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Abstract

Offshore wind energy takes up an important place in Ireland’s renewable
generation portfolio thanks to its abundant offshore wind resource. Optimal
offshore site selection and developing site-specific energy policy instruments
are of key importance to the success of offshore wind energy investments. In
this respect, this study aims at developing a multi-criteria decision-making
(MCDM) model considering technical, economic, environmental and social
criteria to assess Ireland’s most promising offshore wind sites in terms of
their sustainable development. An interval type-2 fuzzy sets based MCDM
model is developed that integrates the score function with positive and nega-
tive solutions to achieve better results. Moreover, advanced energy economic
metrics such as levelized cost of electricity with higher resolution are inte-
grated into the decision-making process to make more precise decisions. Case
studies are conducted for the five of the offshore sites in development pipeline.
Results are compared to those of other state-of-the-art MCDM methods. It is
found that Arklow Bank-2 is the most favorable site while Sceirde is the least
site. The ranking of other sites is found to be Oriel>Dublin Array>Codling
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Park. It is shown that the proposed approach is superior in terms of stability
and implementation as compared to its counterparts.

Keywords: Offshore wind farm, site selection, levelized cost of electricity
(LCOE), decision-making, interval type-2 fuzzy sets, renewable energy.

1. Introduction

The development of offshore wind energy is central to Ireland’s energy
policy since the country benefits from an extensive offshore territory of ∼
650,000 km2, ten times larger than its land area, with an unrestricted tech-
nical potential of more than 1,000 TWh [1]. Given favourable developments
in policy and infrastructure, it is projected that an offshore wind deployment
of 30 GW can be achieved by 2050 [2]. As such, the country has built its
national renewable energy action plan in line with the 2009 EU Renewable
Energy Directive with the target of meeting 16% of its total energy and of
40% of electricity demand from renewable energy sources by 2020. More
ambitious EU-wide targets will likely to come into force in coming years.
This will require continued growth of the renewable energy sector including
offshore wind.

The offshore renewable energy development plan (OREDP) assesses the
Irish offshore territories based on the extent of available theoretical and tech-
nical resources for offshore wind, wave, and tidal [3]. This document iden-
tified that a potential of 12,000 MW from bottom-fixed offshore wind and
at least 27,000 MW from offshore floating wind can be developed without
likely significant adverse effects on the environment. Thus, Ireland set out
an achievable scenario of offshore wind development of 4,500 MW by 2030.
However, there has been only one operational offshore wind farm (OWF),
rated 25 MW, commissioned in 2014 [4] even though the project was orig-
inally proposed with a total installed capacity of 520 MW. Lack of policy
clarity and support are claimed to be the main means to be fallen behind
the European markets even though Ireland has one of Europe’s best offshore
wind resource [5].

Considering Ireland’s growing electricity market and the targets associ-
ated with the use of renewable energy, the need of large-scale offshore de-
ployment is indispensable. Technical and economic feasible recommendations
should therefore be provided for the policy makers and investors to help shape
the Ireland’s offshore wind energy outlook. As the Ireland’s energy mix has

2



already a relatively high proportion of variable generation, technical chal-
lenges such as system stability and reliability due to increased high wind
power integration have been extensively addressed in [6, 7, 8]. From the
point of economic perspective, [9] explored the maximum wind penetration
level. A number of feasibility studies for wind energy has been also focused
[10]. These studies included only onshore wind power development in Ire-
land. Yet, the cost structure of offshore wind farm is highly dependent on
their site conditions [11] that contributes to imbalance price volatility in the
energy market. Proper offshore site selection and developing regulations and
site-specific supports are therefore key for the offshore wind sector that will
help offshore wind auctions. As such, the industry could respond it by in-
vesting in the offshore wind energy. In this perspective, this study aims at
developing a multi-criteria decision-making (MCDM) model in assessing and
ranking Ireland’s most promising offshore wind sites in terms of the coun-
try’s sustainable development. This study contributes to representing and
handling higher degrees of uncertainty in the decision process of OWF site
selection based on the interval type-2 fuzzy sets (IT2FS). It includes (i) iden-
tifying and defining 24 criteria in terms of technical, economic, environmental
and social aspects, (ii) integrating advanced energy economic metrics such
as LCOE, DPBP, and NPV to reduce uncertainties and subjectivity associ-
ated with complex manner of interdisciplinary approaches, (iii) developing a
new hybrid IT2FS based MCDM model that integrates the score functions
with positive and negative ideal solutions, (iv) ranking the selected sites for
a sustainable offshore wind development.

The rest of this paper is organized as follows. Section 2 presents relevant
literature used in multi-criteria OWF site selection and fuzzy based decision-
making models. Section 3 introduces the methodology, the site description,
and the decision-making variables selected. The proposed IT2FS model is
developed in Section 4. Experimental and comparison results are discussed
in Section 5. Finally, Section 6 provides the concluding remarks.

2. Related Work

2.1. OWF Site Selection

MCDM has been a common practice in offshore wind energy development
planning since this process incorporates many decision criteria from various
perspectives in its nature [12]. This process requires a pre-selection of eligible
offshore sites based on multi-criteria site selection analysis [13]. As such, the

3



Table 1: Overview of studies on OWF site selection analysis

Author(s) Study Area Main-criteria Sub-criteria Number of alternatives Method/Tool Energy Economic Considerations

[17] Taiwan - - 5 GIS Cost benefit
[22] North Sea - 18 Unspecified GIS LCOE
[23] Greece - 5 10 AHP and GIS None
[19] South Korea 5 9 8 Multi-criteria analysis Cost benefit
[24] Iran 6 31 4 Fuzzy ANP, DEMATEL and ELECTRE Cost benefit
[25] United States - 8 3 GIS None
[26] Germany - 9 Unspecified GIS and Ordered Weighted Averaging Method None
[20] China 6 22 5 Intuitionistic fuzzy ELECTRE External Resources
[14] Europe 6 - 3 GIS None
[21] South Korea 4 14 Unspecified GIS Cost benefit
[12] Baltic States 3 6 15 GIS Only Cost (OPEX / CAPEX)
[15] Greece 3 8 12 AHP and GIS None
[27] China 4 10 5 Fuzzy AHP None
[11] Turkey 3 - 3 Multi-criteria analysis LCOE
[13] Turkey - 8 55 Multi-criteria analysis None

site selection is of key importance to the success of offshore wind energy in-
vestments. Primary investigation of technical and regulatory restricted areas
is first conducted to eliminate unsuitable sites [14]. Then, the site selection
involves qualitative and quantitative evaluations by expert judgements in
terms of several perspectives such as technical [14], economic [12], social [13],
and environmental [15]. Geographical Information System (GIS) is generally
used as a support tool in the analysis [16]. Cost-benefit analysis has been
the most common energy economic evaluation method among the site selec-
tion studies since it accommodates the most influential technical data about
the site in terms of investment decision-making [11, 12, 17, 18, 19, 20, 21].
Levelized cost of electricity (LCOE) is more effective energy economic metric
which considers cost, benefits and other financial factors including the inter-
est and inflation rates. Thus, for energy economic feasibility studies, the use
of LCOE is more superior than any other simpler metrics such as cost benefit
analysis related metrics. Finally, expert judgements are interpreted through
analytic hierarchy process (AHP) or fuzzy based decision-making methods.
While AHP was originally used to provide a preference ranking, fuzzy based
improved decision tools have been later introduced to reduce uncertainties
further [16], which are inherently present in decision problems. A summary
of various studies applying multi-criteria site selection analysis is reported in
Table 1.

2.2. Fuzzy Multi-Criteria Decision Making

Various MCDM based approaches, such as AHP, VIKOR(Vlse Kriteri-
jumska Optimizacija Kompromisno Resenje), Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS), Decision Making Trial and Evalua-
tion Laboratory (DEMATEL), Preference Ranking Organization Method for

4



Enrichment Evaluations (PROMETHEE), ELimination Et Choix Traduisant
la REalitwas (ELECTRE), have been applied in a variety of the renewable
energy systems as follows: Kaya and Kahraman [28] proposed a fuzzy VIKOR
and AHP for renewable energy planning. Heo et al. [29] assessed renewable
energy dissemination program using fuzzy AHP. Choudhary and Shankar
[30] applied the fuzzy AHP-TOPSIS to select thermal power plant locations.
Ertay et al. [31] presented a fuzzy AHP for evaluation of renewable energy
alternatives. San [32] used VIKOR method in the selection of a renewable
energy project in Spain. Kabir and Sumi [33] investigated a suitable power
substation location selection using fuzzy AHP and PROMETHEE. Yeh and
Huang [34] examined the key factors considered in determining the location
of wind farms using fuzzy DEMATEL and Analytic Network Process (ANP).
Sengul et al. [35] employed fuzzy TOPSIS for ranking renewable energy sup-
ply systems. Sanchez-Lozano et al. [36] proposed a fuzzy MCDM for the
evaluation of GIS based onshore wind farm site selection in the Southeast of
Spain. Ayodele et al. [16] applied a multi-criteria GIS based model which
includes interval type-2 fuzzy AHP for onshore wind farm site selection in
Nigeria. Hofer et al. [37] conducted a study to evaluate wind farm sites using
a spatial AHP approach in Stadteregion Aachen.

As in Table 1, while the type-1 fuzzy sets have been often applied to
the offshore site selection problem, the interval type-2 fuzzy hybrid MCDM
method which includes positive and negative ideal solutions, and relative
assessment matrix has not been used in finding the best offshore site selec-
tion. The hybrid model can provide better representation of vagueness with
simplified calculations. In addition, the interval type-2 fuzzy captures un-
certainty better than type-1 fuzzy sets [38]. This reflects less uncertainty in
decision-making assessments.

3. Methodology

The methodology used in the MCDM process includes 4 steps as shown
in Fig. 1. Step-1 starts at determining evaluation criteria that turned out
to be 3 main and 24 sub-criteria. Studies on the offshore site selection anal-
ysis typically relies on the generic data sets specified for each offshore site
interested such as wind speed and wind power density [13]. In addition to
the typical data set, this study provides the experts with a detailed data
set to make more precise decisions. Hence, Step-2 employs a comprehensive
techno-economic analysis based on a discounted cash flow model. In Step-3,
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the evaluations of sub-criteria and alternatives are individually carried out
by experts’ judgments based on the data set provided in the former step.
Analyzing experts’ judgements is essential as a final stage of ranking the al-
ternatives. IT2FS is selected in this study as an effective analysis tool and
alternative to conventional AHP methods. Finally, the last step includes the
IT2FS based MCDM analysis for ranking the alternatives based on a new
integrated model developed in Section 4.3.

Start

Data Collection 
for Alternative 

Locations

Determine Evaluation 
Criteria

Techno-economic Analysis

Step 1 : Data 

Collec�on 

Aggregate scores for 
criteria & alternatives

Construct fuzzy decision 
matrix

Satisfied with 
Weights? No

Calculate relative weights 
for each criterion

Calculate normalized 
decision matrix

End

Step 4: Analysis  

Interval Type-2 Fuzzy 

Sets Based Ranking

Yes

Calculate weighted 
normalized decision matrix

Calculate score function & 
distance measure for each 

alternative

Calculate relative assessment 
matrix  and overall score values

Ranking Alternatives

Assessments of criteria & 
alternatives by experts

Step 3 : Expert Review

Step 2 : Techno-economic Analysis 

Figure 1: Flow chart of proposed methodology.
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3.1. Site description

The OREDP splits the Irish offshore territory into six areas [3]. Among
those, the east, the east-north and the west-north are found to be the greatest
potential for bottom-fixed offshore wind development. Besides, 9 offshore
wind projects with up to 5,375 MW are currently in development pipeline.
In this study, 5 offshore sites out of 9 have been selected for the decision-
making purpose. The offshore sites selected, Arklow Bank-2 (Alternative
1) and Codling Park (Alternative 2) are located in the east cost and have
been approved for the OWF. Other alternatives selected are Dublin Array
(Alternative 3) in the east cost, Oriel (Alternative 4) in the east-north, and
Sceirde (Alternative5) in the west coast. Their consent applications were
proposed but have not been approved yet. The selected alternatives are
shown in Fig. 2.

Figure 2: The alternative sites studied for OWF development in Ireland.

7



3.2. Determination of decision-making variables

In order to assess and rank the alternatives, three main criteria were
taken into account that cover technical, economic, environmental, and social
aspects. Under the main criteria, 24 sub-criteria were defined as either benefit
or cost perspectives to allow qualitative and quantitative evaluations (Fig. 3).

3.2.1. Technical Evaluation:

This study performs the technical evaluation quantitatively through 8
sub-criteria and qualitatively through 2 sub-criteria. Wind speed and wind
power density are used to estimate wind power output which is the main
input in annual energy production (AEP) calculations. Using hourly wind
speed distribution and turbine manufacturers’ power curves, hourly wind
speeds are converted to wind power outputs. The Siemens Wind Turbine
SWT-4.0-130 was selected for the OWF projects that is one of the most
popular ones among OWF developers and operators. The AEP values were
estimated using an open source renewable energy resource assessment tool
named Virtual Wind Farm (VWF) which uses weather data from satellite
observations and the associated global reanalysis models including Modern-
Era Retrospective Analysis for Research and Applications (MERRA) [39].
Besides, the Irelands Marine Atlas [40] dataset were used for validating the
wind speed values from the VWF model. This study uses the mean offshore
wind speed measurements at a height 100m above sea level (Fig. 6a) [40].
Proximity to grid connection refers to the transmission line length between
OWF and the point of common coupling (PCC) that has impacts on the
electrical system costs. Considering a projected OWF in each alternative,
rated 100 MW, this study uses 220 kV transmission lines within the Irish
power network for the grid connection and their corresponding substations
are selected as PCC [41]. Wave and tidal energy potentials are other offshore
renewable energy sources that can form hybrid offshore systems [15]. As
operational reliability and economic viability of these offshore technologies
are being proved, hybrid offshore renewable energy systems can be deployed
in future [42]. However, wave and tidal energy potentials increase with wave
height and currents that requires more robust foundations affecting their
corresponding costs. This study uses mean annual practicable wave energy
resource calculated by the Pelamis Wave Power device based on the wave
forecasts (Fig. 6b) [40]. Tidal resource potential, on the other hand, refers
to technical resource between 10 and 15 km shoreline based on spring tidal
current speeds greater than and equal to 1.2 meters/second and by a water
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depth constraint of 20 to 80 m below mean sea level (Fig. 6c)[40]. Water
depth and sea bed type determine the type of foundation used (e.g., monopile,
jacket etc.) affecting the foundation costs [43]. The characteristics of water
depth and sea bed are obtained from the INFOMAR’s database (Fig. 6d)
[44]. The characteristics of the alternatives in terms of quantitative technical
evaluation are summarized in Table 2.

The evaluation of 

offshore wind farm 

development 

Technical 

Criteria

Economic 

Criteria 

Environmental 

and Social 

Criteria

Wind speed

Wind power density

Proximity to grid 

connections

Effects of wind farm on 

marine life  

Proximity to contaminated/

obstructed area

LCOE - best case

Proximity to the facilities 

for wind farm construction

Proximity to natural 

conservation area

Proximity to shore (Noise, 

visual impact etc.)

Community/local 

acceptance

Proximity to landscape 

protection area

Potential of future 

expansion

Objective Main-criteria Sub-criteria
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A2: Codling Park

A3: Dublin Array
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Alternatives

Water depth

Eligability of soil 

conditions
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demand region

Proximity to hydrocarbon 

reserves

Wave energy potential 

Wave height and period

Tidal range and current 

velocity

Investment cost 

Operation and maintenance 

costs per year

Total project (discounted) 

pay back period

Proximity to shipping 

lanes/density/congestion

Proximity to ports/harbor

A5: Sceirde

C1 (Benefit)

C2 (Benefit)

C3 (Benefit)

C4 (Cost)

C5 (Cost)

C6 (Cost)

C7 (Cost)

C8 (Cost)

C9 (Cost)

C10 (Cost)

C11 (Cost)

C12 (Cost)

C13 (Cost)

C14 (Cost)

C15 (Benefit)

C16 (Cost)

C17 (Benefit)

C18 (Cost)

C19 (Cost)

C20 (Cost)

C21 (Cost)

C22 (Cost)

C23 (Benefit)
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Quantitative

Evaluation type

Quantitative

Quantitative

Quantitative

 Qualitative
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 Qualitative
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 Qualitative

 Qualitative

Quantitative

Quantitative

Quantitative

 Qualitative

 Qualitative

Quantitative

Quantitative

Quantitative

Quantitative

 Qualitative

 Qualitative

 Qualitative

 Qualitative

 Qualitative

Figure 3: The designed decision hierarchy for OWF site selection problem.
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Table 2: Characteristics of the alternatives for technical evaluation.

Alternative sites
No Criteria Unit

A1 A2 A3 A4 A5

C1 Mean offshore wind speed at 100m m/s 8.8 8.9 9.0 8.6 10.0
C2 Wind power density at 100m W/m2 1,100 1,100 1.100 1,150 1,400
C3 Proximity to grid connections m 15 25 16 33 74
C4 Water depth m 39 36 31 18 70
C5 Sea bed type NA gravel gravel sand rock rock
C8 Mean annual wave energy potential GWhe/km 8 8 6 6 22
C9 Mean annual wave height & period m & s 0.75 & 5.75 0.75 & 5.75 0.50 & 5.25 0.75 & 4.75 2.0 & 7.50
C10 Tidal resource potential NA Moderate Moderate Moderate Low Low

The qualitative evaluation, on the other hand, included proximity to the
electricity demand region and proximity to hydrocarbon reserves /energy ex-
ploration. Proximity to electricity demand region is considered from trans-
mission line losses perspective. The line losses decreases as OWF is installed
closer to the demand region which make them favorable from the transmis-
sion system operator perspective. Proximity to hydrocarbon reserves /en-
ergy exploration is another parameter considered which prevents potential
OWFs being extended in future. This study considers the locations of cur-
rent petroleum exploration and production authorized by the Minister for
Communications, Energy and Natural Resources (Fig. 6e) in [40].

3.2.2. Economic Evaluation:

Economic evaluation yields the major investment indicators such as
LCOE, discounted payback period (DPBP) [11]. This study performs a quan-
titative economic evaluation through 4 sub-criteria and qualitative evalution
through 3 sub-criteria. First, an economic model is developed for projected
OWFs in each alternative. Then, a detailed cash flow analysis is done to
estimate the economic variables which are total investment cost, operational
and maintenance cost (OPEX), DPBP, and LCOE.

It is considered that the studied OWFs have 25 wind turbines rated at
4MW each. The layout includes 5 turbines both in a row and column with 5
rotor diameter (D) and 10 D spacing, respectively as recommended in [45].
Among several electrical layout configurations, radial design is used in this
study since it is the most straightforward design that requires a single cable
to connect turbines in a feeder [46]. It is also assumed that the offshore
substation is connected to a nearest substation of the power grid without
additional onshore substation requirement. The layout is given in Fig. 4.

The total investment cost is sum of capital expenditures (CAPEX) and
OPEX. CAPEX have four main cost components [43]: (i) turbines, (ii)
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Figure 4: Electrical layout of projected OWF in selected alternative sites.

support system, (iii) electrical system, (iv) project development and man-
agement including insurance. The OPEX is considered to be 1.9% of the
CAPEX to include operational, maintenance, administrative, insurance pre-
miums and royalty costs over a lifespan of 20 years [19]. Cost models of each
above mentioned components are taken from [47] that gathers various models
from literature.

The LCOE is a per unit cost measure which represents the net present
value of the power plant over its lifetime and is calculated by:

LCOE =

∑T
t=0

CCAPEX(t)+COPEX(t)
(1+r)t∑T

t=0
netAEP
(1+r)t

, (1)

where, ∀t ∈ {1..T} CCAPEX(t) = 0 and COPEX(0) = 0. COPEX(t) is the
operational expenditure for the year of t and r is discount rate. The net
AEP is the estimated amount of energy yielded by the plant for one year.
The net cash flow for a year is found by subtracting the net present value
of expenditures from the net present value of annual cash benefits. Another
economic variable studied, DPBP, considers the time value of money and
refers to the length of time in which the cumulative profit equals to the
cumulative cost. DPBP is expressed by Eq. 2 [11].

DPBP =

ln

(
1

1− r·CCAPEX
NetCashFlow

)
ln(1 + r)

. (2)
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Table 3: Estimated values of economic variables obtained from the economic model run.

Alternative sites
No Criteria Unit

A1 A2 A3 A4 A5

C11 Investment cost Million $ 309 318.1 309.3 329.3 351.1
C12 Annual operation and maintenance costs $ 293,595 302,203 293,814 312,880 333,586
C13 Discounted payback period year 11 11 11 12 15
C14 LCOE $/MWh 71.27 73.17 71.51 79.27 89.80

The estimated values of quantitative economic variables from the eco-
nomic model are summarized in Table 3. The qualitative economic eval-
uation included three components: proximity to the facilities for wind
farm construction, proximity to ports/harbor and proximity to shipping
lanes/density/congestion (Fig. 6f). The first two aspects make offshore in-
stallations favorable due to their relatively less CAPEX and OPEX, while
the last is not preferred as it delays the commissioning and maintenance
operations and thus increases costs.

3.2.3. Environmental and Social Evaluation:

The alternatives are evaluated qualitatively through 7 sub-criteria in
terms of environmental and social aspects. The environmental evaluation
included proximity to natural environment conservation area, effects of wind
farm on marine life(Fig. 6g), proximity to contaminated/obstructed area, and
proximity to landscape protection area. These areas are specified from [40].
The natural environment conservation area refers to prime wildlife conserva-
tion areas with offshore special area conservation (Fig.6i) while the contam-
inated area covers baseline, geographical and temporal trend monitoring of
contaminants and parameters in biota, water, and sediments in the marine
environment undertaken by Ireland’s Marine Institute (Fig. 6h). The social
evaluation criteria included proximity to the shore (noise, visual impact etc.),
community/local acceptance, and potential of future expansion.

4. Preliminaries

This section provides an overview of fuzzy sets used in this study and
developes an integrated model.
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x

1
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0
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Figure 5: IT2FS Ã.

4.1. Interval Type-2 Fuzzy Sets

Fuzzy sets can be broadly categorized into type-1 and type-2. The mem-
bership function (MF) of the type-1 fuzzy sets is crisp. The concept of type-2
fuzzy set is an extension version of classical fuzzy sets to capture uncertainty
of grade of membership. It provides additional design degree of freedom
[38]. Type-2 fuzzy set has the potential to provide better performance as
compared to the type-1 [48, 38].

A simpler type-2 fuzzy set, called IT2FS is characterized by two primary
MFs that are upper membership function (UMF) and lower membership
function (LMF) and each element of these functions is a fuzzy set in [0, 1].
Fig. 5 presents an IT2FS where the blue shaded region indicates the footprint
of uncertainty [38]. Some basic definitions are given as follows [38, 49]:

Definition 1. Ã is a type-2 fuzzy set belonging to X universal set, and
µÃ is a type-2 fuzzy MF, expressed by [50]:

Ã = {(x, u), µÃ(x, u))| ∀x ∈ X, ∀u ∈ Jx ⊆ [0, 1], 0 ≤ µÃ(x, u) ≤ 1}, (3)

where, Jx denotes a range of [0, 1].
Definition 2. Let µÃ denotes a type-2 MF defining Ã type-2 fuzzy set

belonging to X universal set. When all µÃ(x, u) = 1, then the set Ã is called
to be the IT2FS. An IT2FS is regarded as a special case of Ã type-2 fuzzy
set and expressed as by [38]:

Ã =

∫
x∈X

∫
u∈Jx

1/(x, u), (4)
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where, Jx ⊆ [0, 1].
Definition 3. The LMF and UMF of IT2FS are type-1 member-

ship functions. Chen and Lee [51] proposed a new approach for
solving fuzzy MCDM problems based on the IT2FS. According to
this approach, the reference points and heights of ITF2S includ-
ing LMF and UMF are used to characterize the IT2FS. For exam-
ple, a trapezoidal IT2FS can be presented as Ãi = (ÃU

i , Ã
L
i ) =

((aui1, a
u
i2, a

u
i3, a

u
i4;h1(Ã

U
i ), h2(Ã

U
i )), (ali1, a

l
i2, a

l
i3, a

l
i4;h1(Ã

L
i ), h2(Ã

L
i )) [49],

where, ÃU
i and ÃL

i denote type-1 fuzzy sets, aui1, a
u
i2, a

u
i3, a

u
i4; a

l
i1, a

l
i2, a

l
i3 and

ali4 denote the reference points of trapezoidal IT2FS. Hj(Ã
U
i ) indicates

the membership value of the element aUi(j+1) in upper trapezoidal MF and

Hj(Ã
L
i ) indicates the membership value of the element aLi(j+1) in lower

trapezoidal MF, while 0 ≤ j ≤ 1.
The basic algebraic operations used in this study are defined as follows

[49]:
Let C̃1 and C̃2 be two trapezoidal IT2FS numbers:

C̃1 = (C̃U
1 , C̃

L
1 ) = ((cu11, c

u
12, c

u
13, c

u
14;H1(C̃

U
1 ), H2(C̃

U
1 )), (cl11, c

l
12, c

l
13, c

l
14;H2(C̃

L
1 ), H2(C̃

L
1 )

C̃2 = (C̃U
2 , C̃

L
2 ) = ((cu21, c

u
22, c

u
23, c

u
24;H2(C̃

U
2 ), H2(C̃

U
2 )), (cl21, c

l
22, c

l
23, c

l
24;H2(C̃

L
2 ), H2(C̃

L
2 )

Definition 4. The addition of C̃1 and C̃2 trapezoidal IT2FS can be written
by

C̃1 ⊕ C̃2 = (C̃U
1 , C̃

L
1 )⊕ (C̃U

2 , C̃
L
2 ) = ((cu11 + cu21, c

u
12 + cu22, c

u
13 + cu23, c

u
14 + cu24;

min(H1(Ã
U
1 ), H1(Ã

U
2 )),min(H2(Ã

U
1 ), H2(Ã

U
1 ))),

(cl11 + cl21, c
l
12 + cl22, c

l
13 + cl23, a

l
14 + cl24;

min(H1(C̃
L
1 ), H1(C̃

L
2 )), (H2(C̃

L
1 ), H2(C̃

L
2 )))

(5)

Definition 5. The subtraction of C̃1 and C̃2 trapezoidal IT2FS can be
presented as

C̃1 	 C̃2 = (C̃U
1 , C̃

L
1 )	 (C̃U

2 , C̃
L
2 ) = ((cu11 − cu24, cu12 − cu23, cu13 − cu22, cu14 − cu21;

min(H1(C̃
U
1 ), H1(C̃

U
2 )),min(H2(C̃

U
1 ), H2(C̃

U
1 ))),

(cl11 − cl24, cl12 − cl23, cl13 − cl22, cl14 − cl21;
min(H1(C̃

L
1 ), H1(C̃

L
2 )), (H2(C̃

L
1 ), H2(C̃

L
2 )))

(6)

Definition 6. The multiplication of C̃1 and C̃2 trapezoidal IT2FS can be
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presented as

C̃1 ⊗ C̃2 =(C̃U
1 , C̃

L
1 )⊗ (C̃U

2 , C̃
L
2 ) = ((cu11 × cu21, cu12 × cu22, cu13 × cu23, cu14 × cu24;

min(H1(C̃
U
1 ), H1(C̃

U
2 )),min(H2(C̃

U
1 ), H2(C̃

U
2 ))),

(cl11 × cl21, cl12 × cl22, cl13 × cl23, cl14 × cl24;
min(H1(C̃

L
1 ), H1(C̃

L
2 )), (H2(C̃

L
1 ), H2(C̃

L
2 ))).

(7)

Definition 7. The arithmetic processes between trapezoidal IT2FS and
crisp value δ are presented as follows:

δC̃1 =((δ × cu11, δ × cu12, δ × cu13, δ × cu14;H1(C̃
U
1 ), H2(C̃

U
1 )),

(δ × cl11, δ × cl12, δ × cl13, δ × cl14;H1(C̃
L
1 ), H2(C̃

L
1 ))).

(8)

C̃

δ 1
=((

1

δ
× cu11,

1

δ
× cu12,

1

δ
× cu13,

1

δ
× cu14;H1(C̃

U
1 ), H2(C̃

U
1 )),

(
1

δ
× cl11,

1

δ
× cl12,

1

δ
× cl13,

1

δ
× cl14;H1(C̃

L
1 ), H2(C̃

L
1 ))),

(9)

where δ > 1.
Definition 8. The distance between C̃1 and C̃2 of trapezoidal IT2FS can

be calculated as [52]

D(C̃1, C̃2) =

√
D̃1 + D̃2, (10)

where, D denotes the distance of IT2FS.

D̃1 = (cu11 − cu21)2 + (cu12H1(C̃
U
1 )− cu22H1(C̃

U
2 ))2

+(cu13H2(C̃
U
1 )− cu23H2(C̃

U
2 ))2 + (cu14 − cu24)2,

(11)

D̃2 = (cl11 − cl21)2 + (cl12H1(C̃
L
1 )− cl22H1(C̃

L
2 ))2

+(cl13H2(C̃
L
1 )− cl23H2(C̃

L
2 ))2 + (cl14 − cl24)2.

(12)

4.2. IT2FS Score Function

In this section, we use a score function of IT2FS based on the concept
proposed by [53] regarding the ranking value of IT2FS [54].
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Definition 9. Let h̃i = {C̃ ∈ h̃ | C̃ =
((cu1 , c

u
2 , c

u
3 , c

u
4 ;h1(C̃

U
i ), h2(C̃

U
i )), (al1, a

l
2, a

l
3, a

l
4;h1(C̃

L
i ), h2(C̃

L
i )) be an IT2FS.

Then the score function are defined by

d(h̃i) =
1

∗h̃

∑
C̃∈h̃

score(C̃)

=
1

∗h̃

∑
C̃∈h̃

[
au1 + au4

2
+
H1(C̃

U
1 ) +H1(C̃

U
1 ) +H2(C̃

L
1 ) +H2(C̃

L
1 )

4

]

×a
u
1 + au2 + au3 + au4 + al1 + al2 + al3 + al4

8
,

(13)

where, ∗(h̃i) is the number of the IT2FS C̃ in h̃ and score(h̃i) is a crisp
score.

4.3. Proposed Decision Model

In the proposed hybrid model, a classical fuzzy set is first extended to the
IT2FS. Second, the score function with positive and negative ideal solutions
is applied to achieve better results. Finally, the relative assessment matrix
[55] is applied to aggregate the ranking results. The steps of the proposed
approach are given in order as follows:

Step 1. Construct the fuzzy decision matrix X̃ = (xij)m×n. xij is the
evaluation values of the alternatives ki (i = 1, 2, ...,m) with respect to the
criteria lj(j = 1, 2, ..., n),

X̃ = (αij)m×n =



l1 l2 · · · ln

k1 α11 α12 · · · α1n

k2 α21 α22 · · · α2n

...
...

...
. . .

...

km α1m α2m · · · αmn

, (14)

where, m and n denote the number of alternatives and criteria, respectively.
Step 2. Determine the fuzzy weights of each criterion from each decision-

maker, (p = 1, 2, ..., q). Then, the average fuzzy weights are calculated as
follows:

W̃j = [w̃jq]1×n =
( α1 α2 · · · αn

w1, w2, · · · wn

)
, (15)
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α̃ij = (
α1
ij ⊕ α2

ij ⊕ · · · ⊕ α
q
ij

q
), (16)

where, W̃j denotes fuzzy weight of jth criterion that is an IT2FS j ≤ 1 ≤ n.
Step 3. Calculate the normalized decision matrix with respect to type

of each criterion and the decision matrix X = (cij)m×n into P = [pij]m×n.
For the benefit and cost types considered for the criteria, they are defined as
follows:

P̃ = [p̃ij]m×n, (17)

p̃ij =

{
αij/max

{
αij

}
∀i if j ∈ Benefit

1− αij/max
{
αij

}
∀i if j ∈ Cost

, (18)

where, r̃ij shows normalized values, which are obtained from αij.
Step 4. Determine the fuzzy weighted normalized decision matrix. it is

defined by
Ṽ = [ṽij]m×n and ṽij = w̃ij ⊗ p̃ij, (19)

where, ṽij denotes the weighted normalized IT2FS.
Step 5. Calculate the score function of the overall IT2FS for each alter-

native in terms of criteria as follow:

d(h̃ij) = 1
∗h̃

∑
C̃∈h̃

[
au1+au4

2
+

H1(C̃U
1 )+H1(C̃U

1 )+H2(C̃L
1 )+H2(C̃L

1 )

4

]
× au1+au2+au3+au4+al1+al2+al3+al4

8
. (20)

Step 6. Calculate the distances of each alternative from positive-ideal and
negative-ideal solutions, that are

d∗j = max
{
dij
}

and d̃−j = min
{
dij
}
, (21)

where, d∗j and d−j denote max and min values of the score function for each
criteria.

Then, euclidean (∆∗i ) and hamming distances (∆−i ) are calculated by
using the positive and negative-ideal solutions as follows [56]:

∆∗i =

√√√√1

2

n∑
j=1

(dij − d∗j)2 and ∆−i = |1
2

n∑
j=1

(dij − d−j )2|. (22)
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Step 7. Obtain the relative assessment matrix (θ) that is [55]:

θ = [ṽit]m×m and ρit = (∆∗i −∆∗t ) + (λ(∆∗i −∆∗t )× (∆−i −∆−t )), (23)

where, t ∈ {i = 1, 2, . . . ,m} and λ denotes a threshold function that can be
defined by

λ(α) =

{
1 if |x| ≥ β

0 if |x| < β
(24)

where, β is the threshold parameter of λ function, which can be set by
decision makers. The degree of closeness of euclidean distance is determined
by a β.

Step 8. Determine the overall score values of each alternative as follow:

OSi =
m∑
t=1

ρit, (25)

Step 9. Finally, the alternatives are ranked according to the decreasing
order of OSi. The highest score shows the most desirable alternative.

5. Experimental Results

The alternatives are evaluated independently by a set of decision makers.
The expertise of the decision makers includes offshore wind energy, energy
economics, project management, techno and socio-economics, and business
modelling. Pairwise evaluations of criterion and alternatives are not carried
out in this study. Instead, each criterion and alternative are individually
evaluated using linguistic variables. Seven linguistic terms are used for rat-
ing purpose that are very low (VL), low (L), medium low (ML), medium
(M), medium high (MH), high (H), and very high (VH). The experts are
supported with both available relevant data and outputs of the economic
model run. Some of the technical, environmental and social data interpreted
by the experts are given in Fig. 6. The results regarding to the experts’
evaluations and hence IT2FS analysis are given in the following.

5.1. Alternatives and Criteria Evaluations

Fig. 7 illustrates the upper and lower values of the linguistic variables
in sub-criteria and alternative evaluations. The linguistic assessments and
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ratings of the criteria and alternatives are presented in Table S1 and Table
S2, respectively.

The linguistic ratings are then converted to fuzzy numbers to form an
aggregated fuzzy decision matrix using Eq. (14). The fuzzy decision matrix
is, thus, obtained as given in Table S3. The weights of the criteria are cal-
culated using Eq. 15 through Eq. 16 and presented in Table 4. According to
the table, wind speed, DPBP, wind power density, LCOE, and the proximity
to shore are found to be the most important siting criteria.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6: GIS based map layers for evaluation criteria, a) wind speed at 100 m, b) prac-
ticable wave energy potential, b) technical tidal energy potential, d) sea bed properties,
e) authorized energy exploration areas, f) ports and shipping lanes, g) marine life, h) ma-
rine contaminants, i) offshore conservation areas. Data accessed through Ireland’s Marine
Atlas under the related themes in [40]

.
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(a)

(b)

Figure 7: Linguistic variables for the ratings of (a) the criteria, (b) alternatives, their
representations ordered by IT2FS numbers.

The normalized fuzzy decision matrix is constructed by using Eq. 17
through Eq. 18 for the five alternatives. The corresponding results are pre-
sented in Table S4.

To calculate the fuzzy weighted decision matrix for each criteria with
respect to alternatives, pij values in Table S3 and wj values in Table 4 are
utilized in Eq. 19. Table S5 presents the fuzzy weighted normalized values.
Then, the score function of criteria in terms of alternatives is calculated by
Eq. 20. The score function values are given in Table 5. Next, to calculate
the distance matrices, the positive and negative solutions are determined
by Eq. 21 as given in Table 5. Afterwards, using Eq. 22, the euclidean
and hamming distances of each alternative from the positive and negative
solutions are calculated that are provided in Table 6.

Pairwise comparison matrix and threshold function with respect to the eu-
clidean distance are obtained as given in Table 7. In this study, the threshold
value was determined to be (β = 0.06) with the help of parameter analysis.
The relative assessment matrix is calculated based on Tables 6 and 7 and
using Eq. 23 through Eq. 24. The results are presented in Table 8.
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Table 4: The importance fuzzy weights of criteria.

ÃU
i ÃL

iCriteria
aui1 aui2 aui3 aui4 h1(Ã

U
i ) h2(Ã

U
i ) ali1 ali2 ali3 ali4 h1(Ã

L
i ) h2(Ã

L
i )

C1 0.90 1.00 1.00 1.00 1.0 1.0 0.95 1.00 1.00 1.00 0.90 0.90
C2 0.85 0.98 0.98 1.00 1.0 1.0 0.91 0.98 0.98 0.99 0.90 0.90
C3 0.38 0.55 0.55 0.73 1.0 1.0 0.46 0.55 0.55 0.64 0.90 0.90
C4 0.40 0.60 0.60 0.78 1.0 1.0 0.50 0.60 0.60 0.69 0.90 0.90
C5 0.35 0.55 0.55 0.75 1.0 1.0 0.45 0.55 0.55 0.65 0.90 0.90
C6 0.53 0.70 0.70 0.83 1.0 1.0 0.61 0.70 0.70 0.76 0.90 0.90
C7 0.48 0.65 0.65 0.80 1.0 1.0 0.56 0.65 0.65 0.73 0.90 0.90
C8 0.40 0.58 0.58 0.73 1.0 1.0 0.49 0.58 0.58 0.65 0.90 0.90
C9 0.45 0.63 0.63 0.78 1.0 1.0 0.54 0.63 0.63 0.70 0.90 0.90
C10 0.45 0.63 0.63 0.78 1.0 1.0 0.54 0.63 0.63 0.70 0.90 0.90
C11 0.65 0.80 0.80 0.88 1.0 1.0 0.73 0.80 0.80 0.84 0.90 0.90
C12 0.50 0.70 0.70 0.85 1.0 1.0 0.60 0.70 0.70 0.78 0.90 0.90
C13 0.90 1.00 1.00 1.00 1.0 1.0 0.95 1.00 1.00 1.00 0.90 0.90
C14 0.85 0.98 0.98 1.00 1.0 1.0 0.91 0.98 0.98 0.99 0.90 0.90
C15 0.23 0.40 0.40 0.60 1.0 1.0 0.31 0.40 0.40 0.50 0.90 0.90
C16 0.55 0.73 0.73 0.88 1.0 1.0 0.64 0.73 0.73 0.80 0.90 0.90
C17 0.28 0.45 0.45 0.63 1.0 1.0 0.36 0.45 0.45 0.54 0.90 0.90
C18 0.40 0.60 0.60 0.78 1.0 1.0 0.50 0.60 0.60 0.69 0.90 0.90
C19 0.65 0.83 0.83 0.95 1.0 1.0 0.74 0.83 0.83 0.89 0.90 0.90
C20 0.28 0.45 0.45 0.65 1.0 1.0 0.36 0.45 0.45 0.55 0.90 0.90
C21 0.40 0.60 0.60 0.78 1.0 1.0 0.50 0.60 0.60 0.69 0.90 0.90
C22 0.38 0.55 0.55 0.73 1.0 1.0 0.46 0.55 0.55 0.64 0.90 0.90
C23 0.30 0.50 0.50 0.70 1.0 1.0 0.40 0.50 0.50 0.60 0.90 0.90
C24 0.75 0.93 0.93 1.00 1.0 1.0 0.84 0.93 0.93 0.96 0.90 0.90

Table 5: The score function of IT2FS, PIS and NIS.

Criteria A1 A2 A3 A4 A5 PIS NIS

C1 1.717 1.596 1.596 1.527 1.864 1.864 1.527
C2 1.654 1.539 1.427 1.346 1.793 1.793 1.346
C3 0.825 0.682 0.800 0.587 0.207 0.825 0.207
C4 0.168 0.230 0.049 0.000 0.049 0.230 0.000
C5 0.075 0.050 0.158 0.229 0.000 0.229 0.000
C6 1.122 1.122 1.122 0.878 0.428 1.122 0.428
C7 0.185 0.000 0.000 0.716 0.493 0.716 0.000
C8 0.478 0.586 0.636 0.667 0.000 0.667 0.000
C9 0.485 0.713 0.649 0.477 0.000 0.713 0.000
C10 0.000 0.000 0.074 0.522 0.588 0.588 0.000
C11 0.624 0.291 0.551 0.101 0.000 0.624 0.000
C12 0.518 0.293 0.518 0.120 0.000 0.518 0.000
C13 0.000 0.000 0.000 0.268 0.902 0.902 0.000
C14 0.877 0.586 0.877 0.201 0.000 0.877 0.000
C15 0.536 0.551 0.551 0.391 0.156 0.551 0.156
C16 0.089 0.000 0.000 0.603 0.753 0.753 0.000
C17 0.555 0.630 0.630 0.494 0.274 0.630 0.274
C18 0.590 0.654 0.475 0.295 0.000 0.654 0.000
C19 0.921 0.662 0.468 0.354 0.000 0.921 0.000
C20 0.106 0.067 0.067 0.000 0.137 0.137 0.000
C21 0.108 0.127 0.000 0.197 0.365 0.365 0.000
C22 0.118 0.039 0.000 0.217 0.553 0.553 0.000
C23 0.362 0.362 0.343 0.700 0.725 0.725 0.343
C24 0.880 0.773 0.773 1.654 1.219 1.654 0.773
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Table 6: The euclidean and hamming distances.

A1 A2 A3 A4 A5

∆∗i 1.676 1.879 1.850 1.742 2.013
∆−i 3.971 3.251 3.355 3.746 2.726

Table 7: The pairwise comparison matrix.

A1-A1 A1-A2 A1-A3 A1-A4 A1-A5

λ(∆∗i −∆∗t ) 0.00 0.203 0.175 0.066 0.337
λ(α) 0 1 1 1 1

A2A1 A2A2 A2A3 A2A4 A2A5
λ(∆∗i −∆∗t ) 0.203 0.00 0.028 0.137 0.135
λ(α) 1 0 0 1 1

A3A1 A3A2 A3A3 A3A4 A3A5
λ(∆∗i −∆∗t ) 0.175 0.028 0.00 0.109 0.163
λ(α) 1 0 0 1 1

A4A1 A4A2 A4A3 A4A4 A4A5
λ(∆∗i −∆∗t ) 0.066 0.137 0.109 0.00 0.271
λ(α) 1 1 1 0 1

A5A1 A5A2 A5A3 A45A4 A5A5
λ(∆∗i −∆∗t ) 0.337 0.135 0.163 0.271 0.00
λ(α) 1 1 1 1 0

Table 8: The relative assessment matrix and ranking of the alternatives.

A1 A2 A3 A4 A5 Total Rank

A1 0.000 0.518 0.441 0.159 0.907 2.025 1
A2 -0.518 0.000 0.028 -0.358 0.390 -0.458 4
A3 -0.441 -0.028 0.000 -0.282 0.466 -0.285 3
A4 -0.159 0.358 0.282 0.000 0.748 1.229 2
A5 -0.907 -0.390 -0.466 -0.748 0.000 -2.511 5

5.2. Comparison of IT2FS Results

In this section, the proposed approach is compared with other state-of-
the-art MCDM methods. The first and second methods (M1 and M2 ) are
based on techno-economic metrics. M3 is a fuzzy based MCDM approach
based on positive and negative-ideal solutions. Herein, for the comparison
study, an improved version of the ITF2S, called, IT2FS based TOPSIS and
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Table 9: Ranking of the alternatives with respect to various MCDM methods.

Alternatives
Approaches Evaluation

ArklowBank 2 (A1) Codling Park (A2) Dublin Array (A3) Oriel (A4) Sceirde (A5)

M1: Ranking based on only mean wind speed Wind speed 4 3 2 5 1
M2: Ranking based on only LCoE Energy economics 1 3 2 4 5
M3: IT2FS based TOPSIS [51] MCDM 1 2 4 3 5
M4: Proposed approach (ITF2S) MCDM 1 4 3 2 5
M5: Improved IT2FS with TOPSIS and CODAS MCDM 1 4 3 2 5

CODAS (M5) is applied. M5 is based on ranking function while the proposed
method (M4) uses score function. The ranking results of the various decision-
making methods employed are reported in Table 9.

In M1, the decision-making is performed straight forward based on the
wind speed potential. Hence, M1, yields the ranking of the alternatives as
(A5 > A3 > A2 > A1 > A4) based on the wind speed in Table 2. M2
realizes the decision-making based on LCOE analysis which accommodates
multiple technical and economic criteria by definition. A viable investment
decision shall not be based only technical data, but also energy economic
parameters. Hence, M2 is more valuable to M1 in terms of investment
decision-making. According to M2, the ranking of the alternatives can be
found to be (A1 > A3 > A2 > A4 > A5) based on the LCOE values in
Table 3. Having said that, 89.80 $/MWh appears to be a feasible techno-
economic figure in comparison to other European commercial offshore wind
power investments.

Even though, especially M2 provides very critical information regard-
ing a decent decision-making approach, large scale OWF investments require
more detailed investigations including other technical, economic, environ-
mental and social perspectives using advanced decision-making approaches.
Thus, IT2FS based TOPSIS ( M3 ) and an improved version of IT2FS (M5 )
approaches were used alongside the proposed approach (M4 ).

As reported in Table 9, M3, M5 and the proposed method yield the same
best and worst alternative options while M3 returns to different ranking
order for the other three alternatives. Although, A5 has the highest offshore
wind speed and power density, the followings make it the least favorable
option in the decision-making. The offshore site is located in less populated
area which is far from the high electricity demand region as well as the
grid connection. Also, the grid is relatively weak in this side of the island
which prevents the deployment of large-scale OWF [41]. Moreover, the water
depth in the site is considerable deep which has higher wave energy potential.
This significantly increases foundation costs. The offshore is located in the
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Figure 8: The impact of β on the score values of the alternative sites.

biologically sensitivity areas as well. A1, A2, and A3 have similar techno-
economic metrics, while A4 has higher LCOE due to its further location
from the grid connection. However, A1 and A4 become prominent sites
thanks to their environmental and social aspects. A3 is highly affected by
environmental and social criteria such as proximity to natural conservation
and contaminated areas, effects on marine life. It is also in the vicinity of
a licensed exploration area. Moreover, the community/public acceptance
might be of interest for A3 as it is located in view of the most populated
area of the island. A2 has slightly higher economic metrics as compared to
A1 and A3 since it is further away from the shore. Even though A1 is more
affected by environmental and social aspects as compared to A2, it is found
to be the most feasible option. This is mainly due to the potential of future
expansion and economic aspects. A2 is suited in the border of Irish offshore
territory which strictly prevents the potential expansion of any OWF. It is
also located further from ports, shipping lanes, electricity demand region and
the grid connection which turned out to be higher LCOE as compared to A1.

As shown in Table 9, the proposed method and its improved versions
gives the same ranking order. The proposed method (M4) is more realistic
and stable in terms of defuzzification values and weights. It is also easier to
implement as compared to M5.
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Figure 9: The impact of criteria weights on the ranking of the alternatives.

5.3. Sensitivity analysis

The impact of the threshold parameter, β, and criteria weights on the
ranking of alternatives is explored through a sensitivity analysis. The thresh-
old value is changed from 0 to 0.2 with an increment value of 0.1. The im-
pact of changing threshold values on the scores of the alternatives is shown
in Fig. 8. As shown, the ranking of the alternatives is not changed for all
threshold values studied. As β increases, the overall score decreases which
makes the distinctiveness of alternatives weaker. β is suggested to be small
values such as 0.02 in [55]. Any value in Group−1 in the figure can therefore
be chosen for β. A value of 0.06 is selected in this study.

The sensitivity analysis is conducted to reveal the impact of the weights
of criteria selected on the alternatives. Seven sets of the criteria weights
are generated to demonstrate the stability of the results. Fig. 9 illustrates
the sensitivity analysis results. As shown, the ranking is not changed for all
weightings. Although the results for Arklow Bank-2 (A1) and Oriel (A4) are
highly close, Arklow Bank-2 is still superior to other four alternatives.

6. Conclusion

Based on the interval type-2 fuzzy sets, this study presents a new decision-
making model that integrates the score functions with positive and negative
ideal solutions to find the best offshore site among the five authorized offshore
sites in Ireland. Moreover, advanced energy economic metrics such as LCOE,
DPBP, and NPV are newly integrated into the decision-making process to
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reduce uncertainties and subjectivity in the expert review phase. Then, the
alternatives have been evaluated qualitatively and quantitatively by experts’
judgments through linguistic variables for 24 sub-criteria in terms of techni-
cal, economic, environmental, and social aspects. Finally, the MCDM model
has been applied to rank the alternatives. The ranking results were compared
to those of other state-of-the-art methods.

Arklow Bank-2 was found to be the best alternative site while Sceirde
was the least favorable. The ranking of other alternatives was found to be
Oriel > DublinArray > CodlingPark.This ranking is a result of decision-
making model considering multiple criteria for the projected OWFs in each
alternative site which are the same size (e.g., 100 MW) with resulting dif-
ferent power outputs based on the sites’ wind potential. It was shown that
the proposed IT2FS and the improved version of IT2FS with TOPSIS and
CODAS yielded the same ranking results. However, the proposed approach
is superior in terms of implementation (e.g., computational speed) that make
the decision-making easier and more reliable. The sensitivity analysis also
revealed that the ranking remains the same in response to changes of the
weightings.

Floating offshore wind system appears to reduce techno-economic com-
petitiveness of offshore wind investments by reducing capital expenditures
and any environmental negative impacts. Therefore, emerging advances in-
cluding floating offshore wind shall be integrated to the future MCDM stud-
ies. On the other hand, various IT2FS based on pythagorean, intuitionistic
or neutrosophic sets can be used for offshore site selection problem.
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I, et al. A gis modelling framework to evaluate marine spatial planning
scenarios: Co-location of offshore wind farms and aquaculture in the
german eez. Marine Policy 2015;55:102–15.

[27] Wu B, Yip TL, Xie L, Wang Y. A fuzzy-madm based approach for
site selection of offshore wind farm in busy waterways in china. Ocean
Engineering 2018;168:121–32.

[28] Kaya T, Kahraman C. Multicriteria renewable energy planning using an
integrated fuzzy vikor & ahp methodology: The case of istanbul. Energy
2010;35(6):2517–27.

[29] Heo E, Kim J, Boo KJ. Analysis of the assessment factors for renewable
energy dissemination program evaluation using fuzzy ahp. Renewable
and Sustainable Energy Reviews 2010;14(8):2214–20.

[30] Choudhary D, Shankar R. An steep-fuzzy ahp-topsis framework for
evaluation and selection of thermal power plant location: A case study
from india. Energy 2012;42(1):510–21.
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method for ranking renewable energy supply systems in turkey. Re-
newable Energy 2015;75:617–25.
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Table S1. The importance weights of the criteria evaluated by experts.

Criteria

*
Decision

makers
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

DM1 VH VH MH M M H MH VH VH VH VH H

DM2 VH VH L ML ML L H M M ML ML ML

DM3 VH VH H H MH H L M M M VH H

DM4 VH H M MH MH H H ML M MH H MH

C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24

DM1 VH H MH MH H H MH MH H H MH H

DM2 VH VH L VH L M VH L M L ML H

DM3 VH VH M MH M MH MH MH MH MH MH H

DM4 VH VH ML M ML ML H ML ML M ML VH



Supplementary Material 2

Table S2. The linguistic ratings evaluated by experts.
Criteria

Alternatives
Decision

makers
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24

DM1 G G VG MG MG VG MG P P G F F VG F VG G MG P F G G F VG MG

DM2 G G VG P G VG MG F G F F F MG F G G G F P MP G G MP F

DM3 VG VG VG MP G G MG P P P MP MP MG P G G MG P P MG MP MP F MG

A1: ArklowBank 2 DM4 G G VG F G VG F F MP MP MP MP MG MP VG MG VG P P MG MP F P MP

DM1 G G G F G VG VG P P G MG MG VG MG VG VG VG P F VG VG MP VG G

DM2 MG MG G P G VG VG MP P MP MG MG MG F VG VG VG MP F MP F VG P MP

DM3 VG VG G P G G MG P P P F F MG MP G VG MG P P MG MP MP F MG

A2: Codling Park DM4 G G MG MG G VG G MP MP F MG F MG F VG G VG P MP G F VG MP P

DM1 G G VG G MG VG VG P P MP F F VG F VG VG VG P VG VG VG F G G

DM2 MG MG VG F MG VG VG P P MP F F MG F VG VG VG MG F F G VG P MP

DM3 VG VG VG F MG G MG P P F MP MP MG P G VG MG P P MG MP MP F MG

A3: Dublin Array DM4 G MG G P MG VG G MP F F F MP MG MP VG G VG MP MP G MG VG MP P

DM1 G G G G F MG P P P VP G G G G MG P G VG F MG MG MP VG G

DM2 G G MG F MG G P MP MG P G G MG G MG MG MG P G VG P MP G VG

DM3 G G G F MG MG F P F F MG MG F F MG P F P P MG MP MP F MG

A4: Oriel DM4 MG F F MP F G VP VP P VP G MG MP MG MG F G MG MG VG G G G G

DM1 VG VG F MG VG MP P VG VG VP VG VG MG VG MP MP G VG VG MG G P VG MG

DM2 VG VG MP MP VG F MG VG VG P VG VG P VG P P P VG VG G P P G G

DM3 G G MP MP VG MG F MG MG P G G MP MG MG MP F F F F MP MP F F

A5: Sceirde DM4 VG VG P MG VG MP P VG VG MP VG VG P VG P MP MP G VG MP P P VG MG

Table S3. The aggregated fuzzy decision matrix.
Criteria A1 A2 A3 A4 A5

C1 ((7.5;9.25;9.25;10;1;1),(8.38;9.25;9.25;9.63;0.9;0.9)) ((7;8.75;8.75;9.75;1;1),(7.88;8.75;8.75;9.25;0.9;0.9)) ((7;8.75;8.75;9.75;1;1),(7.88;8.75;8.75;9.25;0.9;0.9)) ((6.5;8.5;8.5;9.75;1;1),(7.5;8.5;8.5;9.13;0.9;0.9)) ((8.5;8.5;9.75;1;1;7.5),(8.5;8.5;9.13;0.9;0.9;8.5))

C2 ((7.5;9.25;9.25;10;1;1),(8.38;9.25;9.25;9.63;0.9;0.9)) ((7;8.75;8.75;9.75;1;1),(7.88;8.75;8.75;9.25;0.9;0.9)) ((6.5;8.25;8.25;9.5;1;1),(7.38;8.25;8.25;8.88;0.9;0.9)) ((6;8;8;9.25;1;1),(7;8;8;8.63;0.9;0.9)) ((8;8;9.25;1;1;7),(8;8;8.63;0.9;0.9;8.5))

C3 ((9;10;10;10;1;1),(9.5;10;10;10;0.9;0.9)) ((6.5;8.5;8.5;9.75;1;1),(7.5;8.5;8.5;9.13;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((5.5;7.5;7.5;9;1;1),(6.5;7.5;7.5;8.25;0.9;0.9)) ((7.5;7.5;9;1;1;6.5),(7.5;7.5;8.25;0.9;0.9;1.25))

C4 ((2.25;4;4;6;1;1),(3.13;4;4;5;0.9;0.9)) ((2;3.5;3.5;5.5;1;1),(2.75;3.5;3.5;4.5;0.9;0.9)) ((3.25;5;5;6.75;1;1),(4.13;5;5;5.88;0.9;0.9)) ((3.5;5.5;5.5;7.25;1;1),(4.5;5.5;5.5;6.38;0.9;0.9)) ((5.5;5.5;7.25;1;1;4.5),(5.5;5.5;6.38;0.9;0.9;3))

C5 ((6.5;8.5;8.5;9.75;1;1),(7.5;8.5;8.5;9.13;0.9;0.9)) ((7;9;9;10;1;1),(8;9;9;9.5;0.9;0.9)) ((5;7;7;9;1;1),(6;7;7;8;0.9;0.9)) ((4;6;6;8;1;1),(5;6;6;7;0.9;0.9)) ((6;6;8;1;1;5),(6;6;7;0.9;0.9;9))

C6 ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((6;8;8;9.5;1;1),(7;8;8;8.75;0.9;0.9)) ((8;8;9.5;1;1;7),(8;8;8.75;0.9;0.9;2.5))

C7 ((4.5;6.5;6.5;8.5;1;1),(5.5;6.5;6.5;7.5;0.9;0.9)) ((7.5;9;9;9.75;1;1),(8.25;9;9;9.38;0.9;0.9)) ((7.5;9;9;9.75;1;1),(8.25;9;9;9.38;0.9;0.9)) ((0.75;1.75;1.75;3.5;1;1),(1.25;1.75;1.75;2.63;0.9;0.9)) ((1.75;1.75;3.5;1;1;1.25),(1.75;1.75;2.63;0.9;0.9;2))

C8 ((1.5;3;3;5;1;1),(2.25;3;3;4;0.9;0.9)) ((0.5;2;2;4;1;1),(1.25;2;2;3;0.9;0.9)) ((0.25;1.5;1.5;3.5;1;1),(0.88;1.5;1.5;2.5;0.9;0.9)) ((0.25;1.25;1.25;3;1;1),(0.75;1.25;1.25;2.13;0.9;0.9)) ((1.25;1.25;3;1;1;0.75),(1.25;1.25;2.13;0.9;0.9;8))

C9 ((2;3.5;3.5;5.25;1;1),(2.75;3.5;3.5;4.38;0.9;0.9)) ((0.25;1.5;1.5;3.5;1;1),(0.88;1.5;1.5;2.5;0.9;0.9)) ((0.75;2;2;4;1;1),(1.38;2;2;3;0.9;0.9)) ((2;3.5;3.5;5.5;1;1),(2.75;3.5;3.5;4.5;0.9;0.9)) ((3.5;3.5;5.5;1;1;2.75),(3.5;3.5;4.5;0.9;0.9;8))

C10 ((2.75;4.5;4.5;6.25;1;1),(3.63;4.5;4.5;5.38;0.9;0.9)) ((2.75;4.5;4.5;6.25;1;1),(3.63;4.5;4.5;5.38;0.9;0.9)) ((2;4;4;6;1;1),(3;4;4;5;0.9;0.9)) ((0.75;1.5;1.5;3;1;1),(1.13;1.5;1.5;2.25;0.9;0.9)) ((1.5;1.5;3;1;1;1.13),(1.5;1.5;2.25;0.9;0.9;0.25))

C11 ((2;4;4;6;1;1),(3;4;4;5;0.9;0.9)) ((4.5;6.5;6.5;8.5;1;1),(5.5;6.5;6.5;7.5;0.9;0.9)) ((2.5;4.5;4.5;6.5;1;1),(3.5;4.5;4.5;5.5;0.9;0.9)) ((6.5;8.5;8.5;9.75;1;1),(7.5;8.5;8.5;9.13;0.9;0.9)) ((8.5;8.5;9.75;1;1;7.5),(8.5;8.5;9.13;0.9;0.9;8.5))

C12 ((2;4;4;6;1;1),(3;4;4;5;0.9;0.9)) ((4;6;6;8;1;1),(5;6;6;7;0.9;0.9)) ((2;4;4;6;1;1),(3;4;4;5;0.9;0.9)) ((6;8;8;9.5;1;1),(7;8;8;8.75;0.9;0.9)) ((8;8;9.5;1;1;7),(8;8;8.75;0.9;0.9;8.5))

C13 ((6;7.75;7.75;9.25;1;1),(6.88;7.75;7.75;8.5;0.9;0.9)) ((6;7.75;7.75;9.25;1;1),(6.88;7.75;7.75;8.5;0.9;0.9)) ((6;7.75;7.75;9.25;1;1),(6.88;7.75;7.75;8.5;0.9;0.9)) ((4;6;6;7.75;1;1),(5;6;6;6.88;0.9;0.9)) ((6;6;7.75;1;1;5),(6;6;6.88;0.9;0.9;1.5))

C14 ((1.75;3.5;3.5;5.5;1;1),(2.63;3.5;3.5;4.5;0.9;0.9)) ((3;5;5;7;1;1),(4;5;5;6;0.9;0.9)) ((1.75;3.5;3.5;5.5;1;1),(2.63;3.5;3.5;4.5;0.9;0.9)) ((5.5;7.5;7.5;9;1;1),(6.5;7.5;7.5;8.25;0.9;0.9)) ((7.5;7.5;9;1;1;6.5),(7.5;7.5;8.25;0.9;0.9;8))

C15 ((8;9.5;9.5;10;1;1),(8.75;9.5;9.5;9.75;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((5;7;7;9;1;1),(6;7;7;8;0.9;0.9)) ((7;7;9;1;1;6),(7;7;8;0.9;0.9;1.5))

C16 ((6.5;8.5;8.5;9.75;1;1),(7.5;8.5;8.5;9.13;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((8.5;9.75;9.75;10;1;1),(9.13;9.75;9.75;9.88;0.9;0.9)) ((2;3.5;3.5;5.5;1;1),(2.75;3.5;3.5;4.5;0.9;0.9)) ((3.5;3.5;5.5;1;1;2.75),(3.5;3.5;4.5;0.9;0.9;0.75))

C17 ((6.5;8.25;8.25;9.5;1;1),(7.38;8.25;8.25;8.88;0.9;0.9)) ((8;9.25;9.25;9.75;1;1),(8.63;9.25;9.25;9.5;0.9;0.9)) ((8;9.25;9.25;9.75;1;1),(8.63;9.25;9.25;9.5;0.9;0.9)) ((5.5;7.5;7.5;9;1;1),(6.5;7.5;7.5;8.25;0.9;0.9)) ((7.5;7.5;9;1;1;6.5),(7.5;7.5;8.25;0.9;0.9;2.75))

C18 ((0.75;2;2;4;1;1),(1.38;2;2;3;0.9;0.9)) ((0.25;1.5;1.5;3.5;1;1),(0.88;1.5;1.5;2.5;0.9;0.9)) ((1.5;3;3;5;1;1),(2.25;3;3;4;0.9;0.9)) ((3.5;4.75;4.75;6.25;1;1),(4.13;4.75;4.75;5.5;0.9;0.9)) ((4.75;4.75;6.25;1;1;4.13),(4.75;4.75;5.5;0.9;0.9;7))

C19 ((0.75;2;2;4;1;1),(1.38;2;2;3;0.9;0.9)) ((1.75;3.5;3.5;5.5;1;1),(2.63;3.5;3.5;4.5;0.9;0.9)) ((3.25;4.75;4.75;6.25;1;1),(4;4.75;4.75;5.5;0.9;0.9)) ((3.75;5.5;5.5;7.25;1;1),(4.63;5.5;5.5;6.38;0.9;0.9)) ((5.5;5.5;7.25;1;1;4.63),(5.5;5.5;6.38;0.9;0.9;7.5))

C20 ((4.5;6.5;6.5;8.25;1;1),(5.5;6.5;6.5;7.38;0.9;0.9)) ((5.5;7.25;7.25;8.5;1;1),(6.38;7.25;7.25;7.88;0.9;0.9)) ((5.5;7.25;7.25;8.5;1;1),(6.38;7.25;7.25;7.88;0.9;0.9)) ((7;8.5;8.5;9.5;1;1),(7.75;8.5;8.5;9;0.9;0.9)) ((8.5;8.5;9.5;1;1;7.75),(8.5;8.5;9;0.9;0.9;4))

C21 ((4;6;6;7.5;1;1),(5;6;6;6.75;0.9;0.9)) ((4;5.75;5.75;7.25;1;1),(4.88;5.75;5.75;6.5;0.9;0.9)) ((5.5;7.25;7.25;8.5;1;1),(6.38;7.25;7.25;7.88;0.9;0.9)) ((3.25;5;5;6.75;1;1),(4.13;5;5;5.88;0.9;0.9)) ((5;5;6.75;1;1;4.13),(5;5;5.88;0.9;0.9;2))

C22 ((3.5;5.5;5.5;7.25;1;1),(4.5;5.5;5.5;6.38;0.9;0.9)) ((5;6.5;6.5;7.5;1;1),(5.75;6.5;6.5;7;0.9;0.9)) ((5.5;7;7;8;1;1),(6.25;7;7;7.5;0.9;0.9)) ((2.5;4.5;4.5;6.25;1;1),(3.5;4.5;4.5;5.38;0.9;0.9)) ((4.5;4.5;6.25;1;1;3.5),(4.5;4.5;5.38;0.9;0.9;0.25))

C23 ((3.25;4.75;4.75;6.25;1;1),(4;4.75;4.75;5.5;0.9;0.9)) ((3.25;4.75;4.75;6.25;1;1),(4;4.75;4.75;5.5;0.9;0.9)) ((2.75;4.5;4.5;6.25;1;1),(3.63;4.5;4.5;5.38;0.9;0.9)) ((6.5;8.25;8.25;9.25;1;1),(7.38;8.25;8.25;8.75;0.9;0.9)) ((8.25;8.25;9.25;1;1;7.38),(8.25;8.25;8.75;0.9;0.9;7))

C24 ((3.5;5.5;5.5;7.5;1;1),(4.5;5.5;5.5;6.5;0.9;0.9)) ((3.25;5;5;6.75;1;1),(4.13;5;5;5.88;0.9;0.9)) ((3.25;5;5;6.75;1;1),(4.13;5;5;5.88;0.9;0.9)) ((7;8.75;8.75;9.75;1;1),(7.88;8.75;8.75;9.25;0.9;0.9)) ((8.75;8.75;9.75;1;1;7.88),(8.75;8.75;9.25;0.9;0.9;5))
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Table S4. The normalized fuzzy decision matrix.
Criteria A1 A2 A3 A4 A5

C1 ((0.88;0.95;0.95;1;1;1),(0.92;0.95;0.95;0.97;0.9;0.9)) ((0.82;0.9;0.9;0.98;1;1),(0.86;0.9;0.9;0.94;0.9;0.9)) ((0.82;0.9;0.9;0.98;1;1),(0.86;0.9;0.9;0.94;0.9;0.9)) ((0.76;0.87;0.87;0.98;1;1),(0.82;0.87;0.87;0.92;0.9;0.9)) ((0.87;0.87;0.98;1;1;0.82),(0.87;0.87;0.92;0.9;0.9;1))

C2 ((0.88;0.95;0.95;1;1;1),(0.92;0.95;0.95;0.97;0.9;0.9)) ((0.82;0.9;0.9;0.98;1;1),(0.86;0.9;0.9;0.94;0.9;0.9)) ((0.76;0.85;0.85;0.95;1;1),(0.81;0.85;0.85;0.9;0.9;0.9)) ((0.71;0.82;0.82;0.93;1;1),(0.77;0.82;0.82;0.87;0.9;0.9)) ((0.82;0.82;0.93;1;1;0.77),(0.82;0.82;0.87;0.9;0.9;1))

C3 ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((0.72;0.85;0.85;0.98;1;1),(0.79;0.85;0.85;0.91;0.9;0.9)) ((0.94;0.98;0.98;1;1;1),(0.96;0.98;0.98;0.99;0.9;0.9)) ((0.61;0.75;0.75;0.9;1;1),(0.68;0.75;0.75;0.83;0.9;0.9)) ((0.75;0.75;0.9;1;1;0.68),(0.75;0.75;0.83;0.9;0.9;0.14))

C4 ((0.36;0.27;0.27;0.17;1;1),(0.31;0.27;0.27;0.22;0.9;0.9)) ((0.43;0.36;0.36;0.24;1;1),(0.39;0.36;0.36;0.29;0.9;0.9)) ((0.07;0.09;0.09;0.07;1;1),(0.08;0.09;0.09;0.08;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;1;1;0),(0;0;0;0.9;0.9;0.14))

C5 ((0.28;0.15;0.15;0.03;1;1),(0.21;0.15;0.15;0.09;0.9;0.9)) ((0.22;0.1;0.1;0;1;1),(0.16;0.1;0.1;0.05;0.9;0.9)) ((0.44;0.3;0.3;0.1;1;1),(0.37;0.3;0.3;0.2;0.9;0.9)) ((0.56;0.4;0.4;0.2;1;1),(0.47;0.4;0.4;0.3;0.9;0.9)) ((0.4;0.4;0.2;1;1;0.47),(0.4;0.4;0.3;0.9;0.9;0))

C6 ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((0.71;0.82;0.82;0.95;1;1),(0.77;0.82;0.82;0.89;0.9;0.9)) ((0.82;0.82;0.95;1;1;0.77),(0.82;0.82;0.89;0.9;0.9;0.29))

C7 ((0.4;0.28;0.28;0.13;1;1),(0.33;0.28;0.28;0.2;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.9;0.81;0.81;0.64;1;1),(0.85;0.81;0.81;0.72;0.9;0.9)) ((0.81;0.81;0.64;1;1;0.85),(0.81;0.81;0.72;0.9;0.9;0.73))

C8 ((0.81;0.68;0.68;0.49;1;1),(0.74;0.68;0.68;0.58;0.9;0.9)) ((0.94;0.78;0.78;0.59;1;1),(0.86;0.78;0.78;0.68;0.9;0.9)) ((0.97;0.84;0.84;0.64;1;1),(0.9;0.84;0.84;0.74;0.9;0.9)) ((0.97;0.86;0.86;0.69;1;1),(0.91;0.86;0.86;0.78;0.9;0.9)) ((0.86;0.86;0.69;1;1;0.91),(0.86;0.86;0.78;0.9;0.9;0))

C9 ((0.75;0.62;0.62;0.46;1;1),(0.68;0.62;0.62;0.54;0.9;0.9)) ((0.97;0.84;0.84;0.64;1;1),(0.9;0.84;0.84;0.74;0.9;0.9)) ((0.91;0.78;0.78;0.59;1;1),(0.84;0.78;0.78;0.68;0.9;0.9)) ((0.75;0.62;0.62;0.44;1;1),(0.68;0.62;0.62;0.53;0.9;0.9)) ((0.62;0.62;0.44;1;1;0.68),(0.62;0.62;0.53;0.9;0.9;0))

C10 ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.27;0.11;0.11;0.04;1;1),(0.17;0.11;0.11;0.07;0.9;0.9)) ((0.73;0.67;0.67;0.52;1;1),(0.69;0.67;0.67;0.58;0.9;0.9)) ((0.67;0.67;0.52;1;1;0.69),(0.67;0.67;0.58;0.9;0.9;0.91))

C11 ((0.76;0.59;0.59;0.4;1;1),(0.67;0.59;0.59;0.49;0.9;0.9)) ((0.47;0.33;0.33;0.15;1;1),(0.4;0.33;0.33;0.24;0.9;0.9)) ((0.71;0.54;0.54;0.35;1;1),(0.62;0.54;0.54;0.44;0.9;0.9)) ((0.24;0.13;0.13;0.03;1;1),(0.18;0.13;0.13;0.08;0.9;0.9)) ((0.13;0.13;0.03;1;1;0.18),(0.13;0.13;0.08;0.9;0.9;0))

C12 ((0.76;0.59;0.59;0.4;1;1),(0.67;0.59;0.59;0.49;0.9;0.9)) ((0.53;0.38;0.38;0.2;1;1),(0.45;0.38;0.38;0.29;0.9;0.9)) ((0.76;0.59;0.59;0.4;1;1),(0.67;0.59;0.59;0.49;0.9;0.9)) ((0.29;0.18;0.18;0.05;1;1),(0.23;0.18;0.18;0.11;0.9;0.9)) ((0.18;0.18;0.05;1;1;0.23),(0.18;0.18;0.11;0.9;0.9;0))

C13 ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.33;0.23;0.23;0.16;1;1),(0.27;0.23;0.23;0.19;0.9;0.9)) ((0.23;0.23;0.16;1;1;0.27),(0.23;0.23;0.19;0.9;0.9;0.75))

C14 ((0.78;0.62;0.62;0.44;1;1),(0.7;0.62;0.62;0.53;0.9;0.9)) ((0.63;0.46;0.46;0.28;1;1),(0.54;0.46;0.46;0.37;0.9;0.9)) ((0.78;0.62;0.62;0.44;1;1),(0.7;0.62;0.62;0.53;0.9;0.9)) ((0.31;0.19;0.19;0.08;1;1),(0.25;0.19;0.19;0.13;0.9;0.9)) ((0.19;0.19;0.08;1;1;0.25),(0.19;0.19;0.13;0.9;0.9;0))

C15 ((0.94;0.97;0.97;1;1;1),(0.96;0.97;0.97;0.99;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((0.59;0.72;0.72;0.9;1;1),(0.66;0.72;0.72;0.81;0.9;0.9)) ((0.72;0.72;0.9;1;1;0.66),(0.72;0.72;0.81;0.9;0.9;0.18))

C16 ((0.24;0.13;0.13;0.03;1;1),(0.18;0.13;0.13;0.08;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.76;0.64;0.64;0.45;1;1),(0.7;0.64;0.64;0.54;0.9;0.9)) ((0.64;0.64;0.45;1;1;0.7),(0.64;0.64;0.54;0.9;0.9;0.91))

C17 ((0.81;0.89;0.89;0.97;1;1),(0.86;0.89;0.89;0.93;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((0.69;0.81;0.81;0.92;1;1),(0.75;0.81;0.81;0.87;0.9;0.9)) ((0.81;0.81;0.92;1;1;0.75),(0.81;0.81;0.87;0.9;0.9;0.34))

C18 ((0.89;0.76;0.76;0.57;1;1),(0.82;0.76;0.76;0.66;0.9;0.9)) ((0.96;0.82;0.82;0.62;1;1),(0.89;0.82;0.82;0.72;0.9;0.9)) ((0.79;0.65;0.65;0.46;1;1),(0.71;0.65;0.65;0.55;0.9;0.9)) ((0.5;0.44;0.44;0.32;1;1),(0.47;0.44;0.44;0.38;0.9;0.9)) ((0.44;0.44;0.32;1;1;0.47),(0.44;0.44;0.38;0.9;0.9;0))

C19 ((0.9;0.77;0.77;0.57;1;1),(0.83;0.77;0.77;0.67;0.9;0.9)) ((0.77;0.6;0.6;0.41;1;1),(0.68;0.6;0.6;0.5;0.9;0.9)) ((0.57;0.46;0.46;0.32;1;1),(0.51;0.46;0.46;0.39;0.9;0.9)) ((0.5;0.37;0.37;0.22;1;1),(0.43;0.37;0.37;0.29;0.9;0.9)) ((0.37;0.37;0.22;1;1;0.43),(0.37;0.37;0.29;0.9;0.9;0))

C20 ((0.36;0.24;0.24;0.13;1;1),(0.29;0.24;0.24;0.18;0.9;0.9)) ((0.21;0.15;0.15;0.11;1;1),(0.18;0.15;0.15;0.13;0.9;0.9)) ((0.21;0.15;0.15;0.11;1;1),(0.18;0.15;0.15;0.13;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;1;1;0),(0;0;0;0.9;0.9;0.43))

C21 ((0.27;0.17;0.17;0.12;1;1),(0.22;0.17;0.17;0.14;0.9;0.9)) ((0.27;0.21;0.21;0.15;1;1),(0.24;0.21;0.21;0.17;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.41;0.31;0.31;0.21;1;1),(0.35;0.31;0.31;0.25;0.9;0.9)) ((0.31;0.31;0.21;1;1;0.35),(0.31;0.31;0.25;0.9;0.9;0.64))

C22 ((0.36;0.21;0.21;0.09;1;1),(0.28;0.21;0.21;0.15;0.9;0.9)) ((0.09;0.07;0.07;0.06;1;1),(0.08;0.07;0.07;0.07;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.55;0.36;0.36;0.22;1;1),(0.44;0.36;0.36;0.28;0.9;0.9)) ((0.36;0.36;0.22;1;1;0.44),(0.36;0.36;0.28;0.9;0.9;0.95))

C23 ((0.46;0.56;0.56;0.68;1;1),(0.52;0.56;0.56;0.62;0.9;0.9)) ((0.46;0.56;0.56;0.68;1;1),(0.52;0.56;0.56;0.62;0.9;0.9)) ((0.39;0.53;0.53;0.68;1;1),(0.47;0.53;0.53;0.61;0.9;0.9)) ((0.93;0.97;0.97;1;1;1),(0.95;0.97;0.97;0.99;0.9;0.9)) ((0.97;0.97;1;1;1;0.95),(0.97;0.97;0.99;0.9;0.9;1))

C24 ((0.5;0.63;0.63;0.77;1;1),(0.57;0.63;0.63;0.7;0.9;0.9)) ((0.46;0.57;0.57;0.69;1;1),(0.52;0.57;0.57;0.64;0.9;0.9)) ((0.46;0.57;0.57;0.69;1;1),(0.52;0.57;0.57;0.64;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;1;0.9;0.9)) ((1;1;1;1;1;1),(1;1;1;0.9;0.9;0.71))

Table S5. The fuzzy weighted normalized decision matrix.
Criteria A1 A2 A3 A4 A5

C1 ((0.79;0.95;0.95;1;1;1),(0.87;0.95;0.95;0.97;0.9;0.9)) ((0.74;0.9;0.9;0.98;1;1),(0.82;0.9;0.9;0.94;0.9;0.9)) ((0.74;0.9;0.9;0.98;1;1),(0.82;0.9;0.9;0.94;0.9;0.9)) ((0.69;0.87;0.87;0.98;1;1),(0.78;0.87;0.87;0.92;0.9;0.9)) ((0.87;0.87;0.98;1;1;0.78),(0.87;0.87;0.92;0.9;0.9;0.9))

C2 ((0.75;0.93;0.93;1;1;1),(0.84;0.93;0.93;0.96;0.9;0.9)) ((0.7;0.88;0.88;0.98;1;1),(0.79;0.88;0.88;0.93;0.9;0.9)) ((0.65;0.83;0.83;0.95;1;1),(0.74;0.83;0.83;0.89;0.9;0.9)) ((0.6;0.8;0.8;0.93;1;1),(0.7;0.8;0.8;0.86;0.9;0.9)) ((0.8;0.8;0.93;1;1;0.7),(0.8;0.8;0.86;0.9;0.9;0.85))

C3 ((0.38;0.55;0.55;0.73;1;1),(0.46;0.55;0.55;0.64;0.9;0.9)) ((0.27;0.47;0.47;0.71;1;1),(0.37;0.47;0.47;0.58;0.9;0.9)) ((0.35;0.54;0.54;0.73;1;1),(0.44;0.54;0.54;0.63;0.9;0.9)) ((0.23;0.41;0.41;0.65;1;1),(0.32;0.41;0.41;0.53;0.9;0.9)) ((0.41;0.41;0.65;1;1;0.32),(0.41;0.41;0.53;0.9;0.9;0.05))

C4 ((0.14;0.16;0.16;0.13;1;1),(0.15;0.16;0.16;0.15;0.9;0.9)) ((0.17;0.22;0.22;0.19;1;1),(0.19;0.22;0.22;0.2;0.9;0.9)) ((0.03;0.05;0.05;0.05;1;1),(0.04;0.05;0.05;0.05;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;1;1;0),(0;0;0;0.9;0.9;0.06))

C5 ((0.1;0.08;0.08;0.02;1;1),(0.09;0.08;0.08;0.06;0.9;0.9)) ((0.08;0.06;0.06;0;1;1),(0.07;0.06;0.06;0.03;0.9;0.9)) ((0.16;0.17;0.17;0.08;1;1),(0.17;0.17;0.17;0.13;0.9;0.9)) ((0.19;0.22;0.22;0.15;1;1),(0.21;0.22;0.22;0.2;0.9;0.9)) ((0.22;0.22;0.15;1;1;0.21),(0.22;0.22;0.2;0.9;0.9;0))

C6 ((0.53;0.7;0.7;0.83;1;1),(0.61;0.7;0.7;0.76;0.9;0.9)) ((0.53;0.7;0.7;0.83;1;1),(0.61;0.7;0.7;0.76;0.9;0.9)) ((0.53;0.7;0.7;0.83;1;1),(0.61;0.7;0.7;0.76;0.9;0.9)) ((0.37;0.57;0.57;0.78;1;1),(0.47;0.57;0.57;0.68;0.9;0.9)) ((0.57;0.57;0.78;1;1;0.47),(0.57;0.57;0.68;0.9;0.9;0.15))

C7 ((0.19;0.18;0.18;0.1;1;1),(0.19;0.18;0.18;0.15;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.43;0.52;0.52;0.51;1;1),(0.48;0.52;0.52;0.52;0.9;0.9)) ((0.52;0.52;0.51;1;1;0.48),(0.52;0.52;0.52;0.9;0.9;0.35))

C8 ((0.33;0.39;0.39;0.35;1;1),(0.36;0.39;0.39;0.38;0.9;0.9)) ((0.38;0.45;0.45;0.43;1;1),(0.42;0.45;0.45;0.44;0.9;0.9)) ((0.39;0.48;0.48;0.46;1;1),(0.44;0.48;0.48;0.48;0.9;0.9)) ((0.39;0.5;0.5;0.5;1;1),(0.45;0.5;0.5;0.5;0.9;0.9)) ((0.5;0.5;0.5;1;1;0.45),(0.5;0.5;0.5;0.9;0.9;0))

C9 ((0.34;0.39;0.39;0.36;1;1),(0.37;0.39;0.39;0.38;0.9;0.9)) ((0.44;0.52;0.52;0.5;1;1),(0.48;0.52;0.52;0.52;0.9;0.9)) ((0.41;0.49;0.49;0.46;1;1),(0.45;0.49;0.49;0.48;0.9;0.9)) ((0.34;0.39;0.39;0.34;1;1),(0.37;0.39;0.39;0.37;0.9;0.9)) ((0.39;0.39;0.34;1;1;0.37),(0.39;0.39;0.37;0.9;0.9;0))

C10 ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.12;0.07;0.07;0.03;1;1),(0.09;0.07;0.07;0.05;0.9;0.9)) ((0.33;0.42;0.42;0.4;1;1),(0.37;0.42;0.42;0.41;0.9;0.9)) ((0.42;0.42;0.4;1;1;0.37),(0.42;0.42;0.41;0.9;0.9;0.41))

C11 ((0.5;0.47;0.47;0.35;1;1),(0.49;0.47;0.47;0.41;0.9;0.9)) ((0.31;0.27;0.27;0.13;1;1),(0.29;0.27;0.27;0.2;0.9;0.9)) ((0.46;0.43;0.43;0.31;1;1),(0.45;0.43;0.43;0.37;0.9;0.9)) ((0.15;0.1;0.1;0.02;1;1),(0.13;0.1;0.1;0.06;0.9;0.9)) ((0.1;0.1;0.02;1;1;0.13),(0.1;0.1;0.06;0.9;0.9;0))

C12 ((0.38;0.41;0.41;0.34;1;1),(0.4;0.41;0.41;0.38;0.9;0.9)) ((0.26;0.27;0.27;0.17;1;1),(0.27;0.27;0.27;0.23;0.9;0.9)) ((0.38;0.41;0.41;0.34;1;1),(0.4;0.41;0.41;0.38;0.9;0.9)) ((0.15;0.13;0.13;0.04;1;1),(0.14;0.13;0.13;0.09;0.9;0.9)) ((0.13;0.13;0.04;1;1;0.14),(0.13;0.13;0.09;0.9;0.9;0))

C13 ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.3;0.23;0.23;0.16;1;1),(0.26;0.23;0.23;0.19;0.9;0.9)) ((0.23;0.23;0.16;1;1;0.26),(0.23;0.23;0.19;0.9;0.9;0.68))

C14 ((0.66;0.61;0.61;0.44;1;1),(0.63;0.61;0.61;0.52;0.9;0.9)) ((0.53;0.45;0.45;0.28;1;1),(0.49;0.45;0.45;0.36;0.9;0.9)) ((0.66;0.61;0.61;0.44;1;1),(0.63;0.61;0.61;0.52;0.9;0.9)) ((0.27;0.18;0.18;0.08;1;1),(0.22;0.18;0.18;0.13;0.9;0.9)) ((0.18;0.18;0.08;1;1;0.22),(0.18;0.18;0.13;0.9;0.9;0))

C15 ((0.21;0.39;0.39;0.6;1;1),(0.3;0.39;0.39;0.49;0.9;0.9)) ((0.23;0.4;0.4;0.6;1;1),(0.31;0.4;0.4;0.5;0.9;0.9)) ((0.23;0.4;0.4;0.6;1;1),(0.31;0.4;0.4;0.5;0.9;0.9)) ((0.13;0.29;0.29;0.54;1;1),(0.21;0.29;0.29;0.41;0.9;0.9)) ((0.29;0.29;0.54;1;1;0.21),(0.29;0.29;0.41;0.9;0.9;0.04))

C16 ((0.13;0.09;0.09;0.02;1;1),(0.11;0.09;0.09;0.06;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.42;0.46;0.46;0.39;1;1),(0.45;0.46;0.46;0.44;0.9;0.9)) ((0.46;0.46;0.39;1;1;0.45),(0.46;0.46;0.44;0.9;0.9;0.5))

C17 ((0.22;0.4;0.4;0.61;1;1),(0.31;0.4;0.4;0.5;0.9;0.9)) ((0.28;0.45;0.45;0.63;1;1),(0.36;0.45;0.45;0.54;0.9;0.9)) ((0.28;0.45;0.45;0.63;1;1),(0.36;0.45;0.45;0.54;0.9;0.9)) ((0.19;0.36;0.36;0.58;1;1),(0.27;0.36;0.36;0.47;0.9;0.9)) ((0.36;0.36;0.58;1;1;0.27),(0.36;0.36;0.47;0.9;0.9;0.09))

C18 ((0.36;0.46;0.46;0.44;1;1),(0.41;0.46;0.46;0.46;0.9;0.9)) ((0.39;0.49;0.49;0.48;1;1),(0.44;0.49;0.49;0.49;0.9;0.9)) ((0.31;0.39;0.39;0.36;1;1),(0.35;0.39;0.39;0.38;0.9;0.9)) ((0.2;0.26;0.26;0.25;1;1),(0.23;0.26;0.26;0.26;0.9;0.9)) ((0.26;0.26;0.25;1;1;0.23),(0.26;0.26;0.26;0.9;0.9;0))

C19 ((0.59;0.64;0.64;0.54;1;1),(0.61;0.64;0.64;0.59;0.9;0.9)) ((0.5;0.5;0.5;0.39;1;1),(0.5;0.5;0.5;0.44;0.9;0.9)) ((0.37;0.38;0.38;0.31;1;1),(0.37;0.38;0.38;0.35;0.9;0.9)) ((0.33;0.31;0.31;0.21;1;1),(0.32;0.31;0.31;0.26;0.9;0.9)) ((0.31;0.31;0.21;1;1;0.32),(0.31;0.31;0.26;0.9;0.9;0))

C20 ((0.1;0.11;0.11;0.09;1;1),(0.11;0.11;0.11;0.1;0.9;0.9)) ((0.06;0.07;0.07;0.07;1;1),(0.06;0.07;0.07;0.07;0.9;0.9)) ((0.06;0.07;0.07;0.07;1;1),(0.06;0.07;0.07;0.07;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0;0;0;1;1;0),(0;0;0;0.9;0.9;0.12))

C21 ((0.11;0.1;0.1;0.09;1;1),(0.11;0.1;0.1;0.1;0.9;0.9)) ((0.11;0.12;0.12;0.11;1;1),(0.12;0.12;0.12;0.12;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.16;0.19;0.19;0.16;1;1),(0.18;0.19;0.19;0.17;0.9;0.9)) ((0.19;0.19;0.16;1;1;0.18),(0.19;0.19;0.17;0.9;0.9;0.25))

C22 ((0.14;0.12;0.12;0.07;1;1),(0.13;0.12;0.12;0.1;0.9;0.9)) ((0.03;0.04;0.04;0.05;1;1),(0.04;0.04;0.04;0.04;0.9;0.9)) ((0;0;0;0;1;1),(0;0;0;0;0.9;0.9)) ((0.2;0.2;0.2;0.16;1;1),(0.2;0.2;0.2;0.18;0.9;0.9)) ((0.2;0.2;0.16;1;1;0.2),(0.2;0.2;0.18;0.9;0.9;0.36))

C23 ((0.14;0.28;0.28;0.47;1;1),(0.21;0.28;0.28;0.37;0.9;0.9)) ((0.14;0.28;0.28;0.47;1;1),(0.21;0.28;0.28;0.37;0.9;0.9)) ((0.12;0.26;0.26;0.47;1;1),(0.19;0.26;0.26;0.36;0.9;0.9)) ((0.28;0.49;0.49;0.7;1;1),(0.38;0.49;0.49;0.59;0.9;0.9)) ((0.49;0.49;0.7;1;1;0.38),(0.49;0.49;0.59;0.9;0.9;0.3))

C24 ((0.38;0.58;0.58;0.77;1;1),(0.48;0.58;0.58;0.68;0.9;0.9)) ((0.35;0.53;0.53;0.69;1;1),(0.44;0.53;0.53;0.61;0.9;0.9)) ((0.35;0.53;0.53;0.69;1;1),(0.44;0.53;0.53;0.61;0.9;0.9)) ((0.75;0.93;0.93;1;1;1),(0.84;0.93;0.93;0.96;0.9;0.9)) ((0.93;0.93;1;1;1;0.84),(0.93;0.93;0.96;0.9;0.9;0.54))
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