
need to be built to connect to the nearest adequate roads and the 
construction cost will be around 82,000 US dollars per km (Haaren and 
Fthenakis, 2011). In Sweden, forest road networks are commonly used 
for local transport, but most of them need to be strengthened and 
extended for wind power projects (Avesta, Fagersta and Norberg 
Municipality, 2010). However the distance from a wind farm to roads 
should not simply be considered as short as possible. Wind turbines 
cannot be located without a buffer distance from the main road in order 
to reduce visual intrusion which may give rise to traffic accidents (Baban 
and Parry, 2001). In this paper, this excluding minimum distance to main 
roads was set as 50 m which is based on SRA Company’s 
recommendation and has been approved by several planning projects in 
Sweden (Eriksson and Mattisson, 2008; Avesta, Fagersta and Norberg 
Municipality, 2010) (Fig. 8). Other distances and their correlation with 
suitability values will be analyzed in the factors section. 

To access local power lines is not a simple task for wind power plant 
projects since the possibility of connection depends on the supply 
voltage and the available grids’ capacity. Examples stated in previous 
Swedish planning practices show that a 200 kV power line is required for 
a wind farm that produces over 300 MW while 130 kV power line is the 
threshold for 50 to 100 MW power plants (Avesta, Fagersta and Norberg 
Municipality, 2010), however, this issue can be ignored in this research 
since the scale of power plants cannot be predetermined and the study 
aim of this research is limited to the macro-siting stage. But in general, 
distance to the grid is crucial for wind power projects because sites closer 
to the grid can not only lower the cost for power lines but also lower the 
losses for transmission (Haaren and Fthenakis 2011). 

The maximum acceptable distance from wind power plants to the 
national grid was set as 10 km in some studies (Baban and Parry, 2001; 
Haaren and Fthenakis, 2011) but it has not been adopted as a universal 
criterion. For instance, Eriksson and Mattisson (2008) used 5880 m as 
the limit but they also mentioned that 3 km was adopted in SWECO 
Company’s research. The existence of these differences is probably due 
to the diversity in financial capability among different projects. In this 
study, 10 km as the most tolerable criterion will be chosen for the first 
scenario while 5 km will be used as the alternative scenario for the 
comparative study in Chapter 5. One the other hand, the location of a 
wind farm also needs to adapt to risk for accidents of turbine failures, 
and thereby a buffer distance should be set for protecting national girds. 
In this case, Phuangpornpitak and Tia (2011) suggested at least 2 km 
from the grid line, Eriksson and Mattisson (2008) suggested 50 m as the 
minimum distance for safety reasons while 100 m for wind turbines with 
a maximum height of 50 m and 200 m for those over 50 m were used in 
Avesta, Fagersta and Norberg Municipality’s report (2010). In this study, 
200 m was adopted as the minimum distance for the excluding criterion 
due to the risk of serious consequences of high voltage lines’ accidents, 
as illustrated in the next page (Fig. 8). 
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Suitable areas   Unsuitable areas 

    

Wind speed Slope Distance to road Distance to grid 

Fig. 8 Boolean maps reflect technical and economic constraints. 

Extreme conditions and accidents 

Modern wind turbines are regarded as a safe approach for harvesting 
wind energy (Aydin et al., 2010; Haaren and Fthenakis, 2011), but 
accidences are still happening due to extreme conditions, poor 
management and ignoring of safety regulations. For lowering the loss, 
two main aspects need to be considered in the siting phase: on one hand, 
areas with risks of extreme conditions, such as earthquakes, floods, 
hurricanes, cyclones, sand storms, icing, lightening, etc., should be 
avoided (Wu, 2006). In Sweden, especially among the northern areas, 
icing and low temperature can provide problematic conditions for wind 
power plants. Icing can negatively influence wind turbines in different 
ways: increasing the load of turbines and power lines, reducing the 
output rate and damaging the dynamotor and anemoscope through low 

temperature (under minus 40 ℃) are the most common problems 

(Clarke, 1991; Wu Pei-hua, 2006). Recently there are growing numbers of 
studies in Sweden focusing on icing problems; however, a map reflecting 
icing risks is still not available. Furthermore, lightening might be another 
high risk since wind turbines are high constructions with good 
conductivity and always sited in open fields (Avesta, Fagersta and 
Norberg Municipality, 2011). Theoretically, blades, generators, 
transmissions and control systems are all vulnerable to lightning, and this 
problem can hardly be solved by locational approaches but may possibly 
be conquered through material innovation. 

On the other hand, buffer zones need to be preset for avoiding 
unwanted consequences of accidents like the damage to habitations and 
property from failed blades even through the risk of being hit by a 
turbine could be comparable to being hit by lightning (Clarke, 1991). 
According to Harren and Fthenakis (2011), the safe zone around a 
typical 80 m high wind turbine was estimated to around 350 m, and 
Clarke (1991) also pointed out that the buffer zones set for visual and 
noise reasons “should be adequate for a safety buffer zone and so would 
not add to the requirement for space”. Therefore, in the analysis, the 
effect of this constraint will be included in noise and visual impacts 
issues. 

Besides careful investigation of the surrounding environment in the 
planning stage, there are many existing technical approaches that can be 
utilized for solving or mitigating the problems caused by extreme 
conditions. For instance, improved materials of wind turbines and 
installation of heating device inside are possible solutions to icing 
problems even through the cost-efficiency request should be met in 
practice. This paper will not attempt to provide much discussion about 
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technical solutions due to the research scope, but those approaches are 
essential for the future development of wind energy. 

Other issues 

There are some other spatially dependent issues concerning economic 
perspectives that need to be considered in practice, but can hardly be 
involved in this study due to different reasons. For example, market 
policies like electricity tariffs and subsidies to green electricity might be 
important to attract investors but has not been analyzed in this research 
since no special terms have been found in Västmanland County based on 
available references. As another example, the local electricity price is 
crucial for investors and indispensable in calculating financial indicators 
like financial internal rate of return, investment payoff period, etc. 
However, this price needs to be considered with a specific project for a 
precise financial evaluation but not in the macro-sitting phase. Therefore, 
the study based on a real project might be more suitable for a 
comprehensive assessment of economic issues, and this paper can just 
provide an analysis for some basic spatially dependent constraints and 
factors. The next part will provide a discussion about constraints from 
planning and regulation perspectives. 

4.1.2. Planning and regulation aspects 

During the siting procedure, planning acts and regulations provide the 
primary rules to follow for most construction projects. In Sweden, the 
territorial planning system could make a significant influence on wind 
power projects as well, although it has been criticized for leaving 
substantial room for discretion and for de facto ignoring national (and 
indeed international) energy policy objectives due to the so called 
“municipal planning monopoly” (Söderholm and Pettersson, 2011). 
Within this system, the Environmental Code, which entered into force 
by 1999, and the Planning and Building Act, which was updated 2007, 
are the two key documents that regulate Swedish wind energy 
development.  

According to the Environmental Code, big and medium-sized wind mill 
installations may not be constructed without one or several licenses and 
the general and the specific resource management provisions are the 
most crucial requirements to gain such a license (Söderholm et al., 2007). 
As been concluded by Söderholm et al. (2007), wind power plants can 
only be established in these areas if they: (a) meet no hindrance by the 
area provisions; and (b) do not considerably damage the protected values. 
Specifically, when interpreted into more concrete rules, those protected 
values mainly refer to ecological, cultural, historical, recreational, and 
other specific interests (like military use, transportation, etc).  

Accordingly, many types of land use and land cover have to be excluded 
for wind energy development in Sweden and some of them require 
buffer zones with diverse sizes. Meanwhile, many other countries also 
have their exhaustive rules for wind farm siting, some of them are similar 
while some else, especially for deciding the size of buffer zones, are quite 
different to each other. In this paper, other countries’ experiences (see 
Appendix II), which were mainly obtained from the literature review, will 
be utilized as a reference when setting reasonable buffer distances to 
protected areas since most of them have not been confined by Swedish 
regulations and previous studies. On the other side, some valuable areas 
are not absolutely prohibited from development but need to be treated 
carefully in the planning stage. Those areas will be treated as factors by 
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the assignment with different values for reflecting their minor priorities 
and discussed further in the next chapter. 

As a combination of Swedish legislations, other countries’ experience 
and map layer information, the following listed areas will be defined as 
excluding locations for wind energy development and thus will be 
assigned as unsuitable (Fig. 9). 

Urban areas with 2000 m buffer distance  

According to many other countries’ practice, urban areas are commonly 
divided into cities and towns and assigned with different size of buffer 
distance: towns are assigned with 1000 m while cities suit to 2000 m. In 
this paper, only 2000 m is used for all urban areas partly because of the 
visual impact problems which will be discussed in the following section 
and also due to the fact that the difference of cities and towns is been 
reflected in the original map data sets. 

Single houses with 500 m buffer distance 

The main considerations in deciding the distance from wind turbines to 
single houses are the visual impact, noise and safety issues. For the safety 
reasons which were discussed above, a buffer distance of 350 m would 
be required; for the visibility and noise issues, discussions will be 
elaborated in the next section. Further, due to the concerns of noise 
issues, an alternative buffer distance with 1000 m was analyzed as one of 
the “what if” scenarios. 

Nature reserves with 1000 m buffer distance  

For areas with high nature values, both the Swedish Environmental 
Code and experiences from Turkey and UK were considered. The nature 
reserves in the map refer to the layers of nature reserves and Natura 
2000 (defined as an ecological network of protected areas in the territory 
of the European Union). 

Ecological sensitive areas with 500 m buffer distance 

The definition of ecological sensitive areas might be vague and differ 
among different countries. When it comes to Sweden, according to the 
second part, Chapter 7 of the Environmental Code, areas named 
“Habitat protection areas” and “Wildlife and plant sanctuaries” can be 
regarded as ecological sensitive areas. When reflected in the map layers, 
the areas named valuable key habitats, protected habitats, valuable trees, 
and valuable nature areas were processed.  

Water bodies with 100 m buffer distance  

In Sweden, any constructions within 100 m from water bodies and 
watercourses of any size is not allowed (Eriksson and Mattisson, 2008), 
and this distance was adopted as a criterion for all types of water bodies 
in the map. However, since all countries been referred in the Appendix 1 
used 400 m as the buffer zone size, this distance was used for a 
comparative analysis. 

Wetlands with 100 m buffer distance 

Wetlands need protection but information about the size of a setback 
range could not be found. In this case, 100m was adopted when referring 
to the consideration of the buffer distance for wetlands. Further, 400 m 
was adopted for an alternative scenario in the discussion section. 

Recreation areas with 450 m buffer distance 

Recreation areas of interest for outdoor activities are protected by the 
Environmental Code, and thereby should be avoided for construction 
projects as well. The distance of 450 m was based on the experience in 

http://en.wikipedia.org/wiki/Ecological_network
http://en.wikipedia.org/wiki/European_Union
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Poland and when reflecting this in the map, layers named urban green 
areas, sport areas, ski slopes, golf courses, non-urban parks, and camping 
and recreational were included. 

Historical buildings and culturally valuable areas with 1000 m buffer distance 

Areas with historical and cultural values are protected by the 
Environmental Code as well. The buffer zone size was decided by 
considering the experiences from UK and Poland and when reflecting 
this in the map, the layers named historic building and cultural valuable 
areas were included. 

Suitable areas   Unsuitable areas 

    

Distance to urban 
Distance to single 

houses 
Distance to natural 

reserved areas 
Distance to ecological 

sensitive areas 

    

Distance to water Distance to wetland 
Distance to 

recreation areas 

Distance to historic 
buildings and cultural 

valuable areas 

    

Distance to airport 
Distance to mine and 

dump areas 

Distance to 
commercial and 
industrial areas 

Distance to other 
excluded areas 

Fig. 9 Boolean maps reflect planning and regulation constraints. 
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Airports with 2500 m buffer distance 

Flight operations can be affected by wind power plants especially at 
takeoff and landing periods due to the height of modern wind turbines 
and the electromagnetic interference (elaborated in the next section). 
Therefore, wind turbine installations have to be avoided in sensitive 
areas like airports and some military use places. In this paper, 2.5 km 
buffer zones were adopted according to data from Vietnam and Turkey. 
Furthermore, since 3 km buffer distances has been used in Poland, this 
was also adopted but for a comparative discussion. Relevant map layers 
included airports and airfields. 

Mine and dump areas with 100 m buffer distance 

This buffer zone size was decided by referring to the experiences from 
Poland. The map layers included gravel and sand pits, other mineral 
extraction sites, and landfills. 

Commercial and industrial areas with 250 m buffer distance 

Buffer zone size set for commercial and industrial areas were decided by 
referring to the experiences from Poland as well. The map layers 
involved in this constraint were industrial, commercial units, public 
service and military barracks. One possible problem here would be that 
military land usually requires much larger buffer zones in practice. Take 
Denmark for example; the buffer zones set for military airfields and 
other military ranges were 12 km and 5 km. However, due to the map 
data limitations, the military barracks here can hardly be separated from 
the map layer reflecting commercial and industrial areas, and thereby 
they were processed together at last.  

Other excluded areas with 500 m buffer distance 

There are several types of land use that are reflected in the map layers 
that also should be excluded from wind energy development. However, 
either because that it was hard to find relevant studies and buffer zone 
data, or due to the vague description of the map layers, valid buffer 
distances for each of them could not be figured out. As a compromise, a 
500 m buffer distance was finally adopted as the buffer distance for all of 
them since the distance could cover most requests based on other 
countries’ experiences. Relevant map layers included areas restricted 
from new buildings, and areas of national interest for natural, cultural, 
fishing and recreation values. 

Other excluded areas not involved in this study 

There were some areas that would need to be excluded from installing 
wind turbines but could not be processed in this study. It was mainly 
because such areas did not exist within the study areas or could not be 
found within the map data. For instance, flood areas, tourism spots and 
habitats for some vulnerable wildlife species like migrant birds and bats, 
which are all sensitive when it comes to locations for wind energy 
development. In practice, further research like micro-siting and 
Environmental Impact Assessment (EIA) would be necessary for more 
prudent decision.  

4.1.3. Environmental and social aspects 

As one of the more promising renewable energy forms, wind energy has 
the potential to reduce Green House Gase (GHG) emissions, thereby 
mitigating climate change and benefit the social and ecological 
environment. However, wind energy poses several environmental and 
social problems such as visual impacts, noise, negative impacts on 
wildlife especially for birds and bats, electromagnetic interference, and 
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land acquisition, etc. (Ledec, et al., 2011). In this section, the main issues 
from environmental and social perspectives will be discussed. 

Visual impacts 

Visual impacts caused by wind power plants may lead to three main 
problems: aesthetic issues, shadow flicker effect and light reflection. In 
the first place, the aesthetic issue a controversial topic since this 
preference is a subjective judgment which can hardly be assessed in an 
objective way. When it comes to wind power plants, the positive 
correlation between the aesthetic judgment on wind turbines and the 
general attitude towards wind energy has been confirmed in number of 
studies (Bishop and Stock, 2010). According to previous surveys 
conducted in USA, UK, Ireland, Scotland and Sweden, people who value 
clean energy or gain higher levels of information and experience of wind 
energy were inclined to accept wind projects and like the appearance of 
wind turbines. But the rest large proportion of participants showed 
negative response to them, and visual impacts has been listed as one of 
the most crucial reasons by those people (Warren et al., 2004; Ek, 2005; 
Aydin et al., 2010; Haaren and Fthenakis, 2011; Molina-Ruiz et al., 2011; 
Leung and Yang, 2012; Waldo, 2012).  

Secondly, the problem of shadow flickering from rotating wind turbines, 
which is mainly caused by the moving blades and the reflection of sun 
ray on the turbine bodies (Saidur et al., 2011), bears fewer disputes for its 
existence. Wind turbines located in the Northern Hemisphere will bring 
the shadow flicker effect to the areas except the south side. This effect 
can lead to a pulsating light which could be annoying to the nearby 
residents especially in the rooms which are naturally lit (Saidur et al., 
2011) and can be strengthened during morning and evenfall periods 
when the shadows are longer (Energistyrelsen, 2009). In reality, the 
longest shadows can influence the surroundings within the distance over 
4 times of the turbine height (Energistyrelsen, 2009), and thereby a 500 
m buffer distance to the nearest habitation could be sufficient for a V80 
Vestas wind turbine.  

Light reflection, lastly, is caused by the smooth surface of blades which 
are designed for increasing pneumatic efficiency and dust prevention 
(Energistyrelsen, 2009). However, this issue is relatively mild because the 
reflection effect can be mitigated naturally after years of operation and 
can be reduced by special paints which can increase surface roughness.  

Accordingly, the core problem among these three visual impacts issues is 
the aesthetic issue. Until now, numbers of people still don’t accept the 
appearance of wind turbines and sometimes regard those high buildings 
as a sort of “pollution” to the local environment, especially for the urban 
areas they live in and natural areas with high scenic qualities. A careful 
design of the location may help to hinder the view of turbines from 
specific angles, but their images are to some extent inevitable within a 
considerable distance (Clarke, 1991). In practice, visual exclusion zones 
can help to isolate visual impacts of wind power plants, however, there is 
no final conclusion for the size of buffer zones especially when 
considering of the complexity of the landscape. For the distance to a 
residential areas, Clarke (1991) believed that 10 times the diameter or 
height, and consideration of the topography in the vicinity of the sites 
reasonable, Aydin et al. (2010) suggested to use 2 km as the buffer 
distance to large urban areas while Baban and Parry (2001) argued that 
500 m would be the minimum accepted distance to a single dwelling. In 
this paper, 2 km to major urban areas and 500 m to single houses were 
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adopted since they are more commonly used in previous research and 
also covered the range of 10 times of the turbine’s height. 

When it comes to conquering or mitigating visual impacts on areas with 
high nature values, the buffer zone size could be complex to decide in 
the macro-siting phase due to varying topography and other issues. 
Furthermore, the necessity of drawing adequate buffer zones may be 
different due to the different frequency of human activities in certain 
areas. Therefore, this paper will be limited to introducing principles 
based on previous research rather than running a model for each specific 
excluding criterion. In general, the visibility of wind turbines is not 
merely influenced by the specific topography, for example, wind turbines 
will be just several vertical lines in a hilly landscape, whereas in a flat 
landscape, they could be too obvious to be considered as part of the 
landscape (Pedersen et al., 2010). It is also strongly connected to the 
viewers’ expectations which means that wind turbines as an artificial 
construction in some viewpoints can be more sensitive since the viewers 
are likely to expect a predominantly natural or highly scenic landscape 
(Vissering, 2001). Furthermore, according to the same report which 
describe a stakeholder workshop conducted in Woodbury, USA 
(Vissering, 2001), areas with great vegetative and topographic diversity, 
especially when dramatic contrasts and water features existed ( Fig. 10), 
tended to be considered as unique points with high aesthetic values and 
should be avoided with a sufficient buffer distance. On the other hand, 
for minimizing the visual impact, according to Ruiz et al. (2011), 30 km 
would be required for 50 m high wind turbines based on basic photic 
principles. However, in real environments, the wavy terrain and existence 
of trees or other structures may shorten the required size of buffer zones. 
For dealing with real conditions, Bishop and Stock (2010) introduced a 
GIS based model which is called SIEVE (Spatial Information 
Exploration and Visualization Environment) for analyzing the 
conditions in a specific area. This could be a good way to visualize and 
simulate the possible changes of land view and to illustrate them to local 
residents before construction. This would be particularly useful since it is 
crucial to involve public participation in wind energy project siting 
procedures, especially concerning aesthetic issues. 

At last but not least, technical innovations and careful design could help 
to mitigate the visual impacts as well. For example, concluded by Clarke 
(1991), “the scale of turbines should be matched to the scale of the 
landscape” and the rotation speed should be less than 45 rpm in order to 
give a relaxed impression to the observer. Saidur et al. (2011) also 
mentioned that the negative visual effect is lower during the moving 
condition than that when the turbine is not working. Another solution 
could be to paint the turbines in white or any grey tone. This simple 
approach can help to reduce the visual sensitivity but may increase the 
risk for bird collisions. Similarly, Vissering (2001) suggested a “clean and 
simple repetition of one type of turbine” rather than combining many 
types or colors can appeal to people, and non-functional turbines should 
be avoided since they may “create a chaotic and disturbing visual image”. 
All in all, the visual impacts could be regarded as resoluble or at least 
possible to mitigate through careful planning of the location and through 
smart design for specific plants.  

Noise 

The sound emitted by a wind turbine, which can be divided into 
mechanical and aerodynamic types, is typically generated at 50 to 150 m 
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Fig. 10 Relationship between aesthetic values and landscape 
diversity (Vissering, 2001). 

height (Pedersen et al., 2010). The mechanical sound is generated by the 
gear box, the electrical generator, or the bearings and can be reduced by 
good design and maintenance and by acoustic insulation. Aerodynamic 
sound, on the other hand, is produced by the flow of air passing through 
the blades and can be reduced by the use of variable speed turbines, 
slender blades, whole blade feathering, and careful aerodynamic design 
(Clarke, 1991; Saidur et al, 2011; Leung and Yang, 2012). When it comes 
to the noise issue, the latter type of sound is more critical even though 
the factual evidence of its impact is still lacking (Leung and Yang, 2012). 
The level of aerodynamic noise fluctuates with the rotating speed and its 
low frequency and swishing character makes some researchers believe 
that it could cause health problems like headaches, sleep disturbances 
and even hearing loss for people living close to wind farms (Pedersen et 
al., 2010; Saidur et al., 2011; Leung and Yang, 2012). These might be the 
reasons for Saidur et al. (2011) to judge noise as the most critical 
environmental impact of wind power plants. 

Buffer zones for separating human settlements to wind turbines are still 
essential even though modern wind turbines are becoming quieter due to 
technical and design improvements. One factor in determining the size 
of these buffer zones is that during the propagation process, the type of 
ground and the meteorological situation” can “influence how much the 
sound level decreases with distance (Pedersen et al., 2010). Therefore, 
even though noise problem is quantifiable when comparing to aesthetic 
issues (Haaren and Fthenakis, 2011), “the distance at which they should 
be removed from housing is contentious” (Bishop and Stock, 2010). 
Diverse suggestions can be found in previous research from different 
countries, but the most commonly used criterion was 500 m to a single 
house while some similar distances also exist, like 7 times of the blade 
diameters (300 m to 500 m) in Denmark and 450 m from Canadian 
energy ministry (Eriksson and Mattisson, 2008; Aydin et al., 2010; 
Haaren and Fthenakis, 2011) . However, much longer distances like at 
least 2.5 km would be necessary as argued by the action group Wind 
Resistance (Bishop and Stock, 2010) and 2 km buffer distance as 
mentioned by Leung and Yang (2012) can be found as well. Furthermore, 
Pedersen et al. (2010) pointed out that the noise annoyance sensitivity 
can also be influenced by visual impact and observer’s general attitude 
towards wind energy. Readers interested in this topic can find an 
informative discussion in their paper. 

In Sweden, 40 dB has been set as the maximum noise level for 
residential areas (Eriksson and Mattisson, 2008; Swedish Environmental 
Protection Agency, 2008), and a flexible buffer zone from 500 m to 1000 
m has been suggested by the Planning Committee due to the different 
noise levels from different types of turbines (Eriksson and Mattisson, 
2008). According to Haaren and Fthenakis (2011), Vestas V80 wind 
turbines (the type used in this paper) can generate a 100 dB noise level at 
the hub height of 78 m (which is close to the assumed height at 80 m). 
When calculated with a simplified logarithmic formation for sound 

propagation: Lp = Lw − 10 log10(2 R2) – αR, where R2 = H2 + X2, 
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Lp is the target point, Lw is the sound power level at the source, H is the 
hub height, X is the observer’s distance to the tower, α is the 
atmospheric absorption of 1000 Hz sound and corresponds to 0.005 
dB/m, the suitable buffer distance should be around 350 m which is 
covered in Swedish criteria (Fig. 11). Therefore, two scenarios with 500 
m and 1000 m will be analyzed as the excluding criteria in this paper. 

Impacts on biodiversity 

Besides visual and noise problems, wind power plants’ negative impacts 
on surrounding ecosystems have been discussed intensively in recent 
studies, and the main concerns from a conservation standpoint are the 
collision risks for birds and bats (Leung and Yang, 2012; Ahlén et al, 
2007). However convincing data and knowledge in this field are still 
deficient especially when considering the diverse conclusions and results 
which have been found among previous studies about bird mortality. 

There seems to be a consensus concerning that birds can be killed by 
collisions with rotating blades, meteorological towers with guy wires, and 
the transmission lines of wind turbines (Ledec, et al., 2011), which is the 
main reasons for excluding national parks as the possible locations for 
wind power plants development (Stiebler, 2008). However, the reasons 
for the avian mortality are explained in different ways. Aydin et al. (2010) 
concluded in their paper that the rotating blades may cause a blurred 
image on bird’s eyes which may lead to the risk for collision while the 
Swedish Environmental Protection Agency mentioned in their report 
(2008) that birds can “clearly see wind turbines, better than people, 
especially at short distances”. But Ahlén (2010) simply imputed the 
collision accidents to the bad luck of birds when they soaring across 
wind turbines. Additionally, both Ahlén and Saidur et al. (2011) tried to 
list the factors that may affect the risk for bird collision even though the 
results were still different from each other. Ahlén (2010) believed that 
the problems are related to the wind sailing of birds and the insects 
accumulated around the turbines attracting birds while Saidur et al. 
(2011). The Swedish Environmental Protection Agency (2008) 
emphasized more the flight height due to different reasons like weather, 
time of day, seasons, etc. and the turbine design like the light emitted 
from the wind power plants, the height of tower and the length of 
blades.  

 
Fig. 11 Approximation of the noise level as a function of distance to 
the turbine tower for a source Lw = 100 dB and height of 78 m 
(Haaren and Fthenakis, 2011). 
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Furthermore, the data concerning the probability of avian mortalities 
were diverse from different research as well. Aydin et al. (2010) found a 
range of average bird collision per turbine per year as 0.1 to 0.6 in their 
study while Haaren and Fthenakis (2011) found that 2.4 collisions could 
be expected in average based on the records from totally 1569 wind 
turbines. Saidur et al. (2008) estimated that the wind turbine-related bird 
kills may be around 0.15 million per year in the United States. Besides, 
some studies even went further in estimating levels of wind power plants’ 
impacts on different bird species (Swedish Environmental Protection 
Agency, 2008; Ahlén, 2010, Ledec, et al., 2011). Results from their 
research implied that some species such as willow grouse are extremely 
vulnerable to collisions with wind turbines, and in general prey bird 
species like eagles are more vulnerable than smaller birds since their 
ability to manoeuvre decreases with increased size and weight (Swedish 
Environmental Protection Agency, 2008), and that migrating birds are 
more vulnerable than local birds.  

All in all, even though the study of wind turbines’ impacts on birds is just 
at the early stage and the results of previous studies are not unanimous; 
the necessity of careful and strategic placement of wind power plants for 
avoiding important bird habitats and breeding grounds has been 
approved by a majority of the relevant research summarized above. 
According to Aydin et al. (2010), the minimum buffer distance from 
wind turbines to bird habitats should be 300 m. However, there is no 
specific constraint set for the impact on birds in this paper due to the 
lack of documented data showing bird habitats. But a part of the 
sensitive areas might be covered by several constraints discussed in the 
previous sections such as the buffer zones set for “Nature reserves”, 
“Ecologically sensitive areas”, “Water bodies” and “Wetlands”, but some 
of those areas, for instance the migration routes of birds, were missed 
inevitably and need to be improved in practice. Hopefully, research in 
this field is ongoing today and can be expected to provide more detailed 
information and data about where birds inhabit, how they are affected by 
wind farms and in which way those impacts can be mitigated effectively, 
and the implementation of EIA may help to avoid locating of wind 
farms in otherwise ignored habitats. 

Bats, on the other hand, are even more vulnerable to wind power plants 
than birds especially in forest areas since they are more easily attracted to 
the turbines (Ahlén, 2010; Ledec, et al., 2011). The bats use them as 
roosts and to search and hunt the insects gathered around there, and 
they are not able to avoid the turbines like some birds do (Ahlen et al., 
2007, Swedish Environmental Protection Agency, 2008). Consequentially, 
although bats are almost never killed by transmission lines and masts but 
only by rotating turbines, the mortality number of bats is considerable 
due to wind energy development around the world, and both migrating 
and resident species are vulnerable (Saidur et al., 2011; Ledec et al., 
2011).  

According to Ahlén (2010) “bats killed at wind turbines probably cannot 
be completely avoided, the question is then where is the limit for what 
we should accept”. He believed that further studies and observations are 
required to figure out which species are vulnerable to turbines and how 
to help them to avoid collisions. Nevertheless, what can be sure is that 
setting of adequate buffer zones, for example as Aydin et al. (2010) 
suggested 500 m away from wildlife conservation areas, at the site 
selection stage can help to mitigate the problem. However, as same as 
the problem in mapping birds’ habitats, this study cannot provide a 
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specific constraint for bats habitats due to lack of map data. But instead, 
the buffer zones set for “Nature reserves” and “Ecologically sensitive 
areas” were expected to cover a portion of the sensitive areas.  

Moreover, wind energy development can affect other flora and fauna in 
specific cases. One example provided by Ledec, et al. (2011) is the 
harboring of unique plant and animal species in the tropics. Those can 
be fragile to turbines due to their wind-swept micro-climate. Another 
more common example is the fragmentation of local ecosystems due to 
increased land clearing, wood cutting and risk of erosion when 
constructing access roads to the sites especially when constructing in 
forest. Therefore, a careful assessment of environmental impacts for a 
specific project in the micro-siting phase is essential in practice. However, 
in this paper, except excluding constraints, factors set for representing 
suitability of certain land cover in the next section will help to lower the 
possibility of selecting sensitive areas with vulnerable flora and fauna. 

Other potential problems 

In addition to the previous issues, several concerns about other potential 
negative impacts lead by wind energy development should also be 
considered during the siting process. First of all, wind turbines can 
generate electromagnetic interference by scattering the electromagnetic 
waves from navigation and telecommunication system (Aydin et al., 
2010). Although cable networks, line-of-sight microwave satellite 
transmissions can eliminate the electromagnetic interference effect of 
wind turbines today, aircraft navigation systems are still vulnerable to the 
interference (Clarke, 1991; Aydin et al., 2010). Recent studies in USA 
show that this problem can hardly be solved through technical mitigation 
(Haaren and Fthenakis, 2011). Therefore wind power plants should be 
located away from airports, radar systems, and military properties with a 
sufficient distance. In this paper, both 2.5 km and 3 km were processed 
as buffer distances to the airports based on the literature review.  

A second issue is land acquisition which is closely linked to the planning 
and regulation issues. On one hand, although the land required by a 
single wind turbine is small, modern wind farms installed with dozens of 
wind turbines always occupy large areas of land. One the other hand, the 
best location for harvesting the wind resource are always wide and open 
land, and sometimes farmlands located with high altitude but low 
vegetation could be optimal. Therefor the concern of land use 
competition may be triggered when combining the two factors together, 
especially in the countryside. For avoiding conflicts in the planning stage, 
the next section provides a method of assigning different priorities to 
different land use to lower the probability of choosing sensitive areas.  

A last environmental issue discussed in this study is climate change 
caused by giant wind turbines at continental scales (Leung and Yang, 
2012). According to Leung and Yang, modern wind turbines with big 
capacity could change local temperatures by warming surface 
temperatures at night and cooling them in the daytime. However, the 
possibility for this impact to influence global temperature seems minor, 
and whether it is positive or negative is not certain, thereby further 
studies are needed to understand this phenomenon. 

4.1.4. Conclusion of constraints 

In this section, constraints for excluding unsuitable areas were elaborated 
together with discussions about issues related to wind power plants 
installation. The resulting Boolean map (Fig. 12) illustrates the result of 
combining all constraints processed in this chapte. The areas assigned 
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with light blue represents possible locations for wind energy 
development while dark blue refers to excluded areas. The ratio of 
suitable to unsuitable areas in this scenario is 4/47, and the amount of 
possible locations occupies about 8% of the total area (445.6 km2). The 
problem of missing data (totally 11070 pixels) colored white in the map 
is due to the data missing in the original map of wind speed. 

4.2. Factors for optimizing location 
In addition to the constraints discussed above, five key factors that can 
influence the priority of each suitable area were elaborated. For 
illustrating the rank of priority, a consistent rating scale (1 to 5) was 
assigned to each factor in the first step, and then all of those factors were 
combined together into an overall suitability index map. This was based 
on a weighing system which reflected the priority of each factor. Due to 
the lack of participants and resources, a Delphi method was not 
implemented in this paper, but two alternative scenarios of weighing 
systems were processed for a comparative study as a compensation for 
this. 

 
Fig. 12 Overall Boolean map reflects suitable and unsuitable areas 
for wind energy. 
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Fig. 13 Grades for the wind speed. 

4.2.1. Rating scale for each factor 

The key factors selected in this study were wind speed, slope degree, 
distance to road, distance to national grid and types of land cover, since 
they can substantially influence the total investment, technical feasibility 
and level of environmental impacts of wind energy projects in practice. 
The criteria used for deciding the grades of each factor could be more 
subjective and flexible than those for constraints. In this paper, a linear 
dependence principle, which was utilized in previous research (Eriksson 
and Mattisson, 2008; Aydin et al 2010) in analyzing fuzzy factors, was 
adopted for assigning grades to the former four factors. The criteria used 
for the last factor were based on the information gained from literature 
and empirical knowledge.  

Wind speed 

As the key indicator of the wind resource, the annual average wind speed 
was regarded as one of the most crucial factors in the wind farm siting 
procedure. The wind speed within the study area was estimated as from 
4.7 m/s to 7 m/s which fit the operational requirements of wind 
turbines (cut-in speed should be above 4 m/s while the cut-out speed 
should be 25 m/s). Therefore a liner relation was set as the principle for 
calculating the priorities of a certain area (Fig. 13). Since the higher the 
speed is the more the location is preferred in practice, the grade rang was 
classified as: “1” refers to 4.7 – 5 m/s; “2” refers to 5.1 – 5.5 m/s; “3” 
refers to 5.6 – 6 m/s; “4” refers to 6.1 – 6.5 m/s; and “5” refers to 6.6 - 
7 m/s here (Fig. 17). 

Slope 

As discussed above, slope degree may influence the technical feasibility 
of wind power projects during the construction period, and areas with 
above 30% degrees of slope were excluded as unsuitable locations for 
turbine installation. In this section, the slope in a specific area will be 
considered as a factor that comply with the principle, that the flatter the 
surface is the more suitable the location will be. The calculation here 
followed a linear relation as well (Fig. 14), and the grade range was 
classified as: “5” refers to 0% – 6%; “4” refers to 7% – 12%; “3” refers 
to 13% – 18%; “2” refers to 18% – 24%; and “1” refers to 25% - 30% 
(Fig. 17). 

Distance to road 

The distance to road is crucial in balancing the total investment for wind 
energy projects. In general, the shorter the distance to a road, the more 
the area will be favorable for installing wind turbines. However due to 
safety consideration, a 50 m buffer distance was regarded as a minimum 
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distance from wind turbines to main roads. In this case study, the 
distances to roads from all territories within the Västmanland County 
were limited to 2000 m except for a few water bodies, which were 
neglected in the calculation. Therefore the grades were assigned to the 
distance range between 50 m to 2000 m based on a linear relation. All 
distances that were beyond 2000 m were assigned as “1” (Fig. 15). More 
specifically, the grade range was classified as: “5” refers to 50 m – 440 m; 
“4” refers to 441 m – 830 m; “3” refers to 831 m – 1220 m; “2” refers to 
1221 m – 1610 m; and “1” refers to 1611 m – 2000 m (Fig. 17). 

 
Fig. 14 Grades for the slope. 

 
Fig. 15 Grades for the distance to road. 

 
Fig. 16 Grades for the distance to grid. 
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Table 3 Grades for different types of  land cover. 

Land cover Grade Explanation 

Different types of Urban areas 0 Constraints with buffer zone. 

Industry, commercial, public service, 
military use 

0 Constraints with buffer zone. 

Road and rail networks 0 Constraints with buffer zone. 

Airport 0 Constraints with buffer zone. 

Gravel and sand, landfill and 
building sites 

0 Constraints with buffer zone. 

Different types of recreation areas 0 Constraints with buffer zone. 

Different types of farmlands 1 

Possible location with relatively low suitability due to the 
protection of farmland, however some of those places are 
not absolutely forbidden for construction and may have 
good wind resources. 

Different types of forest 2 

Possible but controversial location. Some of them may 
belong to excluded areas like natural reservation areas, 
however, forest in general should be regarded as suitable 
place for wind energy especially when modern turbines 
are becoming higher and higher. 

Bush and other sparse vegetation 3 
Suitable place for wind power place even through some 
of them may belong to protected areas. 

Open land with bare rock 4 Preferred location. 

Grass land 5 Preferred location 

Glaciers and permanent snowfields 0 
No relative reference could be found, they are considered 
as unsuitable areas due to the low temperature and icing 
risk. 

Different types of wetland 0 Constraints with buffer zone. 

Different types of water bodies 0 Constraints with buffer zone. 

 

  

Legend 
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Distance to road Distance to grid Types of land cover 

Fig. 17 Index maps reflect each factor. 
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Distance to grid 

As mentioned before, the excluding criteria for the distance between 
wind turbines to the grid are less than 200 m and longer than 10 km. 
Accordingly, since the wind farms should be located as close as possible 
to the national grid, the grades assigned to this factor followed a negative 
linear relation as well (Fig. 16), and the grade range was classified as: “5” 
refers to 200 m – 2176 m; “4” refers to 2177 m – 4152 m; “3” refers to 
4153 m – 6128 m; “2” refers to 6129 m – 8104 m; and “1” refers to 8105 
m – 10000 m (Fig. 17). 

Types of land cover 

Besides the types of land cover that were excluded by constraints, all the 
other types were treated as factors that could influence the priority of a 
certain area. These types of land cover were evaluated and assigned with 
different grades based on the literature review and empirical knowledge. 
Table 3 illustrates the details for each of them and the results can be 
found in the previous page (Fig. 17). 

4.2.2. The weighing system and the overall suitability index map 

The weighing system is the bridge for combining different factors when 
conducting the MCE method. In this case, the weighing score assigned 
to each factor represents its weightiness in deciding the overall suitability 
of certain areas for locating wind power plants, and the summation of all 
weighing scores will always equal to 1 or 100%. The rationale behind this 
particular weighing system, which was mainly based on the paper by 
Tegou et al. (2010) and the specific situation in the study area, is 
presented in Table 4 with a list of exact weighing scores assigned to each 
factor. The overall suitability index map is presented in the next page 
(Fig. 18). 

Table 4 Weighing score for each factor. 

Factor Weighing  Explanation 

Wind speed 0.35 
Wind speed will determine the output of the 
wind power plants, therefore should be 
regarded as the most crucial factor. 

Slope 0.1 

Slope as a technical factor which could be 
overcome with higher investment, and in 
the study area, the slopes of the majority of 
land are very flat. 

Distance to road 0.15 

Distance to road is another technical factor 
which could be overcome with higher 
investment, but its influence on the total 
investment could be higher. 

Distance to grid 0.15 Similar to the Distance to road. 

Types of land cover 0.25 

Types of the land cover is relatively 
important since it might hinder the wind 
farm installation and/or licensing and 
influence the quality of wind resources 
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Fig. 18 Overall Index map reflects levels of suitability of certain 
areas for wind energy development in Västmanland County. The 
higher the grade is the more suitable the area is and the white 
color represents unsuitable areas. 

5. RESULTS AND DISCUSSION 

5.1. The final result 
Based on the overall Boolean map and the overall suitability index map 
generated in the last chapter, the final result were produced by a raster 
multiplication in ArcGIS software and illustrated in the next page (Fig. 
19). According to the final map, nearly 445.6 km2 areas (represented as 
grade of 2 to 5 in the map) were calculated as suitable locations for wind 
energy development in Västmanland County. Around 6% of the total 
territory (or 342.3 km2) could be regarded as optimal locations (assigned 
with the grades 4 and 5 in the map). 

According to the experience in Denmark, to arrange turbines within a 
specific wind power plant should comply to the restriction that the 
distance between two wind turbines must be over 3 to 4 times of the 
rotor diameter (namely 240 m to 320 m in this case) for avoiding 
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turbulent flow and mitigating aesthetic issues (Energistyrelsen, 2009). 
Therefore, highly suitable locations for installing a wind power plant 
with over 20 turbines, namely the capacity of 40 MW in this case, are 
scarce in the study area based on the final results. 

5.2. The comparative study 
Due to the existence of controversial and negotiable criteria and 
weighing systems in processing constraints and factors in this research, 
this section is devoted to provide several alternative scenarios, as a 
comparative study or a so called “what if” study. This can help to 
illustrate and improving the knowledge of the effects brought by 
different preferences to the final decision. There are in total seven 
alternative scenarios involved in this section: five where the constraint 
criteria were adjusted and two with different weighing systems, as 
elaborated in the following text. 

 
Fig. 19 Final result of suitable locations for wind energy 
development in Västmanland County. 

 



You Li TRITA LWR Degree Project 13:16 

 

34 

 

Table 5 List of  adjusted constraints. 

Constraints Former criteria Adjusted criteria 

Distance to grid > 200 m and < 10 km > 200 m and < 5 km 

Distance to single houses 500 m 1 km 

Distance to water bodies 100 m 400 m 

Distance to wetlands 100 m 400 m 

Distance to airport 2.5 km 3 km 

Alternative scenarios for constraints 

As mentioned previously, research from different countries propose 
diverse criteria for the constraints which are designed for excluding 
unsuitable areas due to different technical, economic and legislation 
background. In the modeling, relatively loose criteria for constraints were 
adopted, however, in the comparative study, more strict criteria will be 
processed. Table 5 below listed all adjusted constraints, and the 
outcomes can be found in the bottom figure (Fig. 20). 

According to the histogram, the change of buffer distance from wind 
turbines to single houses can bring significant changes to the final result. 
Since the main concerns behind the buffer zone for single house are 
noise and visual issues, it is crucial for investors to choose reasonable 
criteria that are used to set buffer distances from single houses to wind 
farms, in this case if they want to gain support from local residents. The 
difficult position is that there is no consensus on the optimal size of 
buffer zones for houses yet, and the scenarios processed in this paper 
can hardly be seen as the best choice. What we can expect is the progress 
that further research may bring and the innovation of technology and 
design in this field.  

 
Fig. 20 Alternative results based on the adjusted constraints, the columns of final 
result are based on all adjustments for the five constraints. 
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Moreover, the dramatic decrease of suitable areas (from round 8% to 
less than 1% of total territory) due to the adjustment of buffer distances 
to water and wetlands (from 100 m to 400 m) was noticeable. Both water 
and wetlands are crucial to local ecosystems, and thereby should be 
treated modestly. For countries with a large number of water bodies like 
Sweden, deciding the proper size of buffer zones for water and wetlands 
could be even more crucial for achieving a balance between protecting 
ecosystems and finding sufficient land for development. In this case, 
although the 100 m buffer distance was primarily considered due to the 
Environmental Code in Sweden, 400 m might be more reasonable based 
on experience from other countries and the concern of biodiversity.  

These changes caused by adjusted criteria highlight the significant effects 
of each essential issue involved in the planning process. Since space for 
negotiation about certain criteria always exists in real projects, how to 
involve stakeholders from different sectors and make their appeal be 
considered could be a crucial factor for figuring out reasonable criteria 
and then achieving optimal results.  

Alternative scenarios for weighing system 

The two alternative scenarios for weighing system considered in this 
research are: 1) assigning all factors with the same weights; 2) ignoring 
the factor of slope since it is not crucial in differentiating locations 
within the study areas while increasing the weighing of land types to the 
same level as wind speed. More specifically, the new weighing system in 
this scenario will be: 0.3 for wind speed and types of land cover, 0.2 for 
distance to road and grid. The result maps of these two scenarios are 
presented below (Fig. 21), and the changes in the proportion of different 
priority can be found in the next page (Fig. 22). 

 

Fig. 21 Alternative results based on the adjusted weighing system, map on the left is 
based on the scenario uses same weight for each factor which the right one 
represents the weight system which ignoring the factor of slope. 



You Li TRITA LWR Degree Project 13:16 

 

36 

 

 
Fig. 22 Changes of results based on different weighing systems, 
the scenario 1 in the histogram refers to the scenario uses same 
weight for each factor while scenario 2 represents the weight 
system which ignoring the factor of slope. 

This histogram (Fig. 22) implies that the adjustment of the weighing 
system can also bring considerable changes to the final results, especially 
for the areas with suitability grades 3 and 4. Even through no universal 
conclusion could be generated by this result since the landscape, social 
and ecological environments differ from place to place, the importance 
of designing a reasonable weighing system which represents the balance 
of different interests has been accentuated. 

5.3. The potential errors and limitations 
In addition to those controversial criteria for constraints, factors and 
weighing system, there are several types of potential errors and problems 
that may influence the correctness of the final result. Firstly, the 
outcomes generated by computer models are not indisputable since the 
real conditions are inevitably simplified in the modeling process. One 
example in this paper is that all the conditions beyond the boundary of 
the study area have been ignored in this study but will indubitably 
influence the results and the decision in the real word. Secondly, the 
correctness of the original data can hardly be guaranteed because some 
of them, such as the wind speed map, are even based on estimation from 
another model. Thirdly, the GIS system has its limitations in simulating 
the real world due to the accuracy and precision of map data. Fourthly, 
this kind of laboratory-based research is short of firsthand observations 
about study areas which could cause the pretermission of important 
information in the real world. Fifthly, due to lack of data, some issues are 
simplified or ignored in this study which may not be accepted for real 
projects. Last but not least, even though interviews and questionnaires 
were prepared and expected to be implemented during this thesis project, 
feedbacks from invited experts were mostly impossible to gain and 
thereby the majority of the discussion about the criteria, constraints and 
factors involved were based on the literature review which may lead to a 
more narrow approach of the methodology. 
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6. CONCLUSION  

Wind energy as a gradually matured renewable energy source has gained 
a rapid development around world over the last two decades and is 
expected to continue growing in the coming future. In Sweden, there is 
an ambitious plan to treble the overall capacity of wind power plants by 
2020. To achieve this goal without demolishing social-ecological 
environments during their installation, careful site selections are of great 
importance. 

Based on a comprehensive discussion about technical, economic, 
planning, environmental and social issues involved in the wind power 
plant siting process, this study provided a practical experience of utilizing 
GIS tools with the MCE method in mapping suitable locations and the 
prioritization of sites for wind energy development in Västmanland 
County of Sweden. However, this study cannot provide specific 
assessment of micro-environments for individual sites, while EIA or a so 
called “micro-siting” process is required for a further and more 
exhaustive investigation. 
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APENDIX I  –  CRITERIA SELECTED FOR CONSTRAINTS  

Constraints Criteria 

Wind speed Over 4 m/s 

Slop Less than 30% 

Soil type Not grave and sand 

Distance to road Over 50 m 

Distance to grid Over 200 m but less than 2 km 

Urban area 2 km buffer distance 

Single houses 500 m buffer distance 

Natural reserved areas 1 km buffer distance 

Ecological sensitive  500 m buffer distance 

Water bodies  100 m buffer distance 

Wetlands 100 m buffer distance 

Recreation areas  450 m buffer distance 

Historic buildings and cultural valuable areas  1 km buffer distance 

Airport  2.5 km buffer distance 

Mine and dump areas with  100 m buffer distance 

Commercial and industrial areas  250 m buffer distance 
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APPENDIX II  –  CONSTRAINTS OF PLANNING AND 

REGULATIONS FROM DIFFERENT COUNTRIES  

Constraints Reasons Criteria Countries 

Urban Areas 
Visibility, 

Noise 

2000 m to city;  

1000 m to town 

Vietnam (Aydin et al., 2010), Turkey 

(Aydin et al., 2010) ,UK (Baban and 

Parry, 2001), USA (Haaren and 

Fthenakis, 2011) 

Single house  

Visibility, 

Noise,  

Safety 

500 m away 

Turkey (Aydin et al., 2010), UK (Baban 

and Parry, 2001), USA (Haaren and 

Fthenakis, 2011), Poland Szkliniarz and 

Vogt, 2011) 

4 times of total height of 

plants away 

Denmark (Miljøministeriet Naturstyrelsen 

Website) 

Natural areas 

Environment 

and 

ecological 

values 

1000 m to ecologically valued 

areas;  

400 m to water bodies;  

250m to ecologically sensitive 

areas 

Turkey (Aydin et al., 2010) 

1000 m to areas of ecological 

value/special scientific 

interest; 

500 m to woodland; 

400 m to water bodies; 

UK (Baban and Parry, 2001) 

500 m to natural reserves; 

200 m to landscape parks; 

500 m to ecological areas; 

500 m to ecological cooridors 

200 m to forest 

500 m to protected forest 

100 m to nature monuments 

500 m to Natura 2000 

Poland (Szkliniarz and Vogt, 2011) 

Wildlife 

conservation 

area 

Wild animals  

500 m to wildlife conservation 

area;  

300 m to nature reserves 

Turkey (Aydin et al., 2010) 

1000 m to special protection 

of birds;  

500 m to other special 

protection of habitats; 

5000 m to habitat of migrating 

birds 

Poland (Szkliniarz and Vogt, 2011) 

Special 

reserved lands 
Regulation 3000 m to Indian lands USA (Haaren and Fthenakis, 2011) 
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Historic sites 

Historical/ 

cultural 

resources 

1000 m away UK (Baban and Parry, 2001) 

Cultural sites 

Historical/ 

cultural 

resources 

1000 m away Poland (Szkliniarz and Vogt, 2011) 

Airport 
Safety,  

Visibility 

2500 m away 
Vietnam (Aydin et al., 2010), Turkey 

(Aydin et al., 2010),  

3000 m away  Poland (Szkliniarz and Vogt, 2011) 

Military land 
Military 

resources 

12000 m to military airfields; 

5000 m to military ranges 

Denmark (Miljøministeriet Naturstyrelsen 

Website) 

Industry and 

commercial 

areas 

Safety, 

Economic 

development 

250 m away  Poland (Szkliniarz and Vogt, 2011) 

Recreation 

areas 

Safety,  

Public 

interest 

450 m away Poland Szkliniarz and Vogt, 2011) 

Mine and 

dump areas 

Safety, 

Economic 

development 

100 m away Poland (Szkliniarz and Vogt, 2011) 

 


