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Abstract: In recent years, the dynamic development of renewable energy has been visible all over
the world, including Poland. Wind energy is one of the most used renewable energy sources. In
Poland, by 2030, it is planned to commission at least six offshore wind farms with a total capacity
of 3.8 GW. It is estimated that these investments will increase Poland’s GDP by approximately
PLN 60 billion and increase tax revenues by PLN 15 billion. Therefore, they could be a strong
stimulus for the development of the Polish economy and may be of great importance in recovering
from the crisis caused by the economic constraints related to the COVID-19 pandemic. The aim
of the article is a multi-criteria evaluation of the investments planned in Poland in offshore wind
farms and identification of potentially the most economically effective investments. To account for
the uncertainty in this decision problem, a modified fuzzy Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) method was used and a comprehensive sensitivity analysis was
performed. As a result of the research, a ranking of the considered projects was constructed and the
most preferred investments were identified. Moreover, it has been shown that all the investments
considered are justified and recommended.

Keywords: offshore wind farms; renewable energy sources; energy management; sustainability;
fuzzy TOPSIS; uncertainty; similarity aggregation method; sensitivity analysis; multi-criteria deci-
sion aid

1. Introduction

The progressive decline in natural energy resources and the greenhouse gas emission
reduction policy force changes in macro and micro energy generation strategies. As a
result, new energy technologies are being developed and ways for the independence of
national economies from conventional energy sources are sought [1]. One of the ways of
gaining such independence is growing investments in Renewable Energy Sources (RES).
The constantly growing share of RES in the total production and consumption of energy
in Poland and in the entire European Union (EU) is visible. It is estimated that currently
13% of produced and 15% of consumed energy in Poland comes from RES. In turn, in
the entire EU it is respectively 33% of energy produced and approximately 20% of energy
consumed [2].

The dynamic development of RES in EU countries, including Poland, is related to
the EU energy policy, which assumes the development of a low-emission economy and
the sustainability of the generated and used energy. In particular, the policy assumes that
by 2030 energy efficiency will be increased by 32.5%, greenhouse gas emissions will be
reduced by 40%, and the share of RES in energy consumption will increase to 32% [3]. The
Polish energy policy remains consistent with the EU policy, for which the main priorities
are, among others: energy efficiency improvement, reduction in pollution from the energy
sector, development of renewable energy, including biofuels [4]. According to forecasts for
Poland, in 2025 about 18% of energy, and in 2030 about 23% of energy will be generated
from RES [5].
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It should be noted here that among RES, wind farms have the largest installed capacity,
both in Poland and in the EU. In Poland, in 2019 the installed capacity of wind farms
reached 5917 MW, which is almost 65% of the capacity of all RES [2]. It is estimated that
also in the coming years, wind energy will dominate among RES in Poland. It should be
noted that currently 100% of wind energy in Poland is produced by onshore wind farms [5].
This situation must change in the near future due to the very restrictive Act on Investments
in Wind Power plants, introducing restrictions on the permissible locations for onshore
wind farms in Poland [6]. The farm must be located at a distance of not less than 10 times
the height of the tower with rotor blades, which translates into a distance of approximately
1.5–1.8 km. This restriction excludes 99% territories of Poland [7] and together with the
requirements for wind conditions, connection to the grid, and the relevant road network, it
is difficult to find suitable locations for new onshore wind farm projects [8]. On the other
hand, the strong development facilities developed so far for onshore wind farms may be
helpful in the construction and development of offshore installations. The construction of
the first offshore wind farms is to be completed by 2025, and their capacity by 2030 will
amount to at least 3.8 GW [9]. Moreover, it is expected that around 2030, six offshore wind
farms will be launched and connected to the Polish power grid [10,11]. It is estimated that
investments in offshore wind farms by 2030 may increase Poland’s gross domestic product
(GDP) by PLN 60 billion [12] and increase CIT and VAT revenues by PLN 15 billion [13].
Therefore, the dynamic development of wind farms may be a strong stimulus for the
development of the Polish economy and may be of great importance when overcoming the
crisis caused by economic constraints related to the COVID-19 pandemic [7]. Therefore,
it is important to fill the research gap and identify priority offshore wind investments,
characterized by high efficiency and potentially having a strong impact on increasing the
dynamics of economic development in the coming years. In this context, the following
research questions can be defined, important from the perspective of the considered
investments in offshore wind farms. According to what criteria should such investments
be assessed? Are all investments planned until 2030 valid and recommended? Which of
the planned investments may have the greatest impact on economic development? To
what extent is the assessment of individual investments stable, and to what extent is it
dependent on the parameters of the decision model?

Of great importance for the effectiveness of investment in a wind farm is its location,
which directly translates into economic, social and environmental effects related to the
operation of the wind farm. Offshore areas for the implementation of such investments
must be characterized by appropriate technical indicators influencing investment costs,
such as wind resources, depth of the basin, type of seabed, as well as spatial aspects of
the location, influencing economic, social and environmental costs [14]. The wind farm
project, including its capacity in particular, also greatly influences the economic effect, i.e.,
the investment cost and the return on investment, while higher investment costs usually
generate higher later profits. It should also be noted that wind energy is intermittent, which
means that all values depending on wind resources are uncertain [15]. The multiplicity
of uncertain factors that may additionally conflict with each other makes the problem of
wind farm location and design evaluation a multi-criteria problem that can be solved using
the fuzzy multi-criteria decision aid (MCDA) methods [16,17]. Fuzzy MCDA methods
are widely used to solve decision problems related to offshore wind farms. Sałabun et al.
applied the COMET method based on fuzzy set theory to select the location for wind farms
in the Baltic Sea [18]. Fetanat and Khorasaninejad assessed offshore wind farm locations
in Iran using a set of fuzzy DEMATEL, fuzzy ANP and fuzzy ELECTRE methods [19]. In
turn, Wu et al., using the intuitionistic fuzzy ELECTRE III method assessed the locations
for the offshore wind farms in Shandong in China [20]. Gao et al. examined a similar
decision problem in this region using the set of intuitionistic linguistic ordered weighted
averaging operators [21]. Deveci et al. used the interval-valued fuzzy rough based Delphi
method to assess criteria used in decision problems related to the location of offshore
wind farms [14]. Similarly, Deveci et al. used the interval type-2 fuzzy TOPSIS method to
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evaluate an offshore wind farm in Ireland [22]. The applied methods use very complex
fuzzy arithmetic, which make them very computationally complicated and therefore can
be treated by stakeholders as a “black box”, which may undermine the confidence of
decision makers in the recommendations obtained using these MCDA methods [23]. The
fuzzy TOPSIS method is the extension of the TOPSIS method [24,25], which allows the
capture of the uncertainty of the input data as well as conflicting criteria, that is much less
complicated [26,27]. It is based on the trapezoidal fuzzy numbers (TFNs), and is therefore
much less computationally complex, more transparent and explainable, giving results that
are easier to interpret.

The aim of the article is to assess investments in offshore wind farms planned until
2030 in Poland and to identify the most sustainable investments, and therefore effec-
tive from the perspective of economic, social and environmental criteria. In order to
objectify the result of this study as much as possible, it will be conducted with the par-
ticipation of three field experts, and the multi-criteria group decision making (MCGDM)
method called modified fuzzy TOPSIS will be used to aggregate the criteria and expert
assessments. Section 2 presents the calculation procedures underlying the modified fuzzy
TOPSIS method. Section 2 also provides a model of the decision problem with details of
the evaluation criteria and the offshore projected considered. The results of the application
of the modified fuzzy TOPSIS method are presented in Section 3. Section 4 contains a dis-
cussion on the stability of the obtained solution from the perspective of various parameters
of the decision problem. The article ends with general conclusions and an indication of
further research directions.

2. Materials and methods
2.1. Fuzzy TOPSIS Based Multi-Criteria Approach

To solve the decision problem, the TFNs-based fuzzy TOPSIS method proposed by
Chen et al. [28] and modified by Ziemba et al. was used [27]. This method allows K
experts to consider a multi-criteria decision problem composed of m alternatives and n
criteria. Criteria weights and assessments of alternatives are expressed in the form of TFNs,
where x̃ijk =

(
aijk, bijk, cijk, dijk

)
represents the assessment of the i-th alternative for the j-th

criterion expressed by the k-th stakeholder, and w̃jk =
(

wjk1, wjk2, wjk3, wjk4

)
denotes the

weight of the j-th criterion expressed by the k-th expert. Criterion weights and evaluation
of alternatives are defined using the 7-point linguistic scales presented in Figure 1.
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Weights and expert assessments are aggregated to the TFNs form, respectively
w̃j =

(
wj1, wj2, wj3, wj4

)
and x̃ij =

(
aij, bij, cij, dij

)
, using the modified Similarity Aggrega-

tion Method (m-SAM), developed by Ziemba et al. and presented in [27].
According to the m-SAM procedure, for each pair of experts k, l and each j-th weight,

the agreement degree S
(

w̃jk, w̃jl

)
is determined, according to the Formula (1):

S
(

w̃jk, w̃jl

)
=


∫

x (min{µw̃jk
(x), µw̃jl

(x)})dx∫
x (max{µw̃jk

(x), µw̃jl
(x)})dx f or

∫
x(max{µw̃jk

(x), µw̃jl
(x)})dx > 0,

0 f or
∫

x(max{µw̃jk
(x), µw̃jl

(x)})dx = 0,
(1)
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Then an agreement matrix is constructed containing the agreement degrees S
(

w̃jk, w̃jl

)
according to the Formula (2):

AM =


1 S

(
w̃j1, w̃j2

)
S
(
w̃j2, w̃j1

)
1

· · · S
(
w̃j1, w̃jK

)
· · · S

(
w̃j2, w̃jK

)
...

...
S
(
w̃jK, w̃j1

)
S
(
w̃jK, w̃j2

) . . .
...

· · · 1

 (2)

In the next step, the mean agreement degree is calculated for each stakeholder (3):

A(Ek) =
1

K− 1 ∑K
l = 1
l 6= k

S
(

w̃jk, w̃jl

)
(3)

Then the relative agreement degree (RAD) is calculated for each expert (4):

RADk =

{ A(Ek)

∑K
k=1 A(Ek)

f or ∑K
k=1 A(Ek) > 0,

ek f or ∑K
k=1 A(Ek) = 0.

(4)

where ek denotes the importance of the k-th expert, where ∑K
k=1 ek = 1.

On the basis of the RAD calculated for each expert, his consensus degree coefficient
(CDC) is determined, according to the Formula (5):

CDCk = β·ek + (1− β)·RADk (5)

where β ∈ 0, 1 is the coefficient of participation of RADk and ek in the CDC. When β = 0
consensus degree coefficient equals relative agreement degree (CDCk = RADk), and for
β = 1, consensus degree coefficient depends solely on expert rank (CDCk = ek).

The aggregation of weights into the form w̃j =
(
wj1, wj2, wj3, wj4

)
is performed using

the Formula (6):
w̃j = ∑K

k=1(w̃jk
⊗

CDCk) = ∑K
k=1

(
wjk1 × CDCk, wjk2 × CDCk, wjk3 × CDCk, wjk4 × CDCk

)
(6)

Analogous m-SAM procedure steps are performed to aggregate expert assessments x̃ijk.
Based on the aggregated assessments of alternatives, a fuzzy decision matrix (7) and a

vector of weights (8) are constructed:

D̃ =


x̃11 x̃12
x̃21 x̃22

· · · x̃1n
· · · x̃2n

...
...

x̃m1 x̃m2

. . .
...

· · · x̃mn

 (7)

W̃ = [w̃1, w̃2, . . . , w̃n] (8)

Then the evaluations of alternatives x̃ij =
(
aij, bij, cij, dij

)
are normalized. Formula (9) is

used for benefit criteria, and the normalization for cost criteria is according to Formula (10):

p̃ij =

(
aij

d∗j
,

bij

d∗j
,

cij

d∗j
,

dij

d∗j

)
, where d∗j = max

i
dij (9)

p̃ij =

(
a−j
dij

,
a−j
cij

,
a−j
bij

,
a−j
aij

)
, where a−j = min

i
aij (10)
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In the next step, a normalized fuzzy decision matrix is built (11):

P̃ =


p̃11 p̃12
p̃21 p̃22

· · · p̃1n
· · · p̃2n

...
...

p̃m1 p̃m2

. . .
...

· · · p̃mn

 (11)

After taking into account the weights of the criteria, the weighted normalized fuzzy
decision matrix is obtained, the elements of which are calculated according to Formula (12):

ṽij = p̃ij ⊗ w̃j (12)

Based on weighted normalized fuzzy decision matrix, the fuzzy positive-ideal solution
(FPIS) (13) and the fuzzy negative-ideal solution (FNIS) are calculated (14):

FPIS∗ = (ṽ∗1 , ṽ∗2 , . . . , ṽ∗n), where ṽ∗j = max
i

{
ṽij4
}

(13)

FNIS− =
(
ṽ−1 , ṽ−2 , . . . , ṽ−n

)
, where ṽ−j = min

i

{
ṽij1
}

(14)

The distances of the i-th alternative from FPIS (d∗i ) are calculated according to Formula (15),
and the Formula (16) is used to determine FNIS (d−i ) (16):

d∗i = ∑n
j=1 dv

(
ṽij, ṽ∗j

)
(15)

d−i = ∑n
j=1 dv

(
ṽij, ṽ−j

)
(16)

where dv(x̃, ỹ) is a crisp measure of the distance between two TFNs, determined using the
Formula (17):

dv(x̃, ỹ) =

√
1
4

[
(x1 − y1)

2 + (x2 − y2)
2 + (x3 − y3)

2 + (x4 − y4)
2
]

(17)

The overall assessment of the i-th alternative is expressed by the closeness coefficient
determining the distance of the obtained solution from FPIS and FNIS according to the
Formula (18):

CCi =
d−i

d∗i + d−i
(18)

Depending on the obtained value of CCi, the considered alternative may belong to
one of several classes of assessment status defined in the literature [28,29]:

if CCi ∈ [0, 0.2) then Ai belongs to Class I–‘not recommended’,
if CCi ∈ [0.2, 0.4) then Ai belongs to Class II–‘recommended with high risk’,
if CCi ∈ [0.4, 0.6) then Ai belongs to Class III–‘recommended with low risk’,
if CCi ∈ [0.6, 0.8) then Ai belongs to Class IV–‘approved’,
if CCi ∈ [0.8, 1] then Ai belongs to Class V–‘approved and strictly preferred’.

The fuzzy TOPSIS method may use TFNs, triangular fuzzy numbers (where bijk = cijk
or wjk2 = wjk3), interval numbers (where aijk = bijk and cijk = dijk or wjk1 = wjk2 and
wjk3 = wjk4), and even crisp numbers represented in the form of singletons (where
aijk = bijk = cijk = dijk or wjk1 = wjk2 = wjk3 = wjk4). In the fuzzy TOPSIS method,
both numerical and linguistic values can be used.

2.2. Model of the Decision Problem

The assessment of planned investments in offshore wind farms required the construc-
tion of a decision model, which includes a set of m alternatives and n criteria, assessed by
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K experts. Three field experts (E1–E3), who were impartial scientists experienced in RES
research, including wind energy, helped to solve the decision problem.

Identification of the alternatives was carried out on the basis of scientific publications
and reports [10,11] indicating 6 offshore wind farms to be launched in Poland by 2030.
These alternatives are shown in Figure 2 [10,11,30].
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Renewables)–350 MW, A2–Baltic II (Polenergia and Equinor)–1200 MW, A3–Baltica 2 (PGE)–1498 MW, A4–Baltic 3 (Polener-
gia and Equinor)–600 MW, A5–Baltica 3 (PGE)–1045.5 MW, A6–Baltic Power (PKN Orlen)–1200 MW.

The next step was to define the evaluation criteria used in the decision problem. Litera-
ture review [14,18–22], analysis of available information on planned investments [31–37] and
consultation with field experts made it possible to indicate the criteria presented in Table 1.

Table 1. Criteria for assessing offshore wind farms projects.

No. Group Criterion Unit Preference Direction Reference

C1 Technical Average annual
wind speed (m/s) max [14,19–22]

C2 Social Shipping density linguistic max [14,18–21]
C3 Social Fishing density linguistic max [18]

C4 Technical Geotechnical
conditions linguistic max [18,20–22]

C5 Spatial
Proximity to
hydrocarbon

reserves
linguistic max [14,22]

C6 Spatial Proximity to
protected areas linguistic max [14,18,19,22]

C7 Spatial Proximity to
shore (km) min [14,18–20,22]

C8 Technical Sea water depth (m) min [14,18,20–22]

C9 Environmental Pollutant
reduction effect (tonnes) max [21]

C10 Economic

Expected impact
on GDP

(economic
externalities)

(million
PLN) max [14]

C11 Social Employment (jobs) max [14,19–21]

C12 Economic Initial
investment cost

(million
PLN) min [14,18,20–22]

C13 Economic Investment
payback period (years) min [14,18,20–22]

Experts E1–E3 individually determined the weights of the criteria presented in Table 2.
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Table 2. Criteria weights assigned by individual stakeholders.

No. Criterion E1 E2 E3

C1 Average annual wind speed VH H H
C2 Shipping density MH H MH
C3 Fishing density MH H MH
C4 Geotechnical conditions H MH M
C5 Proximity to hydrocarbon reserves M M MH
C6 Proximity to protected areas M MH VH
C7 Proximity to shore H M M
C8 Sea water depth H ML M
C9 Pollutant reduction effect M MH VH

C10 Expected impact on GDP (economic externalities) VH MH M
C11 Employment H H MH
C12 Initial investment cost H M MH
C13 Investment payback period VH M MH

VL—very low, L—low, ML—medium low, M—medium, MH—medium high, H—high, VH—very high

The assessment of alternatives in terms of individual criteria was carried out lin-
guistically and numerically by experts and based on commonly available numerical data.
Figure 3 presents information on the locations provided for the considered wind farms
in the scope of: (a) wind speed [38], (b) shipping density [39], (c) fishing density [40], (d)
geotechnical conditions [41], (e) proximity to hydrocarbon reserves [42], (f) proximity to
protected areas [39]. Based on the information presented graphically in Figure 3, the three
field experts linguistically assessed the alternatives against the C2–C6 criteria and the
assigned numerical TFNs values for C1 criterion.
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Then, using publicly available data on individual offshore wind farms projects [31–37],
TFNs were defined for the C7–C8 criteria. In turn, the values of the C10–C12 criteria
were calculated as the product of the planned capacity of individual wind farms and the
following conversion factors:

• for C10—expected GDP growth per 1 MW—the assumed value was 10 ± 10% PLN
million [12], so it was T̃FN = (9, 10, 10, 11),

• for C11—employment per 1 MW—the number of jobs was 12.8 ± 10% [12], so it was
T̃FN = (11.52, 12.8, 12.8, 14.08),

• for C12—investment cost for 1 MW—the value of 4 ± 10% million Euro was as-
sumed [12], which after conversion into PLN gave 18 ± 10% PLN million, so it was
T̃FN = (16.2, 18, 18, 19.8).

The values of the C7–C8 and C10–C12 criteria were the same for all experts and
independent of them.

Calculating the values of the C9 and C13 criteria, it was necessary to determine the
amount of annual energy production Ẽ (MWh). It was in the form of TFN estimated as
the product of the wind turbine output power, the number of turbines and the number
of 8760 h [43]. The turbine output power P̃W (MW) was the TFN calculated from the
Formula (19) [44]:

P̃W =
ρ ∗ Ar ∗ Cp

2, 000, 000

⊗
ṽ3 (19)

where ρ is air density (kg/m3), Ar this is the turbine rotor blades swept area (m2), Cp
is the power coefficient of the wind turbine, and ṽ is wind speed (m/s). The values
ρ, Ar, Cp were crisp numbers, and ṽ was TFN, taken directly from C1 criterion. Based
on [45], air density ρ = 1.23 kg/m3 was assumed. When determining the turbine rotor
blades swept area, it was assumed that during the construction period of individual power
plants, wind turbines more advanced than now would be available, and therefore the value
Ar = 39, 000 m2 was adopted, taken from the specification of the SG 14-222 DD turbine [46]
which can be used in Polish offshore projects [47]. Moreover, based on the theoretical
maximum power coefficient value of 0.593 (Betz limit), a practical power coefficient value
in the range of 0.4–0.5 [48] was adopted Cp = 0.48. As for the number of turbines, this
number was calculated as the quotient of the planned capacity of a given wind farm and
the maximum output power of the SG 14-222 DD (14 MW) turbine [46], rounding the result
down to integers.

Having determined the fuzzy value of the annual produced energy Ẽ, the value
of the C9 criterion was calculated as the product of Ẽ and the CO2 emission factor
for electricity in Poland. This coefficient for 2018 was 0.792 tonnes/MWh [49], and
the study assumed its values as 0.792 ± 10% tonnes/MWh, so it was represented by
T̃FN = (0.7128, 0.792, 0.792, 0.8712).

In determining the value of the C13 criterion, it was necessary to estimate the annual
revenues, operation and maintenance costs and on that basis calculate the annual profits.
The income ( ˜Income) was calculated as the product of the annual energy production
Ẽ and the reference price of 1 MWh of energy obtained from an offshore wind farm.
This price in 2020 in Poland was 450 PLN/MWh [50], and the research assumed the
value of 450 ± 10% PLN/MWh, so it was represented by T̃FN = (405, 450, 450, 495).
Operation and maintenance costs (ÕM) were calculated as the product of the annual energy
production Ẽ and the annual operation and maintenance costs per 1 MWh, estimated at
approximately 30 Euro [51], which after conversion into PLN and taking into account 10%
deviation gives the value of 135 ± 10% PLN, so T̃FN = (121.5, 135, 135, 148.5). Therefore,
the annual profits expressed in PLN million were calculated using the rules of fuzzy
arithmetic [28] according to the Formula (20):
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P̃ro f it =
˜Income− ÕM

1, 000, 000
=

(Income1 −OM4, Income2 −OM3, Income3 −OM2, Income4 −OM1)

1, 000, 000
(20)

Finally, the C13 criterion, i.e., the payback period was calculated as the quotient of the

C12 criterion, i.e., the investment cost Ĩ_cost and the annual profit (P̃ro f it) according to the
rules of fuzzy arithmetic (21):

P̃p = Ĩ_cost� P̃ro f it =
(

I_cost1

Pro f it4
,

I_cost2

Pro f it3
,

I_cost3

Pro f it2
,

I_cost4

Pro f it1

)
(21)

Tables 3–5 show the ratings assigned to alternatives by individual experts. Since the
values of the C7–C8 and C10–C12 criteria were the same for all experts, they are presented
separately in Table 6. Tables 2–6 therefore illustrate a model of the decision problem solved
subsequently with the modified fuzzy TOPSIS method.

Table 3. Assessments of expert alternatives E1.

C1 C2 C3 C4 C5 C6 C9 C13

A1 (9.7, 9.7,
9.9, 9.9) VG F MG VG F (1,640,242, 1,822,491,

1,937,563, 2,131,319)
(6.08, 7.97,
8.93, 12.18)

A2 (9.5, 9.7,
9.7, 9.9) VG G MG VG MP (5,238,929, 6,196,470,

6,196,470, 7,246,486)
(6.02, 8.76,
8.76, 13.64)

A3 (9.3, 9.5,
9.7, 9.9) VG MP G VG MP (6,187,075, 7,327,652,

7,800,263, 9,122,047)
(5.87, 8.47,
9.51, 15.12)

A4 (8.8, 9.1,
9.3, 9.5) F G VG VG MG (2,057,548, 2,528,039,

2,698,413, 3,163,902)
(6.71, 9.79,

11.06, 18.86)

A5 (9.1, 9.3,
9.5, 9.7) G MG G G G (4,008,747, 4,754,346,

5,067,722, 5,934,032)
(6.30, 9.09,

10.24, 16.34)

A6 (9.1, 9.3,
9.5, 9.7) F F G MG VG (4,604,642, 5,461,073,

5,821,032, 6,816,117)
(6.29, 9.08,

10.23, 16.33)
VP—very poor, P—poor, MP—medium poor, F—fair, MG—medium good, G—good, VG—very good.

Table 4. Assessments of expert alternatives E2.

C1 C2 C3 C4 C5 C6 C9 C13

A1 (9.7, 9.7,
9.9, 9.9) G F MG VG MP (1,640,242, 1,822,491,

1,937,563, 2,131,319)
(6.08, 7.97,
8.93, 12.18)

A2 (9.5, 9.7,
9.9, 9.9) G G F VG P (5,238,929, 6,196,470,

6,587,714, 7,246,486)
(6.02, 8.03,
9.00, 13.64)

A3 (9.5, 9.7,
9.7, 9.9) MG P G VG P (6,594,887, 7,800,263,

7,800,263, 9,122,047)
(5.97, 8.69,
8.69, 13.52)

A4 (8.9, 9.1,
9.4, 9.5) MP F G VG F (2,128,492, 2,528,039,

2,786,398, 3,163,902)
(6.77, 9.37,

11.23, 17.72)

A5 (9.1, 9.3,
9.5, 9.6) F F MG MG G (4,008,747, 4,754,346,

5,067,722, 5,752,390)
(6.55, 9.09,

10.24, 15.95)

A6 (9.1, 9.3,
9.5, 9.6) P P MG F VG (4,604,642, 5,461,073,

5,821,032, 6,607,475)
(6.54, 9.08,

10.23, 15.94)
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Table 5. Assessments of expert alternatives E3.

C1 C2 C3 C4 C5 C6 C9 C13

A1 (9.7, 9.7,
9.9, 9.9) G MG MG VG MP (1,640,242, 1,822,491,

1,937,563, 2,131,319)
(6.08, 7.97,
8.93, 12.18)

A2 (9.5, 9.7,
9.7, 9.9) VG G F VG P (5,238,929, 6,196,470,

6,196,470, 7,246,486)
(6.02, 8.76,
8.76, 13.64)

A3 (9.4, 9.6,
9.7, 9.9) G MP G VG P (6,388,812, 7,561,496,

7,800,263, 9,122,047)
(5.92, 8.57,
9.08, 14.29)

A4 (8.8, 9.1,
9.3, 9.5) MP MG G VG F (2,057,548, 2,528,039,

2,698,413, 3,163,902)
(6.71, 9.79,

11.06, 18.86)

A5 (9.2, 9.3,
9.5, 9.6) MG F G MG G (4,142,361, 4,754,346,

5,067,722, 5,752,390)
(6.61, 9.09,

10.24, 15.07)

A6 (9.1, 9.3,
9.5, 9.7) MP MP G F VG (4,604,642, 5,461,073,

5,821,032, 6,816,117)
(6.29, 9.08,

10.23, 16.33)

Table 6. Assessments of alternatives common for experts E1–E3.

C7 C8 C10 C11 C12

A1 (55, 55, 55, 55) (45, 45, 45, 45) (3150, 3500,
3500, 3850)

(4032, 4480,
4480, 4928)

(5670, 6300,
6300, 6930)

A2 (37, 37, 37, 40) (23, 30, 30, 41) (10,800, 12,000,
12,000, 13,200)

(13,824, 15,360,
15,360, 16,896)

(19,440, 21,600,
21,600, 23,760)

A3 (25, 30, 30, 40) (20, 40, 40, 60) (13,482, 14,980,
14,980, 16,478)

(17,257, 19,174,
19,174, 21,092)

(24,267.6,
26,964, 26,964,

29,660.4)

A4 (22, 22, 23, 30) (25, 30, 30, 39) (5400, 6,000,
6000, 6,600)

(6912, 7680,
7680, 8448)

(9720, 10800,
10,800, 11,880)

A5 (25, 33, 33, 34) (20, 40, 40, 60)
(9409.5, 10,455,

10,455,
11,500.5)

(12,044, 13,382,
13,382, 14,721)

(16,937.1,
18,819, 18,819,

20,700.9)

A6 (23, 23, 28, 28) (40, 40, 40, 40) (10,800, 12,000,
12,000, 13,200)

(13,824, 15,360,
15,360, 16,896)

(19,440, 21,600,
21,600, 23,760)

3. Results

The study assumes that the rank of experts is equal (e1 = e2 = e3). Therefore, each of
the experts had the same effect on the form of the fuzzy decision matrix aggregated using
the m-SAM procedure. Moreover, the value of the coefficients β = 0.5 was assumed, so
the consensus among experts was of the same importance as the ranks of experts. As a
result of the aggregation of individual weights of the criteria (see: Table 2), the aggregated
weights presented in Table 7 were obtained.

Table 7. Aggregated expert criteria weights.

No. Criterion Weight Aggregated

C1 Average annual wind speed (0.7212, 0.8212, 0.8424, 0.9212)
C2 Shipping density (0.541, 0.641, 0.7205, 0.8205)
C3 Fishing density (0.541, 0.641, 0.7205, 0.8205)
C4 Geotechnical conditions (0.5292, 0.6292, 0.6708, 0.7708)
C5 Proximity to hydrocarbon reserves (0.4205, 0.5205, 0.541, 0.641)
C6 Proximity to protected areas (0.5083, 0.6083, 0.6667, 0.75)
C7 Proximity to shore (0.45, 0.55, 0.55, 0.65)
C8 Sea water depth (0.3667, 0.4667, 0.5083, 0.6083)
C9 Pollutant reduction effect (0.5083, 0.6083, 0.6667, 0.75)

C10 Expected impact on GDP (economic
externalities) (0.5083, 0.6083, 0.6667, 0.75)

C11 Employment (0.659, 0.759, 0.7795, 0.8795)
C12 Initial investment cost (0.5292, 0.6292, 0.6708, 0.7708)
C13 Investment payback period (0.5083, 0.6083, 0.6667, 0.75)
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Furthermore, the aggregation of experts’ assessments in the group assessment allowed
the fuzzy decision matrix presented in Table 8 to be obtained. To increase readability, the
fuzzy decision matrix in Table 8 has been transposed.

Table 8. Aggregated assessments of alternatives—transposed fuzzy decision matrix.

A1 A2 A3 A4 A5 A6

C1 (9.7, 9.7, 9.9, 9.9) (9.5, 9.7, 9.7619, 9.9) (9.3989, 9.5989,
9.7, 9.9)

(8.832, 9.1, 9.332,
9.5)

(9.1328, 9.3, 9.5,
9.633)

(9.1, 9.3, 9.5,
9.6674)

C2 (7.2121, 8.2121,
8.4242, 9.2121)

(7.7878, 8.7878,
9.5757, 9.7878)

(6.7458, 7.7458,
8.3291, 9.0250)

(2.4102, 3.4102,
4.2051, 5.2051)

(5.2916, 6.2916,
6.7083, 7.7083)

(2.2916, 3.2916,
3.7083, 4.7083)

C3 (4.2051, 5.2051,
5.4102, 6.4102) (7, 8, 8, 9) (1.7948, 2.7948,

3.5897, 4.5897)
(5.2916, 6.2916,
6.7083, 7.7083)

(4.2051, 5.2051,
5.4102, 6.4102)

(2.2916, 3.2916,
3.7083, 4.7083)

C4 (5, 6, 7, 8) (4.2051, 5.2051,
5.4102, 6.4102) (7, 8, 8, 9) (7.2121, 8.2121,

8.4242, 9.2121)
(6.5897, 7.5897,
7.7948, 8.7948)

(6.5897, 7.5897,
7.7948, 8.7948)

C5 (8, 9, 10, 10) (8, 9, 10, 10) (8, 9, 10, 10) (8, 9, 10, 10) (5.4102, 6.4102,
7.2051, 8.2051)

(4.2051, 5.2051,
5.4102, 6.4102)

C6 (2.4102, 3.4102,
4.2051, 5.2051)

(1.2051, 2.2051,
2.4102, 3.4102)

(1.2051, 2.2051,
2.4102, 3.4102)

(4.2051, 5.2051,
5.4102, 6.4102) (7, 8, 8, 9) (8, 9, 10, 10)

C7 (55, 55, 55, 55) (37, 37, 37, 40) (25, 30, 30, 40) (22, 22, 23, 30) (25, 33, 33, 34) (23, 23, 28, 28)
C8 (45, 45, 45, 45) (23, 30, 30, 41) (20, 40, 40, 60) (25, 30, 30, 39) (20, 40, 40, 60) (40, 40, 40, 40)

C9

(1,640,242.1533,
1,822,491.2815,
1,937,563.0351,
2,131,319.3386)

(5,238,928.8334,
6,196,470.3571,
6,322,907.4134,
7,246,485.7514)

(6,389,788.3162,
7,562,593.1408,
7,800,262.6849,
9,122,046.7694)

(2,080,698.7304,
2,528,038.6844,
2,727,123.918,
3,163,902.119)

(4,053,106.5539,
4,754,346.315,
5,067,722.0088,
5,812,423.8934)

(4,604,641.8894,
5,461,073.4699,
5,821,032.0371,
6,747,564.3523)

C10 (3150, 3500, 3500,
3850)

(10,800, 12,000,
12,000, 13,200)

(13,482, 14,980,
14,980, 16,478)

(5400, 6000, 6000,
6600)

(9409.5, 10455,
10,455, 11,500.5)

(10,800, 12,000,
12,000, 13,200)

C11 (4032, 4480, 4480,
4928)

(13,824, 15,360,
15,360, 16,896)

(17,257, 19,174,
19,174, 21,092)

(6912, 7680, 7680,
8448)

(12,044, 13,382,
13,382, 14,721)

(13,824, 15,360,
15,360, 16,896)

C12 (5670, 6300, 6300,
6930)

(19,440, 21,600,
21,600, 23,760)

(24,267.6, 26,964,
26,964, 29,660.4)

(9720, 10,800,
10,800, 11,880)

(16,937.1, 18,819,
18,819, 20,700.9)

(19,440, 21,600,
21,600, 23,760)

C13 (6.0876, 7.9723,
8.9331, 12.1864)

(6.0291, 8.5276,
8.844, 13.6436)

(5.9282, 8.5804,
9.0987, 14.3181)

(6.736, 9.6587,
11.1171, 18.4928)

(6.4873, 9.0957,
10.2415, 15.7972)

(6.3784, 9.0888,
10.2337,
16.2075)

Table 8 is supplemented by Figure 4 presenting aggregated fuzzy assessments of
alternatives in a graphical form.

The next steps were normalization and then weighting of the fuzzy decision matrix.
On the basis of the weighted normalized fuzzy decision matrix, the FPIS and FNIS were de-
termined, which were used to determine the overall assessment and ranking of alternatives,
presented in Table 9.

The obtained ranking shows that the most preferred wind farm is A3, i.e., Baltica 2
with a planned capacity of 1498 MW. It is followed by alternatives A2 (Baltic II–1200 MW),
A5 (Baltica 3–1045.5 MW), A6 (Baltic Power–1200 MW) and A4 (Baltic 3–600 MW). All these
alternatives belong to the “recommended with low risk” class of assessment status, however
A4 is at the lower end of this class. The last place in the ranking is taken by A1 (FEW Baltic
II–350 MW) belonging to the lower class of assessment status, i.e., “recommended with
high risk”. It may seem that the developed decision model favors the wind farm with the
higher capacity, but it should be stated that capacity is not the only factor determining
the order of alternatives. The analysis of Table 8 and Figure 4 shows that the C10 and C11
criteria of the benefit type, directly dependent on the capacity, prefer alternatives with a
higher capacity, but the C12 cost criterion partially reduces this effect. Based on Figure 4, it
can also be noticed that the most preferred A3 alternative, compared to other alternatives,
dominates most of the criteria, and is characterized by low efficiency only in terms of the
C3, C6, C12. The second-ranked alternative A2 is characterized by high efficiency on the
criteria C1–C3, C5, C8–C11, C13, and worse results on the criteria C4, C6, C7, C12. The A5
and A6 alternatives stand out positively primarily in terms of the C6 criterion, they are
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characterized by average efficiency on most of the criteria, and they lose the most on the C2
and C5 criteria. The alternatives A4 and A1 suffer the greatest losses in terms of capacity,
i.e., C10 and C11, as well as C9. Moreover, the A4 alternative has poor efficiency on the C1
and C2 criteria, and A1 loses the most on the C7 and C8 criteria. The ranking presented in
Table 9 reflects all these advantages and weaknesses of individual alternatives.

Energies 2021, 14, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 4. Aggregated fuzzy assessments of alternatives. 

The next steps were normalization and then weighting of the fuzzy decision matrix. 
On the basis of the weighted normalized fuzzy decision matrix, the FPIS and FNIS were 
determined, which were used to determine the overall assessment and ranking of alter-
natives, presented in Table 9. 

Table 9. Ranking of offshore wind farms planned in Poland in the coming years. 

Alternative A1 A2 A3 A4 A5 A6 𝐶𝐶  0.3645 0.4726 0.4877 0.4034 0.4534 0.4323 
Rank 6 2 1 5 3 4 

Class of assessment sta-
tus II III III III III III 

The obtained ranking shows that the most preferred wind farm is A3, i.e., Baltica 2 
with a planned capacity of 1498 MW. It is followed by alternatives A2 (Baltic II–1200 MW), 
A5 (Baltica 3–1045.5 MW), A6 (Baltic Power–1200 MW) and A4 (Baltic 3–600 MW). All 
these alternatives belong to the “recommended with low risk” class of assessment status, 
however A4 is at the lower end of this class. The last place in the ranking is taken by A1 
(FEW Baltic II–350 MW) belonging to the lower class of assessment status, i.e., “recom-
mended with high risk”. It may seem that the developed decision model favors the wind 
farm with the higher capacity, but it should be stated that capacity is not the only factor 
determining the order of alternatives. The analysis of Table 8 and Figure 4 shows that the 
C10 and C11 criteria of the benefit type, directly dependent on the capacity, prefer alter-
natives with a higher capacity, but the C12 cost criterion partially reduces this effect. Based 
on Figure 4, it can also be noticed that the most preferred A3 alternative, compared to 
other alternatives, dominates most of the criteria, and is characterized by low efficiency 
only in terms of the C3, C6, C12. The second-ranked alternative A2 is characterized by 

Figure 4. Aggregated fuzzy assessments of alternatives.

Table 9. Ranking of offshore wind farms planned in Poland in the coming years.

Alternative A1 A2 A3 A4 A5 A6

CCi 0.3645 0.4726 0.4877 0.4034 0.4534 0.4323
Rank 6 2 1 5 3 4

Class of assessment status II III III III III III

4. Discussion

In the modified fuzzy TOPSIS method, several variables are used that may influence
the obtained results. These are in particular: the β coefficient, the rank of experts ek and
the weights of the criteria w̃jk. Therefore, an analysis of the sensitivity of the solution to
changes in the values of these variables was performed, leaving other parameters of the
decision model unchanged. Figure 5 shows the sensitivity analysis for the β coefficient.
The results of this analysis indicate that the obtained ranking is robust to changes in the
value of this coefficient.
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In the sensitivity analysis for the ranks of experts, it was assumed that the rank of
the selected expert ek changes within the range [0,1], while the ranks of the other two
experts are equal (ep = er) and proportional to the rank of the selected expert, where
ek + ep + er = 1. As in Section 3, the value of the β coefficient was 0.5. The sensitivity
analysis for the ranks of experts is presented in Figure 6. The results show that changes in
the ranks of experts, leaving the remaining parameters of the decision model unchanged,
do not affect the order of alternatives.
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A sensitivity analysis was also performed for expert ranks when the β coefficient was
0 and 1, respectively. These analyses are shown in Figures 7 and 8. Figure 7 shows that
for β = 0, according to the information provided in Section 2.1, the expert ranks have
no significance and in no way affect the obtained ranking of alternatives. On the other
hand, Figure 8 shows that for β = 1, i.e., when the agreement between experts is irrelevant,
and only the ranks of experts are important, there is a change in the top two places in the
ranking with the expert rank E2 > 0.77. This allows us to draw a more general conclusion
that with a sufficiently high value of the β coefficient and a high rank of the selected expert,
changes in the ranking obtained using the modified fuzzy TOPSIS method may occur. On
the other hand, taking into account agreements between experts and seeking consensus
has a positive effect on the stability of the obtained rankings of alternatives. Nevertheless,
the obtained ranking of offshore wind farms planned in Poland is largely robust to changes
in the rank of experts.
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The last sensitivity analysis carried out referred to the criteria weights. These weights
were changed separately for each expert, in terms of the linguistic scores {VL−VH}, leaving
all other weights unchanged. The results of the analysis are shown in Figure 9. Analyzing
Figure 9, it can be concluded that changes in the weight of individual criteria do not cause
any changes in the ranking. A more in-depth analysis of Figure 9 shows that as the weights
of some criteria are increased, the values of CCi of some alternatives are getting closer,
and as a result, with appropriately high weights for this criterion, a change in the position
of these alternatives in the ranking can be expected. Specifically, it concerns the weights
assigned to the criterion C3 by experts E1 and E3, where increasing these weights causes the
results of alternatives A3 and A2 to come closer together, as well as the weights assigned
to the criterion C6 by experts E1 and E2, whereby increasing these weights brings the A2
and A5 alternatives closer. This observation established that if the weight of criterion C3
was increased to the value of VH by all experts (without changing the weights of the other
criteria), the A3 and A2 alternatives would be equal in the ranking. On the other hand,
increasing the weight of the C6 criterion to the VH value by experts E1 and E2 (without
changing the weights of other criteria) caused a change in the ranking positions between
the A2 and A5 alternatives.

Generalizing the results of the sensitivity analysis, it is necessary to emphasize once
again the robustness of the obtained ranking to changes in the value of the β coefficient,
the ranks of experts ek and the weighting of the criterion w̃jk. Linear changes of one
of these factors do not change the ranking, and only a combination of several changes
simultaneously may introduce minor changes to the resulting solution. This means that
the solution of the decision problem can be considered stable and credible. As for the
evaluation of decision alternatives on the basis of sensitivity analysis, the linguistic classes
of assessment statuses proposed for the fuzzy TOPSIS method are helpful. On this basis,
it can be concluded that the alternatives A3, A2, A5, A6 are stable and in each case
considered in the sensitivity analysis, they belong to Class III—”recommended with low
risk” (0.4 ≤ CCi < 0.6). Alternative A1 is equally stable, and in each analyzed situation



Energies 2021, 14, 978 15 of 19

belongs to Class II—”recommended with high risk” (CC1 < 0.4). On the other hand, the
A4 alternative belonging to Class III in practice lies on the border of Class II and Class
III (CC4 = 0.4034) and based on the sensitivity analysis, it should be noted that there are
possible situations when it will belong to Class II, i.e., assessed as more risky.
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5. Conclusions

The aim of the research and its practical contribution was the evaluation of investments
in offshore wind farms planned in the coming years in Poland and the indication of the
most sustainable investments, characterized by high efficiency and potentially having a
strong impact on increasing the dynamics of economic development in the coming years.
For reasons of sustainability, potential investments were considered from the perspective
of economic, social, environmental, as well as technical and spatial criteria. The study was
conducted with the participation of three field experts, which resulted from the need to
objectify the assessment and increase the credibility of the obtained results. In addition,
in order to study the credibility of the results, a wide sensitivity analysis of the obtained
solution was performed. This made it possible to make sure that the obtained ranking of
offshore wind farms projects is stable and does not depend on a single factor, the change
of which could significantly change the obtained solution. As a result of the research,
answers to the research questions posed in the Introduction section were obtained. In
Section 2.2, based on a review of the literature, the criteria for assessing offshore wind
farms and their values are defined for each investment under consideration. The solution
to the decision problem showed that the A3 alternative, i.e., Baltica 2, is the most preferred
investment in offshore wind farms planned for the next 10 years in Poland. Based on the
linguistic assessment status classes, it can be concluded that all considered alternatives are
recommended, however, the alternatives A3, A2, A5, A6, A4 are characterized by a lower
risk, while the investment of A1 is assessed as carrying higher risk. Moreover, based on
the sensitivity analysis, it can be concluded that there are possible situations where the A4
alternative will be assessed as more risky.

As for the methodological contribution of the article, it is the use of the modified fuzzy
TOPSIS method in a decision problem characterized by uncertainty and the development
of the application of this method with a broad sensitivity analysis of the obtained solution.
In conditions of uncertainty, an appropriate analysis of the sensitivity and robustness of the
solution is very important because it allows a rational decision to be made, reducing the
knowledge gap of the decision maker [52]. In addition, the analysis of sensitivity and ro-
bustness allows for the identification of questionable or accidental solutions recommended
only as a result of a specific selection of the values of the decision model parameters. It
should be noted that the fuzzy TOPSIS method used in this study also has its limitations.
The first limitation is that it is an MCDA method based on a single synthesizing criterion.
This means that the fuzzy TOPSIS method, unlike the methods based on the outranking
relation, does not allow for the fuzzyfying of preferences [53]. In other words, the fuzzy
TOPSIS method does not allow for modelling a situation where it is uncertain whether
one of the alternatives is better than the other. The second limitation of the fuzzy TOPSIS
method is that during the calculation it is necessary to perform the defuzzification of
the evaluation for alternatives and the final calculations are based on crisp numbers (see
Formulae (17) and (18)). As a consequence, the decision-maker loses information about the
uncertainty of the obtained solution and is unable to assess the potential risk associated
with the selection of a specific decision alternative.

Further research directions will include further possible applications of the modified
fuzzy TOPSIS method. Among such applications are multi-criteria group decision problems
where consensus among decision makers is important, such as website evaluations [54],
economic problems [55], urban development [56] or software projects [57]. On the other
hand, an interesting research topic is also the assessment of renewable energy sources
using other methods that take into account the uncertainty of data and preferences, such as
NEAT F-PROMETHEE [58] or stochastic PROSA [59,60].
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26. Ziemba, P.; Jankowski, J.; Wątróbski, J. Online Comparison System with Certain and Uncertain Criteria Based on Multi-
Criteria Decision Analysis Method. In Computational Collective Intelligence; Nguyen, N.T., Papadopoulos, G.A., Jędrzejowicz, P.,
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