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ABSTRACT 

 

With more and more countries transforming their energy focus onto renewable energy, the 

growth of wind energy is at its all-time high. Despite being a relatively new technology, 

offshore wind has thrived rapidly in the past decade. Sweden has been incorporating 

offshore wind energy into marine spatial planning (MSP) and national interest in energy 

production with a view to realizing the national goals of 100% renewable electricity 

generation by 2040 and net zero emissions by 2045.  

 

The goal of this study is to identify locations that are suitable for harvesting wind energy 

resources in nearshore sea areas of Sweden, with the consideration of social, 

environmental, economic, and technical criteria. The spatial analysis was performed by 

the combination of Geographical Information System (GIS) and Multi-Criteria Decision 

Analysis (MCDA). Analytical Hierarchy Process (AHP) was the MCDA method adopted, 

where the criteria, including 11 constraints and 5 factors, were identified and examined by 

processes of weighted linear overlay (WLC) and Boolean overlay respectively. Then, the 

suitability index (SI) was computed and a suitability map, showing 4 classes of suitability, 

was generated. 

 

The results show that less than half of the Swedish coastal sea areas are highly or fairly 

suitable for offshore wind power development, while the rest was unsuitable. The 

unsuitable areas were mainly a consequence of the constraints of protected areas and 

military-related claims. The results were also compared to the areas indicated in the 

municipal plans for wind power, the national interest for wind energy production, as well 

as the existing and rejected wind turbines. This indicated that the study results correspond 

well with them and that the space for offshore wind energy is still plentiful despite the 

large exclusion area. The applied methodology and results of this study can be a stepping 

stone to planning authorities and developers in the planning decision-making process.  
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CHAPTER 1. INTRODUCTION  

 

Wind power is one of the fastest-growing renewables in the world as the capacity of wind 

production has grown by a factor of 75 in the past two decades (IRENA, 2020). While 

modern onshore wind has been in development for the past 40 years, offshore wind has 

only emerged for a decade or so. However, offshore wind energy has tremendous potential 

owing to the benefits like abundant wind resources, technology advancement, cost 

reduction, low visual intrusion, etc. (IRENA, 2021). In the past decade, the amount of 

global offshore wind energy generated has risen by 30% each year as a lot of countries are 

on course to cutting down the reliance on fossil fuels and meeting their respective goal of 

carbon emissions. (Gourvenec, 2020).  

 

Sweden is aiming at complete renewable electricity generation by 2040 and net zero 

emissions by 2045. It is expected that wind and hydropower will play a major role in 

achieving the goals (SWEA, 2019). There are two main guiding factors that affect the 

country’s wind power expansion, which are the national objectives of renewable energy 

and the zones of national interest for wind power (SEA, 2013). Each municipality in 

Sweden then follows these leads to make their own Municipal Comprehensive Plan for 

wind power. There are 87 municipalities with sea territory stretching up to 12 nautical 

miles (22.2 km) from the shoreline and they can conduct any marine planning within the 

territory border. However, according to the Swedish County Administrative Boards 

(Länsstyrelserna; 2020), only 23 have developed such plans for offshore wind energy. 

 

In June 2015, Sweden issued the marine spatial planning ordinance (2015: 400) and 

initiated the process of planning on a national level, led by the Swedish Agency for Marine 

and Water Management (SwAM). The marine spatial planning (MSP) pinpointed the areas 

dedicated to offshore wind power generation, as well as twelve other uses. The plan was 

divided into three areas, which are the Gulf of Bothnia, Baltic Sea, and 

Skagerrak/Kattegat, covering both territorial water and the Exclusive Economic Zone 
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(EEZ). Nevertheless, it does not cover the Swedish coastal waters. This implies that there 

is a gap between land and sea, where there has not been exclusively assessed for the 

potential and suitability of wind power. Figure 1 shows the MSP area and this gap, which 

is determined to be the area under investigation in this study. This gap covers areas for 

both nearshore and far offshore wind energy.  

 

Figure 1. MSP area and study area 
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The term “nearshore wind energy” has been adopted by news and journal articles, but its 

definition is ambiguous. There were only two definitions found among all the articles. The 

Danish Energy Agency (Energistyrelsen; 2012) defined it as wind farms between 4 and 

20 km to the coast, while Jacobsen, et al. (2019) defined it as turbines up to 15 km off the 

coast. In this study, the nearshore wind would be in accordance with the second definition 

as studies showed that the visual impacts beyond 15 km off the coast are negligible so that 

there is no trade-off between development cost and visual impacts (Hevia-Koch, et al., 

2018; Jacobsen, et al., 2019). Accordingly, the majority of the study area falls under the 

definition distance of nearshore, with the small remainder being far offshore. 

 

Nearshore wind energy is generally more cost attractive than the further offshore one due 

to its close proximity to the shore while enjoying similar wind resources. Being closer 

means shallower water, shorter connection, shorter transportation, and even dropping the 

need for an offshore substation (Jacobsen, et al., 2019). However, the cost reduction will 

only be significant if the nearshore site has considerably shallower water than that of the 

further offshore site (Jacobsen, et al., 2019). The public acceptance might also be lower in 

a nearshore context as a result of the stronger disturbance and impacts of the wind farms 

(Wolsink, 2010).  

 

In this study, site spatial analysis will be carried out in Geographic Information System 

(GIS), which captures, manages, analyzes, and maps data. Multi-Criteria Decision 

Analysis (MCDA) will also be adopted because it can incorporate different interests in a 

decision-making process so that consensus can be reached more easily. The approach of 

MCDA will be Analytical Hierarchy Process (AHP) on which the study methodological 

framework will be based. It is an organized decision-making process where weighted 

factors are generated and pairwise comparison methods are used. In fact, the combination 

of GIS, MCDA, and AHP is not uncommon in site suitability analysis (Cegan, et al., 2017). 
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The purpose of this study is to identify sites that are suitable for harvesting wind energy 

resources in coastal sea areas of Sweden using MCDA. To help achieve the research goal, 

three research questions were formulated: 

• Which are the limiting and influential criteria in the development of offshore wind 

farms? 

• Which are the areas that are suitable for wind power development with minimum 

environmental and social impacts, cost, and favorable power production?  

• To what extent are the suitable areas suited for wind power development? 

 

The paper is organized as follows: 

In the next chapter, a literature review is carried out to build the knowledge foundation for 

this research, identify the knowledge gap, and evaluate the different methodological 

options for this research. In Chapter 3, the methodology of the study, as well as the data 

collected, are described in detail. Chapter 4 presents the results of the study with maps, 

tables, and statistics. Chapter 5 is the discussion of the study, where the results are 

explained, interpreted, and compared to other studies, spatial plans, as well as current wind 

farm configurations in Sweden. Finally, Chapter 7 is the conclusion of the study. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1 Impacts of Wind Power  

 

Energy planning is done by neither a single thought nor an individual, but rather a complex 

decision problem with the involvement of different benchmarks like social, economic, 

environmental, and technical (Kumar, et al., 2017). Some parts of this complex problem 

originate from the intrinsic impacts of wind turbines, as they create opposition from the 

public, lowering the acceptability of an energy development project and even of the whole 

energy form (Tabassum-Abbasi, et al., 2014). 

 

2.1.1 Ecological Impacts 

 

Wind turbines produce impacts on wildlife and human. For ecological impacts, the focus 

is usually on avifauna. Birds and bats can be harmed or killed by collision with turbine 

structures like rotor blades, nacelles, and towers, as well as wind-farm-associated 

structures like meteorological masts and power lines (Garthe & Hüppop, 2004). The 

immense pressure difference behind the rotating rotor can also strike them down (Lawson, 

et al., 2020). To reduce the risk of bird collision, passive methods like keeping distance to 

bird/bat habitats and nature reserves, as well as active methods like bird detection systems 

can be adopted (Aschwanden, et al., 2018). In addition, wildlife also suffers from impacts 

stemmed from wind power development, such as habitat loss and breeding rate reduction 

(Schaub, 2012).  

 

In the offshore context, wind turbines can bring both adverse and positive effects to marine 

life. In the construction phase, a lot of noises can be generated from processes such as 

pile-driving, which is the most severe noise emitting source that can reach up to 262 dB 

(Thomsen, et al., 2006). Marine mammals, which rely on their hearing systems for 

orientation, communication, and finding prey, could be hampered. However, studies show 
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that operational noises have a low chance of causing permanent or severe hearing damage 

(Wahlberg & Westerberg, 2005). On the contrary, offshore installations can create new 

habitats by acting as new artificial biotopes for benthic organisms as well as provide 

shelters against currents and good breeding conditions for fishes (Leonhard, et al., 2011). 

 

2.1.2 Impacts on Humans 

 

On the other hand, noise pollution, visual intrusion, and shadow flickers are the common 

impacts of wind turbines on humans. For noise pollution, aerodynamic noise instead of 

mechanical noise is usually the main issue for modern wind turbines. The rotating blades 

generate the rhythmic “swishing” sound when the trailing edges interact with turbulence 

in the boundary layer (Tonin, 2012). Besides, when it is at night and everyone desires 

silence, the wind blows stronger at the same altitude, the rotor rotates faster, more noise 

is emitted, and the noise travels farther due to the change in wind profile (Berg, 2004). 

 

For visual intrusion, the perceived intrusiveness is dependent on the landscape 

characteristics as a wind turbine placed on a vast terrain would be seen as less intrusive 

than placed on a valley or a small island (Tabassum-Abbasi, et al., 2014). It was also found 

out that a group of wind turbines placing close to one another would be seemed as more 

intrusive than the scattered ones (Bergsjo, et al., 1982).  

 

For shadow flickers, it was found that the perceived annoyance decreased significantly 

when the flicker frequency was lower than 3 blade passes per second (Tabassum-Abbasi, 

et al., 2014). Additionally, since the course of the sun changes within a year, a specific 

spot will only be affected by shadow flickers for a specific duration each year, but this 

implies that the total impact area is larger. It was also reported that flickers and perceived 

noise are associated as people tend more to report noise disturbance when they receive 

more flickers (Ryberg, et al., 2013). 
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All in all, the health effects of wind turbines on humans are minor. While noise can give 

people health problems, such as psychological effects (e.g. anxiety), other impacts are 

usually subjective effects, like nuisance and dissatisfaction (Stojčetović & Velinov, 2014).  

Besides, the impacts are much less significant when the wind farm is built at a considerable 

distance far away from the shore (Bishop & Miller, 2007).  

 

While both onshore and offshore wind farms have rather low impacts on the environment 

(compared to other energy), their respective impacts cannot easily compare to each other, 

since the marine environment is very distinct and every project should be investigated 

individually (Kaldellis, et al., 2016). It was also pointed out that there is a lack of deep 

knowledge on the social and environmental impacts of offshore wind energy (ibid.). 

Nonetheless, because of all the potential impacts, it is important to make sure that wind 

farms are developed with a buffer distance to dwellings and valuable wildlife habitats. 

 

 

2.2 GIS and Wind Power 

 

All renewable energy projects face spatial restrictions. GIS act as a tool to gather, manage, 

compile and display the data of the restrictions. GIS-based approaches have been used for 

different wind power-related studies. One of the most common applications of GIS in 

wind power is identifying optimal locations for wind power development. This has been 

done on different scales around the world. Moreover, not only is GIS used for wind 

resource mapping and site analysis, but also for examining different trade-offs among 

interests. For instance, Eichhorn & Drechsler (2010) studied the trade-off between 

ecological impacts and wind power by utilizing a spatial model to find out the optimal 

distance of wind turbines to both habitats of endangered species and settlements. Minelli, 

et al. (2014) developed a GIS tool to quantify the visual impact of wind turbines, and 

Wróżyński, Sojka, & Pyszny (2016) further combined GIS-based analysis with 3D 
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graphics software to visualize the results of visual impact assessment. In addition, there 

are some other studies using GIS analysis combining with a comprehensive set of criteria 

of factors and constraints limiting the erections of wind turbines. Altogether, GIS is a 

versatile and very useful software that has been helping researchers to tackle all kinds of 

spatially related problems in wind power studies. 

 

Besides, it was identified that a lot of studies that conducted suitability analysis of offshore 

wind omitted the possibility of floating offshore wind turbines (FOWT), where narrow 

ranges of water depth were set (e.g up to 60 m) as suitable criteria (Gavériaux, et al., 2019; 

Mahdy & Bahaj, 2017). Modern FOWTs can be technically installed at a water depth of 

500 m at the deepest but there have been concerns about the cost of installations at great 

depths (Gourvenec, 2020; Murphy, et al., 2011). Studies show that the levelized cost of 

energy (LCOE) of FOWT can be as low as, and even lower than, bottom-fixed offshore 

wind turbines, even at deeper water (Lerch, et al., 2018; Myhr, et al., 2014). For instance, 

the LCOE of certain types of FOWT (e.g. Tension-Leg-Buoy, Tension-Leg-Spar, etc.) at 

a high water depth (e.g. 300 m) was examined to be lower than that of fixed-bottom wind 

turbines using the Jacket foundations at much shallower water (e.g. 40 m; Myhr, et al., 

2014). Therefore, from these results, it is reflected that wind energy development 

suitability analysis should not be limited to bottom-fixed wind turbines. That is, the water 

depth beyond the operation limit of bottom-fixed foundations should not be treated as 

“unsuitable” in the analysis. 

 

 

2.3 GIS and MCDA 

 

Studies that analyzed the applications and trends of MCDA in environmental sciences 

show that MCDA is widely used across different environmental applications (e.g. air, 

water, energy, and natural resources) and tool applications (e.g. GIS), and there is a 

constant growth of MCDA use in environmental sciences (Cegan, et al., 2017; Huang, et 
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al., 2011). From chapter 2.1, it is known that wind power installations produce a lot of 

impacts and the decision-making in a development process is very complex as there are a 

lot of different criteria of interest from different stakeholders that need to be met to reach 

a consensus. This is why MCDA and GIS, are complementary and practical. 

 

In MCDA, scores or ranks are applied to multiple criteria for each alternative and the 

criteria scores are accumulated to decide the best alternative. The weighting of each 

criterion is based on priorities and preferences. There are different MCDA methods and 

the selected MCDA method determines the details and equations used to compare the 

alternatives. There are a lot of different MCDA methods and some common ones used in 

environmental sciences are Analytic Hierarchy Process / Analytic Network Process 

(AHP/ANP), Multi-Attribute Utility Theory / Multi-Attribute Value Theory 

(MAUT/MAVT), Outranking approaches (e.g. Elimination and Choice Expressing 

Reality [ELECTRE]), Technique for Order Preference by Similarity (TOPSIS), etc. 

(Huang, et al., 2011). Note that it is common for MCDA methods to have derivatives 

developed, and ANP and MAVT are two examples that are derived from the main 

methodologies AHP and MAUT.  

 

A literature review conducted by Cegan, et al. (2017) revealed that AHP/ANP and 

MAUT/MAVT are the two most frequently used MCDA methods in environmental 

sciences. They also reported that in GIS applications, AHP/ANP is the most frequently 

used method, accounting for 37% of the literature; while MAUT/MAVT is the second 

most frequently used, accounting for 18%.  

 

Taking reference from the literature, it was decided that AHP would be the methodology 

of this study due to its practicality, simplicity, and credibility. AHP uses pairwise 

comparisons of the criteria, examining how much one is important than the other (Saaty, 

1990). After the criteria are identified and structured, the scores of criteria in different 

alternatives are weighted and summed, and then the consistency of the comparisons is 
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calculated. The total scores are then used to prioritize the alternatives. One can make these 

methods more advanced by including the uncertainty in scores and weights. More will be 

explained in Chapter 3 - Materials and Methods. 

 

 

2.4 GIS Analysis of Wind Energy in Swedish Offshore Wind 

 

There were only a handful of studies where a GIS-based approach was used to analyze 

sites for wind power development in Sweden. Siyal, et al. (2015) assessed the onshore 

wind energy potential considering geographic and environmental restrictions. They 

analyzed 2 restriction scenarios for land use constraints, where one of them did not take 

biodiversity and ecosystem services into account, while the other one did. By showing the 

results in 2 scenarios, the authors highlighted how significantly the environmental 

constraints reduce the total area of the potential sites for wind power development. In 

reality, only the scenario with the consideration of every environmental restriction is 

relevant because, in Sweden, not one single wind power project can be built ignoring the 

environmental criteria. 

 

Another study by Siyal, et al. (2016) used GIS to map out key economic indicators of 

onshore wind power in Sweden, which included annual saving, net present value, simple 

payback period, etc. Land use constraints and losses in wind energy were also taken into 

account. Although these studies quantified and visualized the wind power potential in 

Sweden, they were only limited to land area. The fact that they were not conducted using 

MCDA also could not accurately and adequately reflect the complex decision-making 

process in wind power project development, where some factors will outweigh the others. 

 

GIS together with MCDA were used by Kandy (2018) and Marcianò (2017) to locate 

suitable areas for wind power development in Västernorrland County and Kiruna 

Municipality respectively. The analyses were guided by social, economic, environmental, 
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and technical criteria and methods, such as AHP and pairwise comparison, were used. The 

results showed that suitable areas in the Northern Sweden were limited. Meanwhile, 

studies using both MCDA and GIS to analyze wind energy potential in whole-country 

scale, both in offshore and onshore contexts, in Sweden are absent. 
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CHAPTER 3.  MATERIALS AND METHODS 

 

3.1 Background  

 

When opting for sites for wind power project development, there are a lot of criteria to 

consider and analyze. They can be political, economic, social, cultural, environmental, and 

technical. Different parties and stakeholders have various preferences on the siting process 

and locations, based on their interests and concerns. All of this contributes to a 

complicated problem, which can be resolved by using MCDA as it consolidates all the 

criteria and preferences in a mathematical way that helps achieve a consensual location 

selection process (Ramírez-Rosado, et al., 2008). Besides, GIS provides a platform and 

tools for the spatial overlay analysis of that decision problem. Overlay analysis is a process 

of integrating different layers of datasets for analyzing and identifying the relationships 

between and within the layers. Therefore, this study utilized these tools intending to find 

a comprehensive solution for the problem.  

 

The adopted method for the MCDA is AHP, which was the backbone of the methodology. 

It was also the most widely used and established method in spatial overlay suitability 

analysis (Huang, et al., 2011). In the next section, the methodological process in this study 

is described with the illustration of the methodological framework. Then, the spatial data 

of different criteria are described in the subsequent section. 

 

Note that some tables and matrixes used in the methodological process will be referred to 

and presented in Chapter 4 – Results for the clarity of result presentation.  

 

3.2 Methodological Framework  

 

Studies of wind energy site suitability analysis have similar methodological steps. Based 

on the methodological procedure adopted by the studies by Latinopoulos & Kechagia 
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(2015), Peri & Tal (2020), and Tegou, et al. (2010), the methodological framework of this 

study was developed and illustrated in Figure 2. The main steps were: identifying and 

classifying criteria, standardization of criteria, using AHP to evaluate criteria weights, and 

using Boolean overlay and weighted linear combination to aggregate criteria. 

 

 

Figure 2. Methodological framework of the study 
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3.2.1 Defining the problem and processing criteria 

 

The first step of the study was to define the problem that was to solve, which was the aim 

of the study – identifying Swedish coastal sites that are suitable for offshore wind power 

development. After that, different criteria were identified. They should be specific and 

measurable. The criteria chosen in this study were all based on other literature where they 

were used successfully for solving similar problems (both onshore and offshore wind 

power site identification) and they are listed in the next section.  

 

The next step was to classify the criteria into factors and constraints. A factor was a 

criterion that can be weighted, and it increased or decreased the final suitability score 

according to its weight; while a constraint either allowed or excluded an alternative as a 

possible solution. Each criterion consisted of one map layer. For constraint criteria, they 

were expressed on a Boolean scale (1/0 or true/false) where the aim was to filter out the 

areas that were deemed as unsuitable by not meeting the constraints. Boolean mask layers 

were created for these constraints for later steps.  

 

On the other hand, there were more processing steps involved for the factor criteria layers. 

The factor criteria data gathered had different scales and units, so they had to be 

standardized before being compared and analyzed. They were standardized so that a 

continuous scale ranging from 0 to 1 was formed, where 0 was the least favorable and vice 

versa. 

 

3.2.2 Analytic Hierarchy Process (AHP) - Pairwise comparison 

 

After the standardization, each factor was assigned by a weight representing the relative 

importance of each factor in the overlay suitability analysis. This was done by AHP, which 

is based on pairwise comparison of criteria, where relative importance was given to each 
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pair of comparisons. The procedure, scale of relative importance, and the definitions of 

the importance intensity were based on the literature by Saaty (2008). The scale of relative 

importance contained absolute numbers from 1, which represented the equal importance 

of the two factors, to 9, which represented extreme importance for the first factor 

compared to the other. The definitions and explanations of this fundamental scale are 

tabulated in Table 1. The chosen values for the intensity of importance can base on 

personal judgment, experience, or knowledge (ibid.). 

 

Table 1. The fundamental scale of priorities in pairwise comparison (Saaty, 2008) 

Intensity of 

importance 

Definition Explanation 

1 Equal importance Two activities are equally important to the 

objective 

3 Moderate 

importance 

One activity is moderately more important 

5 Strong importance One activity is strongly more important  

7 Very strong/ 

demonstrated 

importance 

One activity is favored very strongly over the 

another; demonstrated to be much more important  

9 Extreme 

importance 

One activity is demonstrated to be important at 

the highest level 

2, 4, 6, 8 Compromise When compromise between the above odd 

numbers is needed 

Reciprocals (see explanation) When one of the above scores is assigned to a 

when compared to b, then a reciprocal value is 

used to b when compared to a (i.e. 9 = 1/9 or 

0.111) 

 

To do the pairwise comparison, a pairwise comparison matrix (see Table 6 in Chapter 4 - 

Results) was formed. Since there were 5 identified factors criteria in this study, there are 

5 rows and 5 columns in the matrix, representing the same factors (F1 to F5). Each cell in 

the matrix represents the importance comparison of the two respective factors on the left 
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and top. If the left factor is more important than the top factor, the assigned value would 

be or between 1 to 9 (e.g. 7), whereas the opposite cell (i.e. representing the same two 

factors but the row and column position is switched) would be the reciprocal (i.e. 

multiplicative inverse) of the number (i.e. 1/7) and vice versa.  

 

In this study, the scale values of relative importance were filled into the pairwise 

comparison matrix by taking reference from studies conducted by Mahdy & Bahaj (2017), 

Vasileioua, et al. (2017), and Bahaj, et al. (2020). The scores were decided based on how 

one factor is more/less important to affecting the project’s profitability compared to the 

other factor. From the studies, it was known that wind resource is the most important factor 

when it comes to wind power production as it determines the majority of the income. 

Therefore, in the matrix, wind speed always has scores larger than 1 when it is compared 

to other factors. It was also known that the depth of water is the second most important 

factor affecting the profitability of a project because of the great cost of substructure 

construction. That is why water depth has scores larger than 1 when it is compared to other 

factors apart from wind speed. The same comparing process was applied to the other 

factors and so the matrix was filled. 

 

After that, the matrix was normalized so that the sum of each column would be 1 (see 

Table 7). Finally, the average of the values on each row of the normalized matrix would 

be the weight (W) of the respective factor, and the sum of all the factor weights is equal 

to 1. 

 

3.2.3 Weighting consistency validation 

 

In order to validate the consistency of the weightings (i.e how consistent the pairwise 

comparison is being done), a few more steps of calculation were carried out to obtain the 

consistency ratio (CR). First, each value in each column in the pairwise comparison matrix 

(Table 6) was multiplied by the respective weight of the column’s factor, so that a new 



17 

 

matrix was formed (see Table 8). Then the values of each row were added up to generate 

weighted sum values (Ws), and the values were divided by their respective weights. The 

average of these values was λmax, which was used to find the consistency index (CI) by 

following the equation: 

𝐶𝐼 =
λ𝑚𝑎𝑥 − 𝑛

𝑛 − 1
(1) 

where n is the total number of criteria in the pairwise comparison. Finally, the consistency 

ratio was calculated using the following equation: 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
(2) 

where RI represents the random index, which is the consistency index for a randomly 

generated matrix and it is a fixed value depending on the number of criteria (see Table 2; 

Saaty, 1980). If the value of CR is less than 0.1, the pairwise comparison weighting is 

consistent; while a value greater than or equal to 0.1 means that the comparison is 

inconsistent, then the results will be unreliable (ibid.). In the latter case, the pairwise 

comparison matrix should be revalued, and the comparison should be recalculated. 

 

Table 2. Random indices (Saaty, 1980) 

n 1 2 3 4 5 6 7 8 9 10 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

 

3.2.4 Weighted linear combination and Boolean overlay  

 

At this point, the weightings for the factor criteria had already been obtained, the factor 

layers had been normalized, and the Boolean mask layers were also present. So, the next 

step was the weighted linear combination (WLC) along with Boolean overlay. The main 

purpose of this step was to correlate each cell with a combined satisfaction degree for the 

site selection and to identify the major priority sites in the study area (Latinopoulos & 

Kechagia, 2015). In other words, the individual standardized factor maps and constraint 
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maps were aggregated into a resultant suitability map, showing the computed suitability 

index (SI).  

 

In WLC, all the factors were multiplied by their respective weights followed by the 

summation of the products (Eastman, et al., 1995), i.e.:  

𝑆𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =∑(𝑊𝑖

𝑛

𝑖=1

𝑋𝑖) (3) 

 

where Wi is the weight assigned to factor i, Xi is the score of factor i, and n is the number 

of factors. Then, the Boolean overlay was conducted by the multiplication of the factor 

suitability score with the product ( ) of the constraints, so that the SI for each cell could 

be obtained. The mathematical representation is as follows:  

𝑆𝐼 =∑(𝑊𝑖

𝑛

𝑖=1

𝑋𝑖) ×∏𝐶𝑗

𝑙

𝑗=1

(4) 

 

where Cj is the constraint j, and l is the number of constraints (Eastman, et al., 1995; 

Mahdy & Bahaj, 2017).  

 

Finally, the SI was reclassified into 4 different classes based on the ones proposed by 

Höfer, et al. (2016) and they are shown in Table 3. 

 

Table 3. Suitability Classes (Höfer, et al., 2016) 

Suitability Class SI 

High 8 - 10 

Medium 5 - 7 

Low 1 - 4 

Not Suitable 0 
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3.3 Data Description  

 

As mentioned above, criteria are divided into constraints and factors. The criteria were 

identified with the consideration of environmental, social, economic, and technical 

aspects. Constraints are the areas that are restricted for wind power development while 

factors are the criteria that would affect the cost or profit of a wind farm. Some of the 

constraint data were added a buffer distance whereas some were not since buffers were 

already incorporated into the datasets when they were retrieved. All of the constraints are 

listed in Table 4, which also shows their buffer distances, data types, and sources. All of 

the data of factors, their exclusion ranges, types, and sources are listed in Table 5.  

 

3.3.1 Criteria - constraints 

 

Table 4. Constraints (Boolean) and their buffer distance, as well as the data type and 

sources 

Constraints Buffer 

distance (m) 

Data type Source 

Airports / airfields 2 500 Vector (polygon 

and  point) 

OpenStreetMap (2018) 

Helipads 1 800 Vector (point) OpenStreetMap (2018) 

Protected areas 500 Vector (polygon 

and  point) 

Lantmäteriet (2021) 

Defence-related 

areas 

0 

(incorporated) 

Vector (polygon) Lantmäteriet (2021) 

Bridges 200 Vector (line) OpenStreetMap (2018) 

Cables and 

pipelines 

200 Vector (line) OpenStreetMap (2018); 

Swedish Agency for 

Marine and Water 

Management (SwAM, 

2018) 

Shipping routes 0 

(incorporated) 

Vector (polygon) Swedish Agency for 

Marine and Water 

Management (SwAM, 

2018) 
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Marine terminals 1 000 Vector (point) OpenStreetMap (2018) 

Lighthouses 1 000 Vector (point) OpenStreetMap (2018) 

Urban areas 1 000 Vector (polygon 

and  point) 

OpenStreetMap (2018) 

Residential 

buildings 

500 Vector (polygon 

and  point)s 

OpenStreetMap (2018) 

 

• Airports, airfields, and helipads 

Wind turbines are tall, and they create turbulence. It is important to locate them far away 

from airports and airfields, as well as their taking off and landing paths. Buffer areas with 

2500 m diameter were created for airports and airfields with reference to the studies by 

Nguyen (2007) and Siyal, et al. (2015). On top of that, the Swedish Armed Forces 

(Försvarsmakten) have highlighted the influence area of major civil and military airports, 

which is larger than the set buffer area, so they were also deemed as buffer areas. 

 

Besides, wind turbines create suction effects, which will affect the safety of nearby flying 

helicopters. Bakke (2016) studied 3 influencing phenomena, which are the vortex behind 

the rotor, the velocity deficit right behind the turbine, and the growing turbulence further 

downstream. He recommended that a distance of more than 8 times the wind turbine rotor 

diameter should be kept for safe helicopter travel. Therefore, the buffer diameter of 

helipads was set to be 1 800 m. 

 

• Protected Areas 

Protected areas are set for the protection of nature and natural monuments. There are nine 

different types of protected areas from different institutions incorporated in this study. 

Some of their coverage areas overlap one another. They were given a 500-m buffer zone 

in line with the literature from Baban & Parry (2001), Krewitt & Nitsch (2003) and 

Nguyen (2007). The types of protected areas and their descriptions are listed below. 

 

1. National Parks – formed to preserve a larger adjacent area of a specific landscape 

type in its natural state or a considerably unchanged condition. 
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2. Nature reserves - formed by county administration boards or municipalities in 

accordance with the Environmental Code. They are mainly for the purpose of 

preserving biodiversity, conserving natural environments, and meeting the needs 

for outdoor recreation uses.  

 

3. Nature conservation areas – allocated by county administration boards or 

municipalities with the support of the Nature Conservation Act. They were 

established with the aim to preserve the landscape, especially in coastal areas, but 

the form of protection is weaker than nature reserves.  

 

4. Natural monuments – natural objects that need special protection or care as they 

are of great importance to the conservation of biodiversity. They were selected by 

the county administration boards or municipalities. 

 

5. Animal and plant protection areas – formed by county administration boards or 

municipalities and intended as a complement to the other conservation regulations 

that are not sufficient to protect a sensitive species from disturbance or damage. 

 

6. Marine protected areas according to HELCOM – established by the Baltic Marine 

Environmental Protection Commission, an international organization, in the 

Helsinki Commission (HELCOM) with the aim to protect valuable marine and 

coastal habitats from all sources of pollution, as well as to preserve biodiversity.  

 

7. Marine protected areas according to OSPAR – formed in the OSPAR Convention, 

which was signed by 15 European countries (including Sweden) and has the aim 

to protect the marine environment of the Northeast Atlantic. 
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8. Protected areas, Species and Habitats Directive (Natura2000) – a network of 

protected areas throughout the EU, containing species or habitats that are 

particularly worthy of protection from a European perspective. 

9. Protected areas according to Ramsar Convention – areas established from the 

international treaty for the sustainable use and conservation of wetlands and 

aquatic environments. 

 

All of the above areas were in the form of polygon vector data with the exception that 

natural monuments could be both polygon and point. 

 

• Defense-related areas 

The Swedish Armed Forces have drawn several types of zones that are important to the 

military part of the total defense but would avert the development of wind power projects 

at the same time. They include Minimum-Safe Altitude (MSA) areas connected to military 

airports, low-flying areas, civilian and military airports together with their influence areas 

(as mentioned in the previous part), national interest areas for defense located at the sea, 

prohibited areas for tall objects, prohibited areas for wind turbines, influence areas of 

weather radar linked to military weather service, and other military-related areas. All of 

these areas would be avoided in the analysis and were treated as Boolean masks.  

 

• Bridges, cables, and pipelines 

Wind turbines should be kept at a distance from main roads and railways, including 

bridges, for safety reasons. When developing a wind power project in nearshore areas, this 

constraint should be considered. The buffer distance was set to be 200 m with reference 

to the studies by Baseer, et al. (2017) and Siyal, et al. (2015). Likewise, a 200-m distance 

buffer was also set between underwater cables/pipelines and sites for wind power project 

development for safety reasons. 
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• Shipping routes and marine terminals 

Ships should not go into or close to a wind farm for obvious safety reasons. There would 

be no buffer needed as the areas for shipping lanes are general and inclusive of all the 

usual routes with extra space (SwAM, 2018). Also, owing to the same reasons, marine 

terminals, which include ports and harbors, were also buffered with a distance of 1 000 m. 

 

• Lighthouses 

No other studies were found to incorporate lighthouse as a constraint, but considering 

wind turbines might block the light beams emitted by lighthouses and thus obstructing sea 

navigation, a buffer distance of 1000 m was set. 

 

• Urban areas and residential buildings 

Wind turbines are usually built away from urban areas and settlements, due to the impacts 

discussed in the last chapter, as well as other hazards like ice throw. In the offshore 

context, when a wind farm is planned to be built far enough away from the shore, these 

types of disturbance and hazards towards the public can be neglected (Jacobsen, et al., 

2019). However, since the study area incorporates nearshore zones, urban areas (i.e. cities, 

towns, suburbs, and villages) and residential buildings (i.e. the houses and hamlets located 

outside the urban areas) are also examined. Giving buffer to the urban areas can also avoid 

wind turbines clashing with the water traffic along the urban coast (e.g. ferry terminals 

and ports). The buffer distances for urban areas and residential buildings are 1 000 m and 

500 m respectively, following the studies by Baseer, et al. (2017) and Siyal, et al. (2015).  
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3.3.2 Criteria – factors 

 

Table 5. Data for factor criteria, their exclusion ranges, types, and sources 

Factor data Exclusion 

range 

Data type Source 

Wind speed 

at 140m 

<5 m/s Vector (Polygon 

with 0.25*0.25 cells) 

Swedish Energy Agency  

(Energimyndigheten, 2017a) 

Water depth > 500 m Raster (cell size: 

0.5*0.5) 

Baltic Sea Bathymetry Database 

(BSBD, 2021) 

Electricity 

grid 

/ Vector (line) Swedish Mapping, Cadastral, and 

Land Registration Authority  

(Lantmäteriet, 2021) 

Shorelines / Vector (line) Helsinki Commission (HELCOM, 

2007) 

Ports / Vector (point) European Marine Observation and 

Data Network (EMODnet, 2019) 

 

• Wind Speed 

Areas with insufficient mean wind speed would be considered unsuitable for developing 

wind power projects as poor wind resources cannot generate enough energy to support 

profitable projects. There were different minimum wind speed thresholds used by different 

studies but most of them lie between 4.5 to 5 m/s (Baban & Parry, 2001; Latinopoulos & 

Kechagia, 2015; Haaren & Fthenakis, 2011; Siyal, et al., 2016). Therefore, in this study, 

5 m/s was chosen to be the threshold. The wind mapping data was developed according to 

the MIUU model, which is a mathematical-physical model where a long-term wind 

climate is represented by incorporating long-term (30-year period) corrected wind 

measurements. The resolution of the data is 0.25*0.25 km, which is of mesoscale. One of 

the main limitations of the data at this resolution is that local variations and complex 

terrain are not represented. However, the effect of this limitation would be at its minimum 

since the study area is offshore, where the terrain is flat.  
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Additionally, the height of the mean wind speed was chosen to be 140 m. It was decided 

given the consideration of the scale of the latest offshore wind turbines from several 

biggest manufacturers in the world, where their hub heights are around 140 m with rotor 

diameters from 220 m to 236 m (GE Renewable Energy, 2021; Siemens Gamesa, 2021; 

Vestas, 2021). For this reason, as well as the trend that wind turbines are constantly 

growing bigger, it is hoped that this study would be appropriate for state-of-the-art wind 

power projects.  

 

• Water Depth 

Generally, the cost of offshore wind power increases with the depth of water. This is 

because the amount of material and the strength of the foundation and substructure need 

to be more and stronger. On top of that, constructing offshore foundations is expensive. 

The cost of that can account for as much as 21% of the capital expenditure, as against 5% 

to 9% for onshore ones (Green & Vasilakos, 2011).  

 

Fixed bottom turbines have a limitation of water depth at 50-60 meters (Gourvenec, 2020), 

and as mentioned in the previous chapter, it is reasonable to include the range of water 

depth for the FOWT. Therefore, in this study, both fixed-bottom and floating wind 

turbines are incorporated into the scope. The limit of water depth was set to be 500 m, 

which is the suggested water depth limit for modern FOWT (Murphy, et al., 2011).  

 

• Distance to shorelines, electricity grid, and ports 

The farther away the wind farm is from the shoreline/grid, the longer the cables/ electricity 

lines are needed to construct, the higher the cost. The longer the distance between a wind 

farm site and a port, the longer the time, rent, and fuel cost are needed for vessels for 

construction, installation, and maintenance (Sarker & Faiz, 2017).  

 

On the other hand, since Sweden has a lot of archipelagos, the coastline layer was 

simplified manually to avoid consider the coasts of archipelagos and small islands as 

coastline in the analysis. 



26 

 

3.4 Sensitivity Analysis 

 

Sensitivity analysis was carried out to test the vulnerability of the applied methodology by 

altering the weights of the factor criteria since the relative importance scores could be 

filled according to personal judgment, experience, or knowledge, which implies that 

subjectivity is intrinsically involved in the results. There were two scenarios of sensitivity 

analysis being adopted. Scenario 1 is a set with equal weighting, where each factor criteria 

had a weight of 0.2. Scenario 2 is a set where the most important factor criterion (i.e. wind 

speed) kept its weight (0.491), and the remaining weight was distributed equally (0.127 

for each criterion; Georgiou, et al., 2012). 
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CHAPTER 4.  RESULTS  

 

In this chapter, the results of the study will be presented. Some Swedish counties will be 

mentioned, so an annotated map is presented in Figure 14 in Appendix A for the readers 

who are not familiar with them. It should be noted that the terms used to describe the size 

and distribution of the sites in this study are only relative to the scale of the map. The maps 

used in this chapter are of small scale, which shows a large geographic area. Therefore, 

even the smallest site that is described or can be seen in the maps in this paper would be 

more than sufficient for developing a wind power plant.  

 

To start with, the total area in the analysis was 32 772.3 km2, which was equivalent to  131 

089 raster cells.  

 

 

4.1 Constraint Criteria 

 

All the constraint layers were combined to form one single constraint map and it is shown 

in Figure 3. Every constraint layer is mapped and displayed in Appendix B (Figure 15 - 

22). The total area was 19 796.4 km2, which accounted for 60.4% of the study area. 

Restricted areas were found all along the coasts, but they were concentrated on the coasts 

on the west, south, central-east, and north. It is important to note that most of the restricted 

areas (87.1%, 17 247.6 km2) are contributed by the layers of protected areas and defense-

related areas, which respectively and separately (neglecting area overlap) had 11 436.3 

km2 and 8510.1 km2 of the sea area. They respectively blocked 34.8% and 26.0% of the 

study area for wind power development. 
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Figure 3. Constraint areas for wind power in Sweden 
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4.2 Factor Criteria 

4.2.1 Wind resource 

 

Figure 4. Average wind speed at 140 m above sea level 
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The wind resource of the study area was decent. The average wind speed of the study area 

was 8.6 m/s. Almost the entire study area (99.995%, 131 082 cells, 32 770.5 km2) had an 

average wind speed higher than 5 m/s, which, as aforementioned, was the minimum wind 

speed threshold for developing a wind farm. In addition, most of the area (87.0%, 114 037 

cells, 28 509.3 km2) had economical wind resources, where the mean wind speed was 8 

m/s or higher.  

 

Figure 4 presents the map layer of the wind resource of the study area and it shows that 

the closer the site is to the coast, the less wind it has. Also, looking into the three sea areas 

mentioned in the national marine spatial plan, the coasts in the Baltic Sea have the 

strongest wind resource, where the counties of Stockholm, Gotland, and Blekinge enjoy 

the windiest and largest sites. On the contrary, the coasts in the Gulf of Bothnia have the 

least average wind speed, while the coasts in Skagerrak/Kattegat have some small, 

scattered but windy sites. 
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4.2.2 Water depth 

 

Figure 5. Water depth 

The coast of Sweden is generally shallow. The mean depth of water of the study area was 

21.2 m and the deepest was 245 m, which was located on the west coast. Most of the areas 

(78.8%, 103 331 cells, 25 832.8 km2) were in between the depth range of 0 to 49 m, which 

are suitable for traditional fixed foundations. The relatively deeper study area was on the 

east coast outside the counties of Västernorrland, Gävleborg, and Stockholm. 
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4.2.3 Distance to shore 

 

Figure 6. Distance to the coastline 

Figure 6 shows the distance between each cell and the coastline. Most of the study area 

(88.3%) falls within the zone of nearshore wind as mentioned, with an area of 28 927 km2 

(115 708 cells).  
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4.2.4 Distance to grid 

 

Figure 7. Distance to the national grid 

Due to the developed grid network in Sweden, as shown in Figure 7, half (49.7%) of the 

study area had a distance between 0 to 32 km to the national grid, with an area of 16 287.5 

km2 (65 150 cells). Besides, from the map, one can notice that Gotland does not contain 

any part of the national grid. Despite that there is a high-voltage direct current (HVDC) 
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link between Ygne (on Gotland) and Västervik (on the mainland), it is owned by the 

private sector and the capacity is being used close to its limit (Wallnerström & Tjernberg, 

2018). Therefore, the electricity network on the island was not considered as a part of the 

grid in this study. 
 

4.2.5 Distance to port 

 

Figure 8. Distance to ports 
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There were 110 ports in or close to the study area and a majority (69.9%) had one or more 

ports in their 20-km proximity, with a total area of 22 917.8 km2 (91 671 cells). 

 

 

4.3 Pairwise Comparison 

 

As mentioned in the methodology, a pairwise comparison was conducted to generate the 

weights for the factor criteria. The scores representing the relative importance were filled 

in the pairwise comparison matrix (Table 6), which was applied to calculate the sum of 

each column. Then, the matrix was normalized and the average of the values on each row 

of the normalized matrix was the weight (W) of the respective factor (Error! Reference 

source not found.). From the table, it can be noted that wind speed (F1) had the highest 

weight (W=0.491) that almost accounted for half of the weighting, while water depth (F2) 

took up a quarter (W=0.245), with the rest (F3 – F5) taking up the final quarter of 

weighting. 

 

Table 6. Pairwise comparison matrix 

Factor F1 F2 F3 F4 F5 

Wind Speed (F1) 1     3     5     5     9     

Bathymetry (F2)  1/3 1     3     3     7     

Proximity to national grid (F3)  1/5  1/3 1     3     5     

Proximity ro shore (F4)  1/5  1/3  1/3 1     3     

Proximity to port (F5)  1/9  1/7  1/5  1/3 1     

Sum  1.84 4.81 9.53 12.33 25.00 
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Table 7. Normalized pairwise comparison matrix and weights of criteria 

Factor F1 F2 F3 F4 F5 Weight (W) 

Wind speed (F1) 0.542 0.624 0.524 0.405 0.360 0.491 

Water depth (F2) 0.181 0.208 0.315 0.243 0.280 0.245 

Proximity to national grid (F3) 0.108 0.069 0.105 0.243 0.200 0.145 

Proximity to shore (F4) 0.108 0.069 0.035 0.081 0.120 0.083 

Proximity to port (F5) 0.060 0.030 0.021 0.027 0.040 0.036 

Sum  1.000 1.000 1.000 1.000 1.000 1.000 

 

 

4.4 Consistency Validation 

 

The consistency of the weighting was validated. The λmax was calculated by taking the 

average of the values in the column Ws/W in Table 8, and it was 5.255. The CI and CR 

were found using equations (1) and (2), which were 0.064 and 0.057. Since CR is less than 

0.1, the given scale values and the weights were consistent, and the results were reliable 

(Saaty, 1980). 

 

Table 8. Matrix for consistency validation of the weighting 

Factor F1 F2 F3 F4 F5 Ws 

Wind Speed (F1) 0.491 0.736 0.726 0.414 0.320 2.687 

Water depth (F2) 0.164 0.245 0.436 0.248 0.249 1.342 

Proximity to national grid (F3) 0.098 0.082 0.145 0.248 0.178 0.751 

Proximity ro shore (F4) 0.098 0.082 0.048 0.083 0.107 0.418 

Proximity to port (F5) 0.055 0.035 0.029 0.028 0.036 0.182 

 

 



37 

 

4.5 Suitability Map 

 

In this section, the suitability map will be illustrated in two different scales:  

1. entire Sweden (study area), and  

2. three zones of seas according to the marine spatial planning conducted by SwAM. 

A summary table of the three zones will also be presented in the last subchapter of this 

section.  
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4.5.1 Entire area 

 

Figure 9. Map of suitability index 

The suitability index (SI) was computed. Figure 9 shows the map of SI without the 

Boolean mask of the constraint layers and before the reclassification into suitability 

classes. The figure shows that the areas with relatively low suitability index concentrate 
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on the northeastern coast in the Västernorrland county. The mean SI, in this case, was 

8.028. The minimum SI was 3.787 while the maximum was 9.513.  

 

Figure 10 shows the cartographic results of the study area with the respective suitability 

class while they were also tabulated in Table 9. Less than half of the study area (39.2%) 

was suitable for wind power development, which was equivalent to 12 850.8 km2 or 51 

403 cells. Of the suitable area, most of it (84.1%, 43 252 cells, 10 813 km2) was highly 

suitable for wind energy exploitation, where the mean wind speed was 8 m/s or higher. In 

fact, 26.6% of the total study area had a SI of 8. Besides, 6.2% of the study area, or 15.9% 

of the suitable area, had a medium suitability class, which was equivalent to 2 037.5 km2 

or 8 150 cells. Additionally, a negligibly small part of the study area fell within the low 

suitability class, as there was only 1 cell (0.25 km2), and most of the area with medium 

suitability class concentrates on the northeast coast at the Gulf of Bothnia, taking 91.8% 

area of its class. 

 

Table 9. Suitability analysis results 

Suitability 

Class 

Suitability 

Index (SI) 

Number 

of Cells 

Area 

(km2) 

% of the suitable 

area 

% of the study area 

High 10 2 0.5 3.9*10-3 84.2 1.5*10-3 33 

9 8 415 2 103.8 16.4 6.4 

8 34 835 8 708.8 67.8 26.6 

Medium 7 7 751 1 937.8 15.1 15.9 5.9 6.2 

6 292 73 0.6 0.2 

5 107 26.8 0.2 0.1 

Low 4 1 0.3 1.9*10-5 1.9*10-5 7.6*10-6 7.6*10-6 

3 0 0 0 0 

2 0 0 0 0 

1 0 0 0 0 

Not 

suitable 

0 79 686 19 921.5 / / 60.8  

Total suitable area 51 403 12 850.8 100 39.2 

Total area 131 089 32 772.3 / 
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Figure 10. Suitability map 
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4.5.2 Gulf of Bothnia 

 

 

Figure 11. Suitability map of Gulf of Bothnia 
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On the Swedish coast at the Gulf of Bothnia, 30.9% (4 108.5 km2) of the area was of a 

high suitability class, while 13.9% (1 845.3 km2) was of a medium class. A little more 

than half of the area (55.2%, 7330.5 km2) was deemed as unsuitable. The large piece of 

the unsuitable area on the coast of Norrbotten county in the north was mainly caused by 

constraints from the military-related zones, while the ones in the middle and south, on the 

coast of Västerbotten and Uppsala counties, were mainly induced by the constraints of 

protected areas (See Figure 11). 
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4.5.3 Baltic Sea 

 

 

Figure 12. Suitability map of Baltic Sea 
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The Swedish coastal area in the Baltic Sea was the largest among the three, with the largest 

area of the highly suitable sea for offshore wind, which was 5 571.5 km2, taking 36.2% of 

the area in the zone. On the other hand, the rest of the area was mainly unsuitable for wind 

power, where it took up 62.8% of the area. The unsuitable areas around the northern half 

of Gotland and Blekinge county were mostly from military-related areas, while the rest 

was largely caused by both the military and protected areas (See Figure 12). 

 

4.5.4 Skagerrak/Kattegat 

 

The zone of Skagerrak/Kattegat had the smallest area of high suitability, with only 1 133 

km2, which was equivalent to 27.6% of its area. A high portion of the area (71.3%) was 

not suitable for building wind farms as the majority of it was blocked by protected areas 

(See Figure 13).  
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Figure 13. Suitability map of Skagerrak/Kattegat 
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4.5.5 Summary table  

 

The statistical results of the suitability analysis of the three zones were shown in Table 10. 

It should be noted that the 1 cell that belongs to the low suitability class was neglected in 

this table. In summary, the Swedish coastal zones at the Baltic Sea had the largest area 

and percentage of area that was highly suitable for offshore wind power, while the coasts 

at Skagerrak/Kattegat had the largest percentage of its own area that was not suitable. 

 

Table 10. Summary table of the three zones  

 

 

Zones 

Suitability Class 

High Medium Not Suitable 

Cell Area 

(km2) 

% 

of 

own 

area 

% 

of 

total 

area 

Cell Area 

(km2) 

% 

of 

own 

area 

% of 

total 

area 

Cell Area 

(km2) 

% 

of 

own 

area 

% of 

total 

area 

Gulf of Bothnia 16 434 4 108.5 30.9 12.5 7 381 1845.3 13.9 5.6 29 322 7 330.5 55.2 22.4 

Baltic Sea 22 286 5 571.5 36.2 17.0 582 145.5 0.9 0.4 38 649 9 662.3 62.8 29.5 

Skagerrak/Kattegat 4 532 1 133 27.6 3.5 187 46.8 1.1 0.1 11 715 2 928.8 71.3 8.9 

Total 43 252 10 813 / 33.0 8 150 2037.5 / 6.2 79 686 19 921.5 / 60.8 
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4.6 Sensitivity Analysis 

 

A sensitivity analysis on the factor criteria weights was conducted to test how altering the 

weights would affect the final result. Two scenarios were set, where scenario 1 was that 

every criterion has an equal weight, and scenario 2 kept the weight of wind speed while 

equally distributed the rest of the weight to the other four criteria. Their results are 

tabulated in Table 11, while the cartographic results are shown in Figure 23 and Figure 24 

in Appendix C. The results show that the total area of high suitability areas of scenario 1 

is higher than that of scenario 2, while the total area of medium suitability areas of scenario 

1 is lower than that of scenario 2. It should be noted that since the analysis was conducted 

only on the weights of the factor criteria while the Boolean mask stayed the same, thus the 

statistics of the “not suitable” suitability class was the same as before. 

 

Table 11. Sensitivity analysis results 

Suitability 

class 

Scenario 1 Scenario 2 
Cell Area 

(km2) 

% of the 

suitable 

area 

% of 

total 

area 

Cell Area 

(km2) 

% of the 

suitable 

area 

% of 

total 

area 

High 42 327 10 581.8 82.3 32.3 39 890 9 972.5 77.6 30.4 

Medium 9 076 2 269 17.7 6.9 11 512 2 878 22.4 8.8 

Low 0 0 0 0 1 0.3 1.9*10-5 7.6*10-6 

Not suitable 79 686 19 921.5 / 60.8 79 686 19 921.5 / 60.8 
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CHAPTER 5. DISCUSSION 

 

5.1 Interpretations of Constraint Areas Analysis 

 

There were in total 11 constraint criteria incorporated in this study, and it was displayed 

that the majority of the restricted areas were caused by the constraints of protected areas 

and military-related zones. This can be linked to the claim that the Swedish Environmental 

Code is the obstacle for developing wind farms as it does not prioritize the climate benefits 

of wind power generation when it is compared to other interests, such as the military 

exclusion zones and species protection (Lindgren, et al., 2013; SWEA, 2019). 

 

Although marine protected areas blocked one-third of the study area from wind power 

development, one should not outright reject the chance of development within these areas 

as if it is a black-and-white matter. This is because, firstly, certain types of protected areas 

incorporated in this study were set up by international organizations, so the importance of 

these protected areas might not be deemed as high in the decision makers’ (County 

Administrative Boards) views. Secondly, the decision-makers will not simply reject a 

proposal simply because the proposed wind farm overlaps a certain area under protection, 

as the development of wind energy is seen as a means of improving the environment, 

achieving sustainability, and it is a big part of the national (and global) policy goals of 

100% renewable electricity generations and net-zero emissions (Söderholm & Pettersson, 

2011). Thirdly, there were cases in Sweden showcasing that the benefits of offshore wind 

power were weighted against the local damages induced by the development as wind 

power development is deemed as efficient management of natural resources in the area 

(ibid.). Therefore, the results of restricted areas should not be treated as an absolute 

rejection tool.  

 

On the other hand, from the results, it can be reflected that why there have been conflicts 

of interests between the Swedish Armed Forces and the wind energy sector in Sweden. 
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The Swedish Armed Forces have veto power when it comes to decisions of wind power 

projects. There have been a lot of examples where projects plans were rejected. For 

example, the 300-MW Taggen wind farm and the 2.5-GW Blekinge wind farm, both off 

the south coast of Sweden (Richard, 2019). It was claimed that the proposed wind farms 

would interfere with one of the shooting ranges and with defense in general. Other 

common arguments from the Armed Forces are that the installations of wind turbines 

jeopardize flight safety and the ability to carry out low-flying operations, as well as wind 

turbines interfere with radar systems and signals intelligence. Also, the Swedish Armed 

Forces have blocked some potential wind power areas for applications as they perceived 

some of them were of low quality and unsubstantiated, impeding the planning process 

(Lindgren, et al., 2013).  

 

On the other facet, like military defense, wind energy production is also in the national 

interest. The Swedish wind energy sector claimed that the armed forces have confined too 

big of an area such that getting a large exclusion zone at the most economically 

advantageous sites is challenged, so the national target for wind power is hampered, and 

investment is at risk (Lindgren, et al., 2013; O'Mahony, 2011). For example, the Swedish 

Wind Energy Association (SWEA) claimed that the forces blocked large pieces of the best 

offshore sites, especially in southern Sweden (SWEA, 2019). 

 

If only the study results are considered, the claim by SWEA is somewhat true, as most of 

the southern area was indeed restricted by military-related areas. In addition, as mentioned 

above, the military exclusion zones restricted more than a quarter of the study area for 

wind power development, but it is only the tip of the iceberg compared to the restricted 

area onshore. Just by looking back at the results, it is not hard to understand why such 

kind of siting conflicts exists. On top of that, the armed forces also have the power to veto 

any projects even they are outside of the restricted zones. This brings even more 

uncertainties and risks to a project. 
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For wind power to thrive under military restraints, there are several potential solutions 

suggested by (Lindgren, et al., 2013) that can be undertaken by both actors to promote co-

existence. For instance, while the wind industry can try to develop wind turbine designs 

and materials so as to minimize their impact on military radar systems, the armed forces 

can increase the robustness of the radar systems towards wind turbines. By doing so, the 

exclusion zones for radar systems could be reduced. 

 

 

5.2 Interpretations of Factor Criteria Areas Analysis 

 

Comparing the map of wind speed (Figure 4) and the map of SI (Figure 9), it is as expected 

to see that they are directly correlated since wind speed takes up almost half of the 

weighting. However, one obvious exception is the northern half of Gotland. Despite the 

coast of Gotland is one of the best high-wind-speed areas among all the study areas, most 

parts of Gotland had relatively low SI, compared to other areas with similar wind 

velocities. This is mainly due to the distance to the national grid (Figure 7) and the reason 

for the large distance was indicated in the previous chapter.  

 

Gotland is the chosen area in the pilot energy program of the national goal of zero net 

greenhouse gases emission as well as a part of the EU initiative Clean Energy for EU 

Islands. From the results of this study, as well as the ones of (Enevoldsen & Permien 

(2018) and Siyal, et al.’s (2016), it is known that Gotland has one of the strongest wind 

resources in Sweden onshore, nearshore, and offshore. There is no doubt that wind power 

will play a vital role in realizing those two programs. Therefore, it is of utmost importance 

to consolidate the grid infrastructure of the island to cope with the aggressive goal. This 

can be made possible by solutions, like strengthening the grid integration with the 

mainland, developing a smart grid system, and building up energy storage facilities, as 

indicated in literature (Daraiseh, 2018; Erduman & Uzunoğlu, 2014; Wallnerström, et al., 

2016). 
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Besides, from the results shown in Figure 5 and the bathymetric data collected, it was 

known that most of the Swedish sea territory and the area under its EEZ zone are generally 

shallow. This implies that the need of developing floating wind farms is not high, given 

that the LCOE costs of traditional fixed foundations and floating foundations are similar 

(Lerch, et al., 2018; Myhr, et al., 2014). This explains the reason for a higher number of 

research and prototypes on floating wind technologies originated from countries like 

Norway and Portugal, where their sea areas are much deeper (Jiang, 2021).  

 

From Figure 8, where the distance to the Swedish ports is shown, it was known that the 

majority of the study area had at least 1 port that was within 50 km. This is the distance 

classified as the shortest in the study by Sarker & Faiz (2017), where it shows that the 

annual transportation and installation costs, as well as the time required for pre-assembly, 

are largely and positively affected by the distance between service port and the farm site. 

Therefore, the distance to ports should not be a concerning factor when planning wind 

power in the study area.  

 

 

5.3 Suitability Map Analysis 

 

According to Länsstyrelserna (2020), there are currently 23 municipal plans for offshore 

wind production, where 44 zones were identified. The 23 municipalities are listed in 

Appendix D. These zones were compared to the study results and their statistics are listed 

in Table 12. It is shown that most (71.3%) of the relevant (within the study area) areas 

highlighted by the municipalities are highly or fairly suitable for wind power development 

according to the suitability map. Therefore, the study results correspond well to the 

municipal plans. Note the comparative results are not illustrated, as they are so small that 

can barely be seen on the map. 
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Table 12. Statistics of offshore wind energy zones in the municipal plans 

No. of 

municipal 

plans 

No. of 

zones in 

the 

municipal 

plans 

No. of 

zones 

within 

study 

area 

Total area 

of the 

zones 

within 

study 

scope 

(km2) 

Area and 

% within 

“high” 

suitability 

class (km2) 

Area and 

% within 

“medium” 

suitability 

class (km2) 

Area and 

% within 

“not 

suitable” 

class 

(km2) 

23 44 30 164.2 73.4, 

44.7% 

43.6, 

26.6% 

47.2, 

28.7% 

 

On the other hand, according to the Swedish Energy Agency (Energimyndigheten; 2017b), 

there are in total 313 areas of national interest for wind energy production, covering               

8 743.1 km2. There are 21 of them within or overlapping the study area. These areas were 

compared to the study results and their statistics are listed in Table 13. In total, there is a 

large part of the area (60.3%) which are highly or fairly suitable for wind power 

development. Therefore, the study results align quite well with the zones from the national 

interest areas, although to a less extent compared to those in the municipal plans.  

 

Table 13. Statistics of offshore wind energy zones in the national interest 

No. of 

zones 

within the 

national 

interest 

No. of 

zones 

within 

study 

area 

Total area 

of the 

zones 

within 

study 

scope 

(km2) 

Area and % 

within “high” 

suitability 

class (km2) 

Area and % 

within 

“medium” 

suitability 

class (km2) 

Area and % 

within “not 

suitable” 

class (km2) 

313 21 344.7 202.0, 58.6% 5.9, 1.7% 136.8, 

39.7% 

 

Lastly, the results were compared to the existing and rejected wind turbines in the same 

area. The data were retrieved from Vindbrukskollen issued by the County Administrative 
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Boards (Länsstyrelserna, 2021). When an existing turbine overlaps the suitable area in the 

suitability map (Figure 10) or a rejected turbine overlaps the unsuitable area, it is 

considered conformity to the results. Table 14 shows the results of this comparison and 

the conformity is highlighted in bold. In total, there are 21 erected and 10 ejected wind 

turbines in the study area. It is shown that 76.2% of the erected turbines conforms to the 

study results, as they are within the areas of the “high” and “medium” suitability class, 

while only half of the rejected turbines belong to the class “not suitable”, with the other 

half being the class “high”. Therefore, in total, 67.7% of the turbines harmonize with the 

results. This shows that the study results correlate well with the real-life cases of wind 

turbine installations and rejections. 

 

Table 14. Number of erected and rejected turbines in the study area with respect to the 

suitability class and their conformity to the results  

Suitability Class Existing turbine Rejected turbine Combined 

Medium 1 0 1 

High 15 5 20 

Not suitable 5 5 10 

Total 21 10 31 

Conformity 76.2% 50% 67.7% 

 *Conformity is highlighted in bold 

 

All in all, from the three comparisons to the municipal plans, national interest, and real 

cases of wind turbines installations and rejections, it can be seen that the study results 

correlate well to actual plans and cases, confirming the validity of this study. On top of 

that, by comparing the area of the planned zones with the total area of the suitable space 

in the results, it is indicated that despite the large exclusion of the study area, there is still 

plenty of sea space for offshore wind energy development in Sweden. 
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5.4 Sensitivity Analysis 

 

A sensitivity analysis on the criteria weights was conducted and the statistical and 

cartographic results were shown in the last chapter. They will be compared to the study 

results and the suitability map of the study in this section. 

 

To start with, the “low” suitability class is again neglected since the sensitivity analysis 

results show that the total area within this class was insignificant. Also, the total area of 

the suitable sites was the same in both the study results and scenarios, as the Boolean 

constraint zones were unchanged. 

 

In scenario 1, where the weights were equal, its statistical results were very similar to the 

study results. There was only a 0.7% difference between the two cases in their respective 

suitability classes when it came to the total area to the whole study zone. That is, the area 

of the “high” suitability class in scenario 1 was 0.7% smaller than that in the study results, 

while the area of the “medium” suitability class in scenario 1 was 0.7% bigger. However, 

when comparing the suitability maps from both cases, it can be observed that there is an 

obvious spatial difference between the suitable sites. The map from scenario 1 (see Figure 

23) shows that most of the “medium” class sites are located in areas with significant 

distance from the coast. They were not concentrated in the northeast coast of Sweden as 

they were in the suitability map of the study results. Instead, they spread along the east 

coast of the mainland and Gotland. This outcome is reasonable because the criteria of the 

distance to shoreline and distance to the national grid (which is on land) were given as 

much weight as other factors, thus the distant windy sites, which had high SI in the normal 

results due to the low weights of these two criteria, would be deemed as less suitable in 

this scenario. Additionally, some of the areas of the northeastern “medium” class sites in 

the study results, which had relatively weak wind speed, were considered as “high” class 

in this scenario because the fact that they were close to the shoreline and the grid diluted 

the mediocre wind speed factor when equal weights were given. 
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In scenario 2, where wind speed kept its heavyweight while the remaining weight was 

equally distributed, its statistical results were also similar to the study results, but with 

bigger differences in the numbers. The area difference, in this case, was 2.6%. Namely, 

the area of the “high” suitability class in scenario 2 was 2.6% smaller than that in the study 

results, while the area of the “medium” suitability class in scenario 1 was 2.6% bigger. 

Nonetheless, the cartographic results (Figure 24) of scenario 2 resembled the suitability 

map in the study results to a larger extent (compared to scenario 1). The “medium” class 

sites in the scenario were also concentrated in the northeastern coast of Sweden as they 

were in the study results. The cause of this outcome is that in both cases, the wind speed 

was the decisive factor with the majority (around half) of the weights, so the maps were 

built on the wind speed layer map, resulting in two similar maps.   

 

Overall, the sensitivity analysis indicates that the applied methodology is sensitive to the 

change in criteria weightings as particularly shown in the cartographic results of scenario 

1 and the statistical results of scenario 2.     
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CHAPTER 6. CONCLUSIONS 

 

This study spatially quantified and visualized the suitability of nearshore wind energy in 

Sweden. The purpose of the study was to identify sites that are suitable for harvesting 

wind energy resources in coastal sea areas of Sweden. All of the 3 research questions were 

addressed and solved. A total of 11 constraint criteria and 5 factor criteria were identified 

and used in the MCDA by adopting AHP as the method. These criteria influenced the 

results on environmental, social, economic, and technical levels. SI was generated and it 

was classified and mapped in 4 different suitability classes, which were “high”, “medium”, 

“low”, and “not suitable”. The results showed that 39.2% of the coastal sea of Sweden was 

highly or fairly suitable for wind power development, while the rest of the area was 

unsuitable. A sensitivity analysis on criteria weightings was also carried out to test the 

vulnerability of the applied methodology. Some of the constraint maps and factor maps, 

which were generated from the intermediate stages of the analysis, were also discussed. 

Furthermore, the results were compared to the areas indicated in the municipal plans for 

wind power, the national interest for wind farms, as well as the actual erected and rejected 

wind turbines. The comparisons showed that the study results cohere well with them, with 

conformity rates between 61.3% to 71.3%. It was also indicated that there is still an 

abundance of sea area suitable for offshore wind energy development in Sweden.  

 

The applied methodology and the results of this study can be a stepping stone to planning 

authorities and developers in the preliminary project planning process, as the 

environmental, social, economic, and technical criteria in the siting and decision-making 

process were incorporated into the analysis. Nevertheless, the findings of this study were 

limited by a variety of factors that the research’s credibility might be compromised. These 

factors are listed below. 

• The presentations of the maps decided the extent of the displayed results because 

a map with too much and too detailed information will be confusing and 

impossible to read. 
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• Every modification of data (e.g. simplifying the coastline), conversion of the data 

types (e.g. from polygon to raster), and transformation of projected coordinate 

systems reduced the integrity of the original data, decreasing the accuracy. 

• The spatial boundary of some retrieved data was not absolute that the reality could 

not be realistically reflected. 

• The accuracy of the resultant maps was limited to the datum with the coarsest 

resolution. 

• The use of only 4 suitability classes might not sufficiently differentiate between 

the good sites and the best sites.   

• While it was attempted to incorporate as many criteria as possible, some realistic 

criteria might be overlooked.   

• Some data available online might not be updated that they could not realistically 

represent the current situations. 

• Temporal and computational limitations restricted the level of detail, thus the 

outcome of the study. 

 

Finally, there are several recommendations for improvement and future research 

directions. Firstly, more wind speeds at different heights can be analyzed for wind turbines 

with smaller/bigger scales. Secondly, the scale of importance in the pairwise comparison 

matrix can be filled by wind energy developers/planning authorities, who have real-life 

experiences and data, so that the resultant weights can more realistically reflect the 

planning decision problems in offshore wind power development. Thirdly, more than one 

MCDA technique can be used to test the validity of the results, as suggested by Atici & 

Ulucan (2015). Lastly, the suitability of wind power development can as well be quantified 

to potential energy per cell, similar to what Siyal, et al. (2015) did so that a financial 

estimation of the sites can also be conducted.  
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APPENDIX A. Counties of Sweden  

 

 

Figure 14. Counties of Sweden 
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APPENDIX B. Constraint Maps  

All the constraints maps are shown in this section, except the one for bridges, because they 

are not visible on the map with this scale as there is only a small number of them. Besides, 

the constraint of marine terminals is divided into ferry terminals and ports and displayed 

in two separate maps.  

 

Figure 15. Airports and helipads 
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Figure 16. Protected areas 
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Figure 17. Defense-related areas 
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Figure 18. Cables and pipelines 
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Figure 19. Ports and shipping routes 
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Figure 20. Ferry terminals 
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Figure 21. Lighthouses 
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Figure 22. Urban areas and residential houses 
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APPENDIX C. Sensitivity Analysis - Cartographic Results 

 

 

Figure 23. Suitability map for sensitivity analysis scenario 1 
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Figure 24. Suitability map for sensitivity analysis scenario 2 
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APPENDIX D. Municipalities with a Plan for Offshore Wind  
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Robertsfors 
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Sotenäs 
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Öckerö 

 


