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Abstract: The continued technical and economic development of offshore wind farms needs to match
their sustainable siting transparently and fairly. Aiming to assess existing methodologies widely
used in the field of OWFs spatial planning, as well as to identify the proposed enhancements for
the improvement of such methods, this study examines 80 peer-reviewed papers over the past eight
years. The analysis encompasses articles from 34 scientific journals, with a notable concentration
in the journals Renewable Energy, Renewable and Sustainable Energy Reviews, and Energies, and
it sheds light on geographical distribution, journal classification, funding sources, and the various
methodological approaches. Most of the studies were conducted in Turkey, China, and Greece; half
of the surveyed papers utilize multi-criteria decision-making approaches, predominantly addressing
bottom-fixed technologies for offshore wind farms, which currently dominate the field. The 80 papers
are categorized into five methodological domains: Marine Spatial Planning, Feasibility Analysis,
Probabilistic Methods, Meteorological Data, and Multi-Criteria Decision Making. One hundred
and seventy criteria were identified and condensed into a final set of 41 critical criteria. This article
provided an overview of the site selection process and the most crucial findings and recommendations.

Keywords: offshore wind farms; site selection; multi-criteria methodologies; sustainable siting

1. Introduction

Currently, offshore wind energy plays a vital role in the global energy market. In
accordance with the latest reports, over 380 GW of offshore wind capacity is expected to be
incorporated in the coming ten years, elevating the cumulative capacity of offshore wind
energy to 447 GW by the end of 2032 [1]. In the next ten years, over 380 GW of offshore
wind capacity will be added across 32 markets. According to Figure 1, the 8.8 GW of
new offshore wind installations bring the global offshore wind power capacity to 64.3 GW,
representing 16% growth year-over-year [1].

The wind energy sector in Europe is amongst the leading energy sources, with an
installed capacity of 234 GW in 2023. The offshore power sector has gained importance
in recent years, with the total capacity of offshore in Europe (E-27) reaching 20.5 GW in
2023 and more than 2 GW added during 2023 [2]. According to the European Commission,
offshore capacity is expected to continue to increase within the next few decades, which will
lead to an increase from the current level of offshore installed capacity [3,4]. Several reforms
and measures are being taken, including an increase in the EU’s offshore renewable energy
target for 2030 to 111 GW from the 61 GW outlined in the 2020 EU Offshore Renewable
Energy Strategy. Out of the 61 GW targeted for renewable energy, 60 GW were for offshore
wind. Additionally, the target for 2050 has been increased to approximately 317 GW [5].

Efforts are made by governments and organizations around the world to reduce
greenhouse gases (GHGs) that contribute to climate change. Mitigation and management
strategies must be adopted on a basis that is accepted by all since anthropogenic climate
change poses threats to the planet and the entire economy. To address the looming threat of
global warming, many nations have taken measures to reduce greenhouse gas emissions,
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including offshore wind energy, which is an increasingly feasible alternative to meet these
goals [6].
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Offshore wind farms (OWFs) have several advantages over their onshore counterparts,
including the following [7]:

• Marine areas have a more robust and consistent wind flow due to the absence of
physical obstacles, such as mountains or tall buildings that can hinder wind flow.

• There are generally greater rated capacities for offshore wind turbines than onshore
wind turbines, leading to higher energy production.

• It has been found that OWFs are more likely to alleviate land-use conflicts than onshore
ones, because they are generally located far from residential areas.

• The development of regional and national policies can take advantage of this valuable
but underutilized resource.

• Due to their ability to withstand extreme weather conditions, they are an effective and
reliable source of energy.

Many studies have been conducted that concern OWFs regarding technical require-
ments [8–10] environmental impact [11–15] and other related topics [16]. However, only a
limited number of reviews examine the critical factor of the site selection of an OWF. These
studies mainly concentrate on the use of Geographic Information System (GIS) [6], or/and
the use of decision-making (DM) methodologies [17,18].

Therefore, it is rare to find a review approach that collects and assesses a considerable
number of papers concerning general methodologies for the siting of an OWF. This review
paper aims to address a gap in the global literature by examining and consolidating best
practices related to OWF site selection. In conclusion, this review paper:

• Assesses and analyses methodologies regarding the siting of OWFs.
• Gathers and describes criteria used in the literature
• Summarizes essential conclusions and recommendations on the critical topic of the

site selection process.

This paper comprises four sections: Section 1, the introduction addresses the signifi-
cance of renewable energy for the planet and focuses primarily on offshore wind power as
a source of renewable energy; Section 2 describes the review process of the bibliography; in
Section 3, the results of the analysis are presented according to the journal, geographic area,
type of structure, methodology, and criteria used by each paper and discussed; Section 4
summarizes the research and makes recommendations for future studies.
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2. Materials and Methods
2.1. Review Planning and Question Formulation

This study used a systematic review tailored to the specific research questions, re-
sources available, and the required level of detail. This method is widely accepted as the
benchmark for evidence synthesis in the research and development sector, enhancing its
thoroughness. A comprehensive review of all relevant studies was conducted, including
applying selection criteria and extracting essential outcomes.

An analysis of previous studies provided insight into key trends that would improve
the sustainable siting of OWFs in future practices. More specifically, an overview of
analyses in OWF site selection studies was developed based on search terms that were
representative of the review. Different technologies like floating, as well as fixed, OWFs
were also examined in the review process.

In this review, three a priori questions were addressed: (1) what methods are most
commonly used for securing an optimum OWF site; (2) which methods are most popular,
and; (3) what suggestions might be made for the improvement of this approach?

A systematic literature review was conducted using the search terms «OWF site
selection» and «OWF siting».

A systematic review was conducted in November and December of 2023 on two
databases: Scopus (Elsevier) and ScienceDirect (Elsevier). The terms «Offshore Wind Farm
site selection» and «Offshore Wind Farm siting» were searched in the advanced research
option in the field of title, abstract, and keywords. The results in ScienceDirect were about
276 articles (Offshore Wind Farm siting) and 59 articles (Offshore Wind Farm site selection),
whereas in Scopus 108 articles (Offshore Wind Farm siting) and 240 articles (Offshore Wind
Farm site selection).

In the first phase, the found papers followed a clustering based on their relevance to
the terms of the search, which had to appear in the title, abstract, and keywords. Following
that, a further in-depth examination of the abstract and methodology of each paper was
carried out to determine whether it was relevant to the topic studied. Based on the
methodology described above, 80 papers were finally selected under the current analysis.
In both databases evaluated, there were duplicate papers, so they were excluded from
the analysis. In addition, relevant review papers were excluded from our analysis since
they focused on research papers and case studies in order to assess and draw conclusions
regarding the siting procedures of OWFs. Review papers are excluded because they contain
circular secondary sources of data rather than detailed experimental or observational data,
methodologies, and analyses that contribute to the overall understanding of the field. The
review process is depicted in Figure 2.
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The selected time range was set for the period after 2015 until today to ensure the
newest and freshest approaches in this sector. After that, the criterion of the type of
articles had to be taken under serious consideration. During the search, only peer-reviewed
publications were considered; conference proceedings and grey literature were not included
for original and scientific reasons. The fact that such investigations were unpublished and
proprietary helped mitigate any potential bias that might have existed.

2.2. Review Analysis and Structure of Results

The review paper analyses the papers according to the following specific criteria to
provide a comprehensive understanding of the research landscape in the field of offshore
wind farms:

1. Keywords Analysis: Analyzing keywords helps identify common themes, trends, and
research priorities within the field. It allows researchers to gain insights into the main
focus areas and topics of interest in offshore wind farm studies.

2. Allocation per Journal: Examining the distribution of papers across different journals
provides insights into the publication outlets favored by researchers in the field. It
helps assess the diversity of scholarly platforms, the prominence of specific journals,
and the dissemination of research within the academic community.

3. Allocation per Geographic Area: Understanding the geographic distribution of re-
search helps identify regional priorities, challenges, and opportunities in offshore
wind farm development. It allows researchers to assess the applicability of findings
across different geographical contexts and tailor solutions to specific regional needs.

4. Allocation per Foundation Type: Different types of foundations, such as fixed-bottom
or floating platforms, have unique design considerations, costs, and environmental
impacts. Analysing the allocation of research per foundation type helps identify trends
in technological advancements, design preferences, and the evolution of offshore wind
farm infrastructure.

5. Allocation per Methodology Adopted: Examining the methodologies adopted in
research papers provides insights into the approaches used to address research ques-
tions and challenges in offshore wind farm studies. It helps assess the rigor, reliability,
and diversity of research methodologies applied within the field.

6. Criteria Used: Identifying the criteria used in research papers helps understand the
factors considered in decision-making processes, project evaluations, and impact
assessments related to offshore wind farm development. It allows researchers to
assess the comprehensiveness and relevance of criteria used in different studies.

7. Experts Included: Evaluating the involvement of experts in research papers sheds
light on the level of expertise, collaboration, and interdisciplinary approaches within
the field. It helps assess the credibility, robustness, and applicability of research
findings and methodologies.

3. Results and Discussion

By analyzing papers based on these criteria, the review paper aims to synthesise
existing knowledge, identify research gaps, highlight methodological approaches, and
contribute to the advancement of understanding and practices in offshore wind farm
development and management. Table 1 summarizes the 80 reviewed papers by Study
Area, Type of Structure, Journal Name, Year of Publication, Number of Experts, Use of
GIS, and relevant references. A further analysis of the results is presented in the following
substructures from Sections 3.1–3.7.



Sustainability 2024, 16, 6036 5 of 29

Table 1. Reviewed papers.

A/A Study
Area/Country

Type of
Structure

(Fixed/Floating)
Journal Name Year of

Publication
Number of

Experts
Use of

GIS Source

1 UK bottom-fixed Energies 2018 13 ✓ [19]

2 Aegean
Sea/Greece Floating

International
Journal of

Energy
2019 no ✓ [20]

3
Cyclades

(Greece) and
İzmir (Turkey)

bottom-fixed
Environmental
Monitoring and

Assessment
2020 26 ✓ [21]

4 Canary Islands
(Spain) Floating Energies 2021 5 ✓ [22]

5
Lake Erie,

northern Ohio,
USA

bottom-fixed
Renewable and

Sustainable
Energy Reviews

2015 21 ✓ [23]

6 China Both
Ocean and

Coastal
Management

2020 n/d no [24]

7 Eastern China
Sea, China bottom-fixed Ocean

Engineering 2018 5 no [25]

8 Crete, Greece bottom-fixed Energy 2022 33 ✓ [7]

9

local (Basque
Country) and

regional
(Northeast

Atlantic and
Western

Mediterranean)

Both
Science of the

Total
Environment

2019 n/d ✓ [26]

10 UK n/d
Annals of

Operations
Research

2016 no no [27]

11 China n/d Engineering
Optimization 2017 8 ✓ [28]

12 UK Both Renewable
Energy 2016 yes, n/d ✓ [29]

13 Egypt n/d
Journal of
Cleaner

Production
2021 n/d no [30]

14

Atlantic
continental
European
coastline

Portugal, Spain
and France

Floating
Renewable and

Sustainable
Energy Reviews

2020 no ✓ [31]

15 Eastern China
Sea, China n/d Renewable

Energy 2021 4 no [32]

16 Persian Gulf,
Iran. Both

Ocean and
Coastal

Management
2015 5 no [33]
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Table 1. Cont.

A/A Study
Area/Country

Type of
Structure

(Fixed/Floating)
Journal Name Year of

Publication
Number of

Experts
Use of

GIS Source

17

Atlantic coastal
areas of Portugal,

Spain, and
France

Floating Renewable
Energy 2022 5 ✓ [34]

18 Samothraki
island, Greece Both Renewable

Energy 2021 no ✓ [35]

19 China Both Remote Sensing 2019 no no [36]

20 n/d bottom-fixed
Journal of

Environmental
Management

2020 34 no [37]

21 Brazil Both
Renewable and

Sustainable
Energy Reviews

2021 n/d ✓ [38]

22 Taiwan Both

Sustainable
Energy

Technologies and
Assessments

2021 7 no [39]

23 n/d Both Energy Policy 2018 25 no [40]

24 UK floating

Sustainable
Energy

Technologies and
Assessments

2021 9 no [41]

25 Brazilian coast,
Brazil bottom-fixed

Sustainable
Energy

Technologies and
Assessments

2021 no ✓ [42]

26 Turkey bottom-fixed Energy Strategy
Reviews 2019 no no [43]

27

Bozcaada,
Turkey

Aegean Sea,
Greece

bottom-fixed
Renewable and

Sustainable
Energy Reviews

2018 no no [44]

28 Gulf of Maine.
USA Floating Renewable

Energy 2022 3 ✓ [45]

29 Hong Kong bay bottom-fixed Annals of GIS 2019 no ✓ [46]

30 Bozcada, Aegean
Sea, Turkey bottom-fixed International

Journal of Exergy 2021 no ✓ [47]

31 Morocco, North
Africa Both

Energy
Conversion and

Management
2021 n/d ✓ [48]

32 Greece Both
Renewable and

Sustainable
Energy Reviews

2017 no ✓ [49]

33 n/d Both European Water 2017 no ✓ [50]

34 Irish Sea Both

Quarterly
Journal of

Engineering
Geology and

Hydrogeology

2020 no ✓ [51]
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Table 1. Cont.

A/A Study
Area/Country

Type of
Structure

(Fixed/Floating)
Journal Name Year of

Publication
Number of

Experts
Use of

GIS Source

35 Ireland bottom-fixed Energy 2020 n/d ✓ [52]

36 Canary Islands Both
Renewable and

Sustainable
Energy Reviews

2021 n/d ✓ [53]

37 Shandong
Province, China n/d

Journal of
Cleaner

Production
2018 15 no [54]

38
Galician area

(North-West of
Spain)

floating Marine Policy 2020 no ✓ [55]

39 Egypt bottom-fixed Renewable
Energy 2018 no ✓ [56]

40 Shandong
Province, China n/d Energy 2020 yes, n/d no [57]

41
Esthonia, Latvia,
Lithuania, Baltic

States
bottom-fixed Energy Policy 2017 n/d ✓ [58]

42
Atlantic-facing

coasts of
Europe

floating Renewable
Energy 2016 no ✓ [59]

43 Mediterranean
Basin floating

Energy
Conversion and

Management
2021 no no [60]

44 South Africa Both
Journal of
Energy in

Southern Africa
2020 no ✓ [61]

45 Taiwan bottom-fixed
Ocean and

Coastal
Management

2017 n/d no [62]

46 Jeju Island, South
Korea bottom-fixed Renewable

Energy 2016 no ✓ [63]

47 Turkey’s coastal
area n/d Applied Soft

Computing 2021 4 no [64]

48 Gulf of Thailand bottom-fixed Renewable
Energy 2015 no no [65]

49 China bottom-fixed
Ocean and

Coastal
Management

2018 no ✓ [66]

50 China bottom-fixed
Energy

Conversion and
Management

2019 7 no [67]

51 Atlantic ocean floating
Energy

Conversion and
Management

2022 no no [68]

52 Portuguese coast Both Renewable
Energy 2019 no ✓ [69]

53 southeast coast
of Brazil bottom-fixed Energy 2019 no no [70]
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Table 1. Cont.

A/A Study
Area/Country

Type of
Structure

(Fixed/Floating)
Journal Name Year of

Publication
Number of

Experts
Use of

GIS Source

54 United Kingdom n/d
Annals of

Operations
Research

2018 no no [71]

55

Caspian Sea, Iran
and Turkey

The Caspian Sea
is the largest lake

in the world.
This sea is

surrounded by
five countries,
such as Iran,

Russia,
Azerbaijan,

Turkmenistan,
and Kazakhstan.

bottom-fixed Wind
Engineering 2019 no no [72]

56 Greece Both Energies 2018 yes, n/d ✓ [73]

57
southwest coast

of South
Korea

bottom-fixed Renewable
Energy 2018 no ✓ [74]

58 Canary islands Both Energy 2018 no ✓ [75]

59 Greece Both Sustainability 2020 7 ✓ [76]

60 China n/d
Energy

Conversion and
Management

2016 yes, n/d no [77]

61

coastal part of
Tur-

key, Turkey’s
seas

bottom-fixed Earth Science
Informatics 2021 no ✓ [78]

62 Greece bottom-fixed Sustainability 2018 no ✓ [79]

63 Chania, Crete,
Greece bottom-fixed Renewable

Energy 2017 no ✓ [80]

64 Turkey bottom-fixed Energy Strategy
Reviews 2018 no no [81]

65 Irish Waters,
Ireland Both Energies 2019 no no [82]

66 Turkey bottom-fixed

Sustainable
Energy

Technologies and
Assessments

2019 yes, n/d no [83]

67 Bass Strait,
Australia Both

Journal of
Cleaner

Production
2021 no ✓ [84]

68 off the coast of
New Jersey, USA Both

Engineering
Applications of

Artificial
Intelligence

2021 yes, n/d no [85]

69 Poland bottom-fixed Applied Energy 2021 yes, n/d no [86]

70 Poland bottom-fixed Energies 2017 no no [87]
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Table 1. Cont.

A/A Study
Area/Country

Type of
Structure

(Fixed/Floating)
Journal Name Year of

Publication
Number of

Experts
Use of

GIS Source

71 Mediterranean
Basin Floating Renewable

Energy 2024 no no [88]

72 Turkey,
Iskenderun Bay Both

Energy for
Sustainable

Development
2023 4 ✓ [89]

73 Turkey n/d
Journal of
Cleaner

Production
2024 4 ✓ [90]

74 Spain Both
Science of The

Total
Environment

2024 no no [91]

75 Australia Both
Ocean and

Coastal
Management

2022 9 ✓ [92]

76 South Korea Bottom-fixed Energy Reports 2023 no no [93]

77 Norway Both Wind Energy 2023 no no [94]

78 Colombian
Caribbean Coast Both

Journal of Energy
Economics and

Polic
2023 10 no [95]

79

located in French
waters of the Bay

of Biscay
(northeastern

Atlantic)

n/d
Journal of

Environmental
Management

2023 yes, n/d no [96]

80 Greece, central
Aegean Sea Floating Energies 2023 yes, n/d ✓ [97]

3.1. Keywords Analysis

VosViewer was used to identify the occurrences (keyword frequency in documents)
of all kinds of keywords appearing in the 80 papers under investigation. For that reason,
80 Scopus files were created and inserted into the software. There were 866 keywords
(Author and Index keywords), from which 59 met the threshold of 5 occurrences, while
by selecting 10 occurrences, as demonstrated in the above figure, only 23 keywords met
the threshold. It is notable that in Figure 3, 19 keywords out of the 23 remained, which is a
result of cropping identical keywords, i.e., “OWF” and “wind farm”, were unselected, as
“OWFs” had more occurrences and remained in the figure.

Accordingly, the size of the label and circle of an item is determined by its weight;
this means that if an item has a high weight, its label and circle will be larger, for example,
“OWFs”, “site selection”, “decision making” have a high weight. There are three clusters
(blue, green, and red) determined by the colour of an item. In addition, the lines between
the items indicate links between them (Figure 3). As shown in the visualization, the distance
between two items approximately indicates the relationship between the keywords (in
terms of both being referred to in the same publication). The strong density of these items
in all different regions of the map shows, more or less, well-developed research activities.
There is a connection between two keywords that strengthens the closer they are located to
each other; for example, multicriteria analysis is related to both sensitivity analysis and
spatial planning (Figure 4), though it is closer to the last one owing to its proximity. In
Table 2, the words’ occurrences and link strength are demonstrated from those of high
importance to the least important keywords.



Sustainability 2024, 16, 6036 10 of 29

Sustainability 2024, 16, x FOR PEER REVIEW 9 of 32 
 

 

79 

located in French 
waters of the Bay of 
Biscay (northeastern 

Atlantic) 

n/d 
Journal of 

Environmental 
Management 

2023 yes, n/d no [96] 

80 
Greece, central 

Aegean Sea Floating Energies 2023 yes, n/d  [97] 

3.1. Keywords Analysis 
VosViewer was used to identify the occurrences (keyword frequency in documents) 

of all kinds of keywords appearing in the 80 papers under investigation. For that reason, 
80 Scopus files were created and inserted into the software. There were 866 keywords 
(Author and Index keywords), from which 59 met the threshold of 5 occurrences, while 
by selecting 10 occurrences, as demonstrated in the above figure, only 23 keywords met 
the threshold. It is notable that in Figure 3, 19 keywords out of the 23 remained, which is 
a result of cropping identical keywords, i.e., “OWF” and “wind farm”, were unselected, 
as “OWFs” had more occurrences and remained in the figure. 

 
Figure 3. VosViewer Network visualization: Author and Index keywords of 10 occurrences and 
more in 80 papers. 

Accordingly, the size of the label and circle of an item is determined by its weight; 
this means that if an item has a high weight, its label and circle will be larger, for example, 
“OWFs”, “site selection”, “decision making” have a high weight. There are three clusters 
(blue, green, and red) determined by the colour of an item. In addition, the lines between 
the items indicate links between them (Figure 3). As shown in the visualization, the dis-
tance between two items approximately indicates the relationship between the keywords 
(in terms of both being referred to in the same publication). The strong density of these 

Figure 3. VosViewer Network visualization: Author and Index keywords of 10 occurrences and more
in 80 papers.

Sustainability 2024, 16, x FOR PEER REVIEW 10 of 32 
 

 

items in all different regions of the map shows, more or less, well-developed research ac-
tivities. There is a connection between two keywords that strengthens the closer they are 
located to each other; for example, multicriteria analysis is related to both sensitivity anal-
ysis and spatial planning (Figure 4), though it is closer to the last one owing to its proxim-
ity. In Table 2, the words’ occurrences and link strength are demonstrated from those of 
high importance to the least important keywords. 

 
Figure 4. VosViewer network visualization: all links to “multicriteria analysis” keyword. 

 

Table 2. Keywords with more than 10 occurrences in a descended hierarchy, demonstrated with the 
indicators: (i) number of occurrences and (ii) total link strengths. 

High Importance Keyword Occurrences 
Total Link 
Strength 

 OWFs  50 331 
 Offshore oil well production 46 298 
 Site selection 44 280 
 Electric utilities  39 273 
 Decision making  39 264 
 Wind power 33 235 
 GIS 22 161 
 Offshore wind energy 17 129 
 Offshore winds 17 117 
 Alternative energy  16 134 
 Multicriteria analysis 15 119 
 Offshore structure 15 113 

Figure 4. VosViewer network visualization: all links to “multicriteria analysis” keyword.



Sustainability 2024, 16, 6036 11 of 29

Table 2. Keywords with more than 10 occurrences in a descended hierarchy, demonstrated with the
indicators: (i) number of occurrences and (ii) total link strengths.

High Importance Keyword Occurrences Total Link Strength

OWFs 50 331

Offshore oil well production 46 298

Site selection 44 280

Electric utilities 39 273

Decision making 39 264

Wind power 33 235

GIS 22 161

Offshore wind energy 17 129

Offshore winds 17 117

Alternative energy 16 134

Multicriteria analysis 15 119

Offshore structure 15 113

Renewable energy 15 95

Renewable resource 12 95

Analytical hierarchy process 12 80

Energy resource 11 89

Spatial planning 11 76

Sustainable development 10 70

Low importance Sensitivity analysis 10 69

3.2. Allocation per Journal

The allocation per journal is part of a generic bibliometric analysis and sheds light
on the journals that are dedicated to the subject of OWFs, thereby facilitating future
contributors’ state-of-the-art analyses, while at the same time enabling us to verify the
outcomes of our analysis. Additionally, experts in the field could make use of it in terms of
publishing their scientific papers.

Between 2015 and 2023, 34 different scientific journals published the reviewed articles
(Table 1). Six journals accounted for half (50%) of these publications. The highest percentage
of the reviewed papers was in Renewable Energy with 16% (13 articles), Renewable and
Sustainable Energy Reviews and Energies each with 8% (6 articles), and then Energy,
Ocean and Coastal Management and Energy Conversion and Management each with 6%
(5 articles) (Figure 5). The diverse distribution across various journals suggests a growing
complexity in the offshore wind market. It also reflects a multi-disciplinary interest in this
emerging technology, indicating the concentration of many scientists on studying it.
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3.3. Allocation per Geographic Area

The studies were distributed to 24 different study geographical areas (Table 1). The
highest percentage was found in Turkey at 14% (12 studies), then China followed at 13%
(11 studies) and Greece at 12% (10 studies). UK and Atlantic coastal areas, including
Portugal, Spain, and France, follow with percentages of 6% (5 studies) (Figure 6). As
evidenced by the results showing that they invest and conduct worthy research in this
sector, the East (China) has established itself as a pioneer in the offshore marine energy
industry. Based on the geographic analysis, the countries with sea areas that have not
developed Offshore Wind installations do research in order to be ready to develop when
the conditions are favourable (economic status, studies, legislation).
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3.4. Allocation per Foundation Type

The majority of the examined studies focus on bottom-fixed technology, which is
currently the most prevalent and commonly utilized. Specifically, 37% (30 studies out
of 80) analyse the site selection for exclusively bottom-fixed OWFs (Table 1). In contrast,
a limited percentage of 15% (12 studies) investigate the site selection process solely for
the emerging technology of floating OWFs. Notably, 34% (27 studies) delve into both
bottom-fixed and floating technologies. Lastly, a small percentage of 14% (11 studies) do
not specify a particular type of foundation in their examination.

Based on the criterion of water depth, it can be concluded that when the criterion is
limited to 50–60 m, the technology is bottom-fixed, when it ranges from 50–1000 m, it is
floating, and when it varies from 0–1000 m, it refers to both types of structures [29]. The
papers in which the range of water depth is not defined are classified as n/d, but this is not
a limiting factor since both types of technologies might be considered.

3.5. Allocation per Methodology Adopted

In the 80 papers that were reviewed (Table 1), the methodologies were categorized into
five categories: MCDM, Feasibility analysis, Meteorological data, Marine Spatial Planning,
and Probabilistic methods; the remaining papers that did not correspond to some of the
categories above were categorized under the sixth category, because they utilized other



Sustainability 2024, 16, 6036 13 of 29

methods or a combination of them. The six categories and the relevant percentages are
depicted in Figure 7 and Table S3.
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Furthermore, in Figure 8, all the methodologies used by the reviewed papers are
depicted, including all the MCDM methodologies that were found in the review process.
The dashed lines in Figure 8 mean that one or more methodologies are combined. A brief
description section about every MCDM methodology is summarised below (a-l). In the
analysis, 43 out of 80 papers use the geospatial analysis in conjunction with the GIS tool,
indicating that the GIS is an appropriate and handy tool for the DM of optimal solutions
for the development of an OWF. The reason for this is that GIS is capable of integrating an
extensive collection of geospatial data and information and of developing algorithms that
can lead to the desired outcomes (Table S3).

• In 40 of the 80 papers (50%) reviewed, MCDM methods were used (Table S4) in order
to determine which sites would be more appropriate for developing OWFs (Table S3).
As a result, it is verified from the global literature that these kinds of methods are
the most popular for approximating multi-parameter problems, such as the optimal
location of an OWF (Figure 9).

• In 10 of the 80 papers (13%) that were reviewed, feasibility and technoeconomic
analyses were used as a tool to identify which sites would be the most appropriate for
OWF deployment in order to determine their feasibility.

• Nine out of the eight papers (11%) reviewed used meteorological data and models to
determine which sites would be most suitable for developing OWFs.

• A total of 4 out of 80 papers (5%) utilize the marine spatial planning methodology to
identify potential OWF development sites.

• In regards to the probabilistic method, it appears that it is not very frequently used for
this purpose, since only one study has used it to assess Offshore Wind development sites.

• The remaining 16 papers (20%) use a method that is entirely different from the one
described above or a combination of both.
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An Overview of the Most Commonly Used DM Tools

(a) Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) assume
that every criterion increases or decreases in utility monotonically, thus making it easier to
identify positive and negative ideal solutions. In order to evaluate the distance between
the alternatives and the ideal solution, Euclidean distance is proposed. By comparing
the relative distances between the alternatives, it is possible to determine their preference
order. A TOPSIS procedure begins by converting the various criteria dimensions into
non-dimensional criteria. Accordingly, the chosen alternative should be the closest to the
positive ideal solution and the furthest from the negative ideal solution [98].

(b) Analytic Hierarchy Process (AHP) involves decomposing complex decision prob-
lems into a hierarchy of criteria, sub-criteria, and alternatives and then making pairwise
comparisons among these elements to determine their relative significance. The process
involves normalizing the comparisons, calculating priority vectors for each level of the
hierarchy, and checking the consistency of the priorities. AHP has a wide range of applica-
tions in business and management, engineering, healthcare, and environmental DM. It can
be used to compare and evaluate different options, prioritize resources, allocate funding,
and make strategic decisions. AHP is helpful in situations where decision-makers need to
consider multiple criteria (MC) and make trade-offs between conflicting objectives [99].

(c) Analytic network process (ANP) is a development of AHP. ANP is designed to
identify and resolve decision problems that involve interdependencies and feedback loops
among criteria and alternatives, which cannot be captured by a simple hierarchy. ANP is
the process of decomposing a decision problem into a network of clusters and elements and
determining their relative importance by comparing them pairwise. The process involves
normalizing the comparisons, calculating priority vectors for each level of the network,
and checking the consistency of the priorities. It can be used to evaluate complex systems,
prioritize resources, allocate funding, and make strategic decisions that take into account
the interdependencies and feedback loops among criteria and alternatives. ANP is advan-
tageous in situations where decision-makers need to consider MC and their interactions
and make trade-offs between conflicting objectives in a complex environment [100].
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(d) Preference Ranking Organization METHod for Enrichment Evaluation (PROM-
ETHEE) ranks alternatives according to certain criteria. Using priority functions, it deter-
mines the degree of preference or indifference between each alternative and the others
based on each criterion used to break down the decision problem. PROMETHEE then
aggregates the preferences for each alternative to generate a ranking of the alternatives. The
method also provides sensitivity analysis to evaluate the robustness of the ranking results.
It can be used to evaluate and rank alternatives based on MC, considering the preferences
and indifference of decision-makers towards each criterion. PROMETHEE proves valuable
in scenarios where decision-makers need to make choices between alternatives that have
different strengths and weaknesses based on MC [101].

(e) Decision Making Trial and Evaluation Laboratory (DEMATEL) is used for analysing
the cause-and-effect relationships among a set of criteria in a complex DM problem. It
involves breaking down the decision problem into a set of criteria and sub-criteria and then
using the DEMATEL method to construct a directed graph representing the relationships
among these criteria. The method allows decision-makers to identify the driving factors
and critical issues that are most important in the DM process. It also provides a way to
determine the relative importance per criterion and sub-criterion by calculating its degree
of influence and dependence in the DM process. It can be used to support DM processes
by helping decision-makers identify the most critical issues and factors that should be
considered in a decision problem, as well as to weigh the importance of different criteria in
a structured and transparent manner [102].

(f) ELimination and Choice Expressing Reality (ELECTRE) method involves comparing
multiple alternatives based on a set of criteria and ranking them in order of preference.
The proposed model, called the Intuitionistic Fuzzy ELECTRE (IF-ELECTRE), uses IFS
to represent the criteria and alternatives and incorporates a decision matrix to calculate
the outranking degrees of the alternatives. IF-ELECTRE method involves several steps,
including the construction of a preference relation matrix based on the IFS, the calculation
of the net flow values for each alternative, and the determination of the final ranking using
a weighting scheme. In circumstances where criteria and alternatives are uncertain or
imprecise, the IF-ELECTRE model provides an operative framework for decision-makers
to evaluate alternatives and make informed judgments [103].

(g) The term ‘Delphi method’ originated from the Oracle of Delphi in ancient Greece,
who was consulted regarding issues ranging from personal matters to public policy. Ex-
perts can communicate easily using electronic means through the Delphi method and their
responses are anonymous, which allows them to state their preferences without being influ-
enced by others. Alternatively, expert judgment can be helpful when there is no scientific
evidence or, if there is, it is contradictory. The opinions of several experts may be more
reliable than those of one expert in a situation such as this [40]. A Delphi survey consists of:
(a) the subject of study must be identified and explained, as well as a questionnaire to be
prepared; (ii) the panel of experts to be consulted must be identified; and (c) the survey
should be sorted out and conducted, usually in two or more rounds. An essential aspect
of the method is the iteration of rounds to identify convergences or divergences of views,
although consensus is typically sought at some point. The absence of consensus often leads
to thought-provoking and vital discussions.

(h) The Best-Worst Method (BWM) involves ranking a set of alternatives based on
their relative importance or preference. BWM typically involves presenting respondents
with a set of alternatives and asking them to identify the best and worst alternatives from
that set. The respondents then assign scores to the alternatives based on their perceived
importance or preference. The scores are used to calculate the importance weights of
each alternative, which can be used to prioritize DM and allocate resources accordingly.
The BWM method is advantageous in situations where there are multiple attributes to be
evaluated and subjective preferences are involved. It provides a more comprehensive and
accurate assessment of DM criteria and helps decision-makers identify the most critical
areas for improvement [104].
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(i) Measurement of Alternatives and Ranking according to Compromise Solution
(MARCOS) is used to evaluate and rank alternative solutions based on MC. The method
measures the attractiveness of each alternative solution based on the criteria or factors
considered. The method also ranks the alternatives according to a compromise solution.
Then, the alternatives are rated according to their overall scores, with the highest-scoring
alternative considered the most attractive. Overall, the method has been shown to provide
a valuable tool for decision-makers to evaluate alternative solutions and identify areas for
improvement [105–107].

(j) Goal programming is used to find the best possible solution to a problem with
multiple conflicting objectives. The goal programming model involves identifying a set of
objectives, which may be conflicting, and assigning priority weights to each objective. The
model seeks to minimize the deviations from these objectives, subject to constraints. The
objectives may include minimizing the cost of resource allocation, maximizing the efficiency
of resource utilization, and meeting project deadlines. This model, used for allocation in
agile-based software development, involves the identification of objectives and constraints,
the determination of the priority weights for each objective, and the formulation of the
goal programming model. The model is then solved using a mathematical optimization
algorithm to determine the optimal resource allocation plan. The goal programming
approach provides a helpful tool for decision-makers to allocate resources in a way that
balances multiple competing objectives [108].

(k) Grey relational analysis (GRA) method is a technique for evaluating the relation-
ships between multiple variables and identifying those variables that are most strongly
related to the desired outcome. GRA method works by comparing each variable to the
reference variable, which is typically the variable that represents the desired outcome. The
method uses a grey number to represent each variable, which accounts for both the known
and unknown information about the variable. The grey number is then used to calculate
the grey relational coefficient (GRC) between each variable and the reference variable. The
GRC indicates the degree of correlation between each variable and the reference variable,
with a higher GRC indicating a stronger correlation. The variables with the highest GRCs
are considered to be the most important for achieving the desired outcome and can be used
to inform DM. The GRA method is used to evaluate the relationships between MC [39].

(l) Weighted Sum Aggregation (WSA) is a method of aggregating MC or factors that
are used to evaluate alternatives in a DM process. A weight is assigned to each criterion in
the WSA method to reflect its relative importance in the DM process. In order to calculate
the weighted sum score for each alternative, the weights for each criterion are combined.
As a result, the alternative with the highest weighted sum score is considered to be the
most advantageous. WSA provides decision-makers with a useful tool for aggregating MC
and determining the relative importance of each criterion [109].

A technique widely used in several Decision-Making tools is the fuzzy logic method,
which is usually preferred to determine a rough and distant outcome from a variety of
sources of information [25]. This is an effective tool for modelling vague, ambiguous,
and inaccurate information. There are numerous applications of fuzzy set theory in the
fields of engineering, management, and business. As an alternative approach to human
judgments, Zadeh proposes linguistic variables, which essentially transform crisp values of
information into fuzzy ones [110]. A fuzzy number A˜ is a convex, normalized fuzzy set of
X ⊆ R and indicated as A = (l,m,u), where l and u represent the lower and upper bounds,
respectively, and m is the midpoint [111]. It is worth mentioning that 9 out of 80 papers
use methodologies combined with fuzziness. More specifically, the multi-criteria decision-
making (MCDM) methods PROMETHEE method [24], Delphi method [37], ELECTRE
method [77], and AHP [89] are developed with fuzzy logic as well as other combined
methodologies [25,32,45,52,54].

In Table 3, the MCDM methods employed in the papers are compared, including their
advantages, disadvantages, and fields of application.
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Table 3. Overview of MCDM methods that employ the reviewed papers.

Pros Cons Application Source

AHP

• Flexible, intuitive and easy to use
• Incorporate experts’ viewpoints
• Check inconsistency
• No bias in DM
• Makes clear the importance of each element

• Irregularities in ranking
• Important information may be lost (Additive

aggregation)
• More pair-wise comparisons are needed
• Difficult to reflect index interactions
• Collection of data lies on experience

Company valuation methods in legal asset inventory
expertise, construction management domain for material and

project selection, health
sector and manufacturing

[7,24,112,113]

ANP

• Handle complex index systems well
• Processing feedback and interdependencies
• Independence among elements is not required
• Prediction is accurate because priorities are

improved by feedback

• Fail to evaluate one element in isolation
• Time-consuming
• Complex computational processes
• Uncertainty—not supported
• Hard to convince DM

Health, safety and environmental management, hydrology
and water management, business and financial management,
human resources management, tourism, logistics and supply
chain management, design, engineering and manufacturing

systems, energy management

[24,100,112]

BWM
• Most data and time-efficient
• Checking the consistency of pairwise

comparisons

• No identification of a global (system) optimal
solution

• Weights that are not distinct and can impact
the decision outcome

• Complicated computational procedures,
particularly with a large number of criteria.

Energy, supply chain management, transportation,
manufacturing, education, investment, performance

evaluation, airline industry, communication, healthcare,
banking, technology, and tourism

[114,115]

DEMATEL
• Considering index interaction
• Less required in data
• Determining causal factors

• Complex computational processes
• Lack of objectivity

Supply chain management, environmental planning,
healthcare, finance, and engineering [24,116]

DEPLHI

• Structured system of communication for clear
results

• Anonymity for unbiased responses
• Flexibility in geographical location
• Removal of the impact of dominant individuals
• Time and cost-effective method of obtaining

expert group opinion

• Limited open discussion
• Requires commitment if multiple rounds are

required
• Interpretation of study results is highly

dependent on the responder’s expertise

Business forecasting, industry predictions, government
planning or financial strategies, predict trends in aerospace,

automation, broadband connections, and the use of
technology in schools

[117,118]

ELECTRE

• DM by thresholds of indifference and preference
• Handle the problem of index compensation
• Application when the incomparable alternatives

exist
• Outranking is used

• Requires many parameters
• Complex computational processes
• Difficult to determine the preferred

alternatives
• Time-consuming

Engineering, economics, business, environmental
management

[24,112,119]

Goal programming
• Handling large-scale problems
• Provide infinite alternatives

• Capability of weighting coefficients
• Need to be combined with other MCDM

methods

Production planning,
health care, portfolio selection,

distribution systems, energy planning,
water management,

wildlife management

[120]
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Table 3. Cont.

Pros Cons Application Source

GREY • Perfect information results in a unique solution • No optimal solution
Oil field development, military decisions, and equipment

condition monitoring and wear mode recognition [112,121]

MARCOS

• Subjectivity in expert judgment is exploited and
assumptions are avoided

• Consideration of an anti-ideal and ideal solution
in the initial matrix,

• Closer determination of utility degree in relation
to both solutions,

• Proposal of a new way to determine utility
functions and their aggregation

• Examination of an extensive array of criteria and
alternatives while ensuring the steadfastness of
the approach.

• A significant amount of data
• New method/Not yet extensively

investigated and used

Medical, logistics and transportation, life cycle management,
materials selection, site selection problems, manufacturing

process evaluation, technology evaluation
[106]

PROMETHEE
• No need for raw data process
• Reduction in information loss
• Reflect various properties of attributes

• Ignore the psychological characteristics of
decision-makers Business, finance, hydrology, and water management [24,122]

TOPSIS

• Ease of application and understanding
• Universality
• Consideration of distances to an ideal solution
• Not restricted sample size and index quantity
• Ideal solution and anti-ideal solution complexity

• High subjectivity, not checking the
consistency of judgments

• Not indicate the preference of
decision-makers

• Ignore the relative importance of distances
• Max. character of criteria calculation scale

Energy, medicine, engineering and manufacturing systems,
safety and environmental fields, chemical engineering and

water resources studies
[24,98,123]

Weighted Sum
Algorithm (WSA)

• Weight and combine multiple inputs
• Incorporation weights or relative importance
• Max. of gain
• Results min, max
• Strong in a single-dimensional problem

• Linear function of gain
• Exaggerating extremes
• Difficulty with multi-dimensional problems

Economics, agriculture, and risk management [112,123]
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3.6. Criteria Used

In the 80 papers reviewed, a comprehensive set of 170 criteria was utilized and
subsequently categorized, leading to a condensed list of 41 final criteria. According to
Figure 10 (and more analytically in Table S5, which describes the criteria selected and
analysed in 80 papers and the number of papers that examined them), the most frequently
employed criteria related to wind characteristics and water depth (approximately 75%
of papers referring to these criteria), navigation and energy criteria (65% of papers), and
baseline criteria regarding environmental impacts and distance from the shoreline (54%).

While the above criteria seem to be the only ones used in a percentage greater than
50% of the total papers, there are other factors to complete a holistic examination of
spatial planning, related to social and economic factors, i.e., population served, acceptance,
employment, various economic indicators, etc., as well as crucial legal and exclusive criteria,
including distance from ports and airports, underwater cables, or military prohibited zones.

Several criteria have not yet been extensively explored (Figure 10). In terms of spatial
planning, some of these appear to be important, such as policy planning, heritage areas,
and the existence of renewable energy sources, while others are less well explored, such as
the marine habitat and conditions or the safety level. Additionally, it is noted that some of
those unstudied criteria are essential for such research to harvest increased endorsement
from the local community residents and to investigate the benefits and negative impacts of
the installation holistically [124].
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3.7. Experts Included

The majority of papers (39 out of 80) seem to lack expert opinions concerning their
criteria or, more broadly, their methodology. The authors also appear to classify the criteria
based on their expertise and knowledge, but this is a time-consuming process, which is not
objective, and the results are not in accordance with reality. A percentage of 11%, 9 papers
do not specify whether or not they include expert opinions in their studies and another
percentage of 11%, 9 papers include expert opinions but do not specify the number. A
satisfactory number of papers is reviewed in addition to a number of expert opinions, such
as 4, 5, 7, or 9. Last but not least, a less widely adopted practice consists of the opinions of
3, 8, 10, 13, 15, 21, 25, 26, 33, and 34 experts (Figure 11 and Table 1).
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4. Conclusions

This study involves a systematic literature review that critically and comprehensively
analyses publications to identify constraints and relevant criteria for determining the
optimal location for offshore wind development. The review also offers insights into the
methods and criteria employed in the examined articles. The subsequent paragraphs
summarize the main findings derived from the obtained results.

The reviewed studies are allocated among 34 distinct scholarly journals, predominantly
featured in the journals Renewable Energy, Renewable and Sustainable Energy Reviews,
and Energies. A significant variation in the distribution of different journals indicates that
the Offshore Wind market is becoming increasingly challenging, as well as demonstrating
that there is a multidisciplinary interest in this emerging technology and that many scientists
are concentrating on it.

According to the study area, the studies were conducted in 24 different study areas,
with the highest percentage being undertaken in Turkey, China, and Greece. When the
conditions are favourable in terms of economic status, studies, legislation, and mature
technology, countries with sea areas that have not developed Offshore Wind installations
undertake research in order to be prepared for development.
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Among the 80 studies, 30 examine the siting of bottom-fixed OWFs, 12 examine the
new emerging technology of floating OWFs, and 27 examine both types (bottom-fixed
and floating).

It was found that 40 of the 80 papers reviewed (50%) applied MCDM methods in order
to assess which sites would be most appropriate for the deployment of OWFs. The global
literature confirms that these kinds of methods are particularly suitable for approximating
multi-parameter problems, such as the optimal location of OWFs. It is also worth noting
that 20 out of 80 papers (25%) use the AHP method as the basis for identifying optimal
OWF locations, which means that this is a method that has been thoroughly tested and
verified and can be applied in this sector widely. Based on the analysis, it is estimated
that the most popular methods (AHP, TOPSIS, PROMETHEE) offer a strong competitive
advantage of being easy to use and understand, although their accuracy is based on the
quality of the selected panel and have a large phasma of applications in business, as well as
in policy making.

As concerns the criteria in the existing Science and Technology literature there exist an
adequate number of examples in different sectors, including criteria such as wind potential
characteristics, water depth, energy, distance from shore, social and environmental impact,
and economy ready-to-use (TRL above 8). On the contrary, crucial criteriafor the final
decision are less developed (TRL below 5), such as visual impact, extreme environmental
conditions and safety, noise level, and protection of the natural system and heritage sites
(including coastal antiquities).

OWFs encounter various limitations that hinder their widespread adoption and opera-
tion. The substantial depths of offshore locations significantly escalate installation costs,
making them less economically feasible compared to alternative solutions like floating
wind farms. Moreover, the sluggish pace of licensing procedures adds to project delays and
uncertainties, further impeding progress. Extensive studies are required for aspects such
as electrical connections, local environmental impacts, and precise wind measurements,
contributing to the complexity and duration of project development. Additionally, the
unpredictability of energy tariffs poses financial risks, while the high costs associated with
installation and maintenance strain project budgets. Upgrading port and shipyard facilities
to accommodate offshore installations is another significant challenge. Furthermore, social
opposition, often driven by the NIMBY (Not In My Backyard) phenomenon, presents
formidable obstacles to offshore wind farm developments, necessitating careful community
engagement and stakeholder collaboration to overcome [125].

Future research in the realm of OWFs should focus on enhancing decision-making
processes and optimizing project outcomes. This could involve incorporating additional
criteria and increasing the involvement of experts in decision-making processes, alongside
utilizing a combination of MCDM methods for more robust evaluations. Techno-economic
assessments should be conducted for various suitable areas, considering different micro-
siting scenarios and turbine models to maximize efficiency and cost-effectiveness. Moreover,
assessing potential visual impacts using innovative methods and verifying results could
help address concerns and inform project planning [126,127]. Crucial criteria for further
investigation include visual impacts, extreme environmental conditions, noise levels, and
the presence of heritage sites, including coastal antiquities. Encouraging the participation
of experts can lead to a more objective assessment of data and improve decision-making
processes. Additionally, comprehensive studies focusing on the marine ecosystem are
essential, requiring on-site assessments of wind measurements, environmental impacts,
and visual impact evaluations for each specific location. Lastly, examining maintenance
criteria in relation to the distance from ports is vital for ensuring efficient operations and
reducing downtime [125].

The reviewed studies inadequately address or overlook certain critical issues, such as
the marine ecosystem. These aspects are pivotal for determining the location, installation,
and operation of facilities like OWFs. A comprehensive risk analysis, tailored to the
specific characteristics of each region, is essential, encompassing uncertainties at technical,
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economic, social, and environmental levels. While these studies serve as an initial step in
identifying suitable sites for offshore wind farm deployment, achieving a more thorough
and accurate approach necessitates on-site studies, wind measurements, environmental
assessments, and visual impact evaluations for each local site.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16146036/s1, Table S1: Number of experts involved
in the multicriteria process of the 80 papers; Table S2: Allocation of papers per study area, type of
structure, journal, expert involvement, and GIS integration; Table S3: Allocation per paper according
to the used methodology. *In column “paper ref”, numbers indicate the “A/A” of each paper, as it
is assigned in Table S2; Table S4: Allocation per MCDM method. *In column “paper ref”, numbers
indicate the “A/A” of each paper, as it is assigned in Table S2; Table S5: Criteria chosen and analysed
in 80 papers and the reference and number of papers that investigates them. *In column “paper ref”,
numbers indicate the “A/A” of each paper, as it is assigned in Table S2.

Funding: This work was supported by the Green Fund, under the “PHYSICAL ENVIRONMENT
and INNOVATIVE ACTIONS 2023” financial program, within the framework of the project “STEP-
AP—Sustainable siting of offshore wind parks. Application in Crete” Project code: 82813.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviation

AHP Analytic Hierarchy Process
ANP Analytic network process
BWM Best-Worst Method
DM Decision-making
DEMATEL Decision Making Trial and Evaluation Laboratory
ELECTRE ELimination and Choice Expressing Reality
GHG Greenhouse Gas
GIS Geographic Information System
GRA Grey Relational Analysis
GRC Grey Relational Coefficient
MARCOS Measurement of Alternatives and Ranking according to Compromise Solution
MCDM Multi-Criteria Decision-Making
MC Multiple criteria
OWF(s) Offshore Wind Farm(s)
PROMETHEE Preference Ranking Organization METHod for Enrichment Evaluation
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
UK United Kingdom
WSA Weighted Sum Aggregation
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