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The purpose of this study is to determine the significant indicators of European Energy Union policy. A novel
artificial intelligence (AI)-enhanced and hybrid quantum fuzzy ranking approach are taken into consideration in
this regard. There are three different stages in this hybrid model. The first stage includes the weighting the
dimensions of the European energy union with Al-enhanced prioritization. The second stage consists of
measuring the multidimensional performance for European energy union with artificial intelligence-enhanced
ranking. In the final stage, the multidimensional performance for European energy union is evaluated by
using quantum picture fuzzy rough sets based VIKOR methodology. The main contribution of this study is
making a comparative evaluation with both artificial intelligence approach and fuzzy decision-making meth-
odology. This situation provides an opportunity check the validity of the findings. In the analysis process, a novel
artificial intelligence-based ranking methodology is proposed. Therefore, more effective evaluations can be
conducted. The findings indicate that energy security, market functioning, and innovation have the best prior-
ities. In case of maximum group utility, financial feasibility and technological infrastructure have the best
ranking performance among the perspectives. The results with the highest maximum group utility are same with
the priority results of the Al-enhanced ranking technique.

1. Introduction this way, there will be no energy supply problem in the event of a

possible global crisis. Similarly, a possible sudden increase in energy

Energy Union refers to the strategies developed by the European
Union to have more sustainable and safe energy policies. These strate-
gies focus primarily on the security of energy supply. In this context, it is
aimed to reach more energy sources by diversifying energy supply. In

demands can be responded to more easily. This situation allows the
energy supply-demand balance to be achieved more successfully.
Additionally, the European Union aims to increase energy efficiency
with these strategies [1]. In this context, some measures are taken to
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reduce unnecessary energy consumption. This will significantly reduce
the costs of businesses. Thus, long-term sustainability of projects is
possible. Moreover, by ensuring energy efficiency, less energy can be
consumed. This situation allows natural resources to be consumed less.
Green energy is another important consideration in Energy Union stra-
tegies. In this context, the aim is to transition to sustainable energy
sources through the use of renewable energy [2]. This situation supports
the significant reduction of carbon emissions. On the other hand, the
European Union focuses on increasing renewable energy technologies
with these policies. Within this framework, the development of research
and innovation on the subject is encouraged. This issue contributes to
reducing costs in renewable energy projects. Thus, it becomes much
more possible to develop clean energy projects.

Many criteria have been determined by the European Union in En-
ergy Union policies. Financial feasibility is extremely important for this
process to be successful. High initial costs are one of the most important
disadvantages of energy projects. That’s why businesses need to find
high amounts of funding. Therefore, for these projects to be imple-
mented, they must be financially feasible. In this way, they will be able
to attract the attention of international financial institutions more easily
[3]. Ensuring customer satisfaction is also important for the European
Energy Union to be successful. Energy costs are a matter of great
importance to customers. In this context, high costs lead to significant
customer dissatisfaction. Security of energy supply is another important
issue for customers. In this context, experiencing power outages will
make customers seriously unhappy. Organizational effectiveness is
another factor necessary for the success of these projects [4]. An effec-
tive organization allows limited resources to be used in the most effi-
cient way. Thus, it is possible to ensure the cost effectiveness of the
projects. Technological development also plays an important role in the
success of the European Energy Union. Energy efficiency can be ach-
ieved thanks to technological innovations. Similarly, energy storage
processes can be implemented more effectively thanks to advanced
technologies. This situation allows the development of renewable en-
ergy projects.

These criteria generally aim to use energy more effectively and
efficiently by countries. However, the application of these criteria also
leads to significant increases in financial costs. For example, renewable
energy investments need to be increased to implement decarbonization
policies. Since the initial investment costs of these projects are very high,
a large amount of financial resources is needed to put these projects into
operation [5]. Similarly, increasing research studies and ensuring
innovation are other goals of these policies. However, to achieve this
goal, countries need to allocate very high budgets. In summary, a large
amount of financial resources are needed to realize Energy Union pol-
icies [6]. Therefore, taking action against too many criteria will put
countries in a difficult financial situation. Therefore, instead of focusing
on too many variables at the same time, it would be appropriate for
countries to prioritize issues that are more important. Therefore, a pri-
ority analysis is needed to determine the more important among these
factors [7]. Owing to this analysis, effective strategies can be identified
to implement these policies without having high costs. This situation has
a powerful contribution to use the resources more efficiently.

Accordingly, this study aims to identify the critical determinants of
European Energy Union policy. A novel artificial intelligence-enhanced
and hybrid quantum fuzzy ranking approach are considered to reach this
objective. The hybrid model has three different stages. The first stage is
related to the weighting the dimensions of the European energy union
with Al-enhanced prioritization. Moreover, the second stage of the
proposed model includes measuring the multidimensional performance
for European energy union with artificial intelligence-enhanced
ranking. Finally, the multidimensional performance for European en-
ergy union is evaluated by using Quantum picture fuzzy rough sets based
VIKOR methodology. The main motivation of this study is the necessity
to make a comprehensive evaluation to understand the prior strategies
regarding the European Energy Union policies. To achieve this
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objective, decision-making models can be taken into consideration.
However, there is a need for a new model to make evaluation regarding
the indicators of European Energy Union policy. There are some sig-
nificant criticisms to the existing models in the literature because of
some reasons, such as considering the weights of different experts as
equal. The proposed model of this study makes both artificial intelli-
gence and fuzzy decision-making methodology-based assessment to
overcome this issue.

The main contribution of this study is that prior strategies can be
identified for the performance improvements of European Energy Union
policies by establishing a novel decision-making model. The proposed
model has some essential superiorities by comparing with the previous
ones. (i) Making a comparative evaluation with both artificial intelli-
gence approach and fuzzy decision-making methodology provides an
opportunity check the validity of the findings. In the analysis process, a
novel artificial intelligence-based ranking methodology is proposed.
Therefore, more effective evaluations can be conducted. This situation
helps to reach more appropriate findings. (ii) Artificial intelligence and
fuzzy decision-making methodology are integrated. Previously, a
ranking model on multi-criteria decision making integrated with artifi-
cial intelligence has not been created in the literature. Using expert
opinions, it is tried to measure how compatible artificial intelligence can
be with a fuzzy-based model. In the selection of dimensions with arti-
ficial intelligence, it provides classification of the most appropriate di-
mensions depending on the real-world dataset. On the other hand,
weights are determined depending on this classification. In addition,
artificial intelligence-based ranking is made depending on the linguistic
evaluations of experts. (iii) Additionally, an artificial intelligence-based
valuation model has been applied for the selection of important di-
mensions for the European Energy Union. This situation provides sig-
nificant guidance for policy makers and investors. In European Energy
Union strategies, criteria are determined for countries to effectively
implement their energy policies. On the other hand, actions to be taken
to improve these criteria also cause costs to increase. Therefore, thanks
to this priority analysis, it will be possible to focus on more important
issues. This allows appropriate energy policies to be implemented more
financially efficiently.

The paper is organized as follows. The following section includes
literature review. The third part gives information about the proposed
methodology. The next section consists of analysis results. Conclusion
and discussion are indicated in the final sections.

2. Literature review

This section includes literature evaluation of the determinants of
European Energy Union, literature on decision-making models and
literature review results.

2.1. Literature on dimensions stated in European Energy Union

In the literature, many different studies focused on the importance of
the dimensions stated in European Energy Union. In this section, the
studies for each dimension will be summarized. Ensuring energy effi-
ciency has a number of important advantages in terms of the effective-
ness of a country’s energy policies. Jiang and Raza [8] stated that energy
efficiency allows businesses to run their businesses using less energy.
This contributes to significantly reducing energy costs. Thus, it is much
more possible to achieve sustainable energy policy targets [9]. Peng
et al. [10] identified that achieving energy efficiency is especially
important for energy importing countries. Countries that cannot pro-
duce their own energy supply their needs from other countries. Car-
ayannis et al. [11] mentioned that this situation causes countries to face
risks arising from the volatility in energy prices. In this context, coun-
tries that use their energy more efficiently can reduce this risk. On the
other hand, Zhou [12] demonstrated that energy efficiency also con-
tributes to ensuring environmental sustainability. Baiardi and Soana
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[13] underlined that less energy consumption also helps reduce carbon
emissions. This allows natural resources to be better protected.

Ensuring energy security is an important factor for the effectiveness
of a country’s energy policies. In order to ensure energy security, eco-
nomic stability in the country must first be ensured. In this way, busi-
nesses can access the country’s energy resources more safely. Yiiksel
et al. [14] defined that this helps ensure uninterrupted energy supply.
Thus, there will be an increase in the country’s industrial production,
which will contribute to the advancement of economic growth. Rovai
et al. [15] discussed that social and political stability are other issues
that should be taken into consideration in this process. In a society
where there are social conflicts, businesses are reluctant to invest. This
situation affects energy security very negatively [16]. On the other
hand, Jiang et al. [17] defined that having reliable access to energy
resources can also increase a country’s political power. A country that is
not dependent on other countries in terms of energy policies has very
high political power. Otherwise, this country will not be able to make
very independent decisions politically [18]. Energy security policies also
contribute to achieving environmental sustainability goals. In this way,
it is possible to minimize environmental problems arising from the en-
ergy production process [19].

Ensuring decarbonization is also of great importance for countries’
energy policies to be effective. Babatunde et al. [20] defined that
decarbonization means minimizing carbon emissions resulting from the
energy production process. This has a very important role in the fight
against climate change. Ba et al. [21] identified that reducing carbon
emissions is considered an important solution to the global warming
problem. Decarbonization policies also encourage the use of sustainable
energy sources. This contributes to less consumption of natural re-
sources. Wu et al. [22] concluded that it is possible to minimize envi-
ronmental problems caused by energy consumption. On the other hand,
decarbonization policies also increase the market power of the country’s
economy in clean energy. According to Simionescu et al. [23], thanks to
these policies, countries will invest more in clean energy technologies.
This situation increases the market power of the countries and con-
tributes to the advancement of the country’s economies. In addition to
them, Danish and Senjyu [24] discussed that new job opportunities
emerge with the implementation of decarbonization-targeted policies.
This situation helps to reduce the unemployment problem of countries
[25].

Ensuring innovation is of critical importance for the effectiveness of
countries’ energy policies. Zha et al. [26] defined that innovation in
energy policies enables the development of new technologies. In this
way, it is possible to reduce energy production costs. Williams et al. [27]
determined that this is particularly important for renewable energy
projects due to the high initial costs. Additionally, environmentally
friendly energy policies can be generated more effectively by the help of
successful innovation [28]. Also, Saeed et al. [29] concluded that
innovation has a strong contribution to the energy efficiency. By using
energy more efficiently, it is possible to implement sustainable energy
policies more easily. On the other hand, Marra and Colantonio [30]
identified that innovation provides a competitive advantage in the en-
ergy sector. Since new technologies are implemented thanks to inno-
vation, this significantly increases the competitiveness of businesses.
Moreover, Azhgaliyeva et al. [31] indicated that with increased inno-
vation, the possibility of international cooperation also goes up.

2.2. Literature on decision-making models

There is a huge literature for decision-making methodology. Most of
these models are established with the help of fuzzy sets. Quezada et al.
[32], Kumar et al. [33], and Yazo-Cabuya et al. [34] considered trian-
gular fuzzy sets with the decision-making models. However, these
models are criticized due to the lack of uncertainty management.
Because of this problem, some scholars created models with different
fuzzy sets. Akram et al. [35], Ayyildiz et al. [36], Sun and Wang [37]
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used Pythagorean fuzzy sets in the analysis process. With the help of this
situation, they aimed to minimize uncertainty by considering different
degrees in the analysis process. In addition to them, Moslem [38], Chang
[39] and Garg et al. [40] considered Spherical fuzzy numbers in the
decision-making models. Owing to this condition, a wider range of data
set can be taken into consideration in the analysis process. This situation
has a powerful contribution to handle uncertainties more effectively. On
the other side, with respect to the ranking technique, there are different
models in the literature such as TOPSIS [41,42], VIKOR [43,44] and
MOORA [45]. Nonetheless, there are lots of criticisms regarding these
techniques. Because of these criticisms, new ranking models are also
recently introduced, such as RATGOS [46].

2.3. Literature Review Results

It is possible to obtain some important points as a result of the
literature review. European Energy Union-style strategies are very
important for the effective implementation of energy policies. Thanks to
these policies, it is possible for countries’ energy policies to be more
secure and competitive. However, the main missing point in the litera-
ture is that there are not enough studies analyzing which of these factors
is more important. Improving the variables within the European Energy
Union causes costs to increase significantly for countries. Therefore,
making many improvements at the same time radically increases the
costs. Therefore, it is appropriate for countries to prioritize more
important issues. In this context, a priority analysis in which the most
important European Energy Union policies will be determined makes a
significant contribution to the literature. To fill this missing part in the
literature, this study examines the critical determinants of European
Energy Union policy via a novel artificial intelligence-enhanced and
hybrid quantum fuzzy ranking approach.

3. Methodology

In this study, a novel model has been proposed to understand the
significant factors of European Energy Union policy. Fig. 1 demonstrates
the details of this model.

The approaches used in this proposed model are explained below.

3.1. Artificial intelligence-based ranking methodology

In the first stage of the proposed model, the dimensions of the Eu-
ropean energy union are weighted with artificial intelligence-enhanced
prioritization.

To provide a more comprehensive approach with Al methods into the
ranking and decision-making process, we collect and preprocess data to
ensure it is suitable for AI techniques and choose clustering algorithms
in Al methods based on the nature of the problem. We analyze the results
to understand the patterns and relationships within the data.

Our proposed model employs an Al-enhanced ranking methodology,
specifically utilizing the k-means clustering algorithm. This method is
particularly suited for analyzing and prioritizing the dimensions of the
European energy union. The k-means clustering process as applied in
our study is used for evaluating a dataset representing the dimensions of
the European energy union for various countries. Thus, it is possible to
define criteria and collect relevant data to represent each dimension
more accurately.

For this purpose, we calculate Within-Cluster Sum of Squares for
different values of k to determine the optimal number of clusters. The
elbow method is used to identify the point where the reduction in WCSS
slows down, indicating the optimal k value. First, initial clustering is
defined for using the optimal k value, we assign each data point to the
nearest cluster center. After that, we calculate the mean standard de-
viation of each cluster to understand the impact of the criteria in the
ranking process.

Step 1: Construct the energy union dimensions for the European countries
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Stage 1: Weighting the dimensions of the
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Fig. 1. The flowchart of hybrid model.

Artificial intelligence is one of the most widely used tools to analyse
the complex problems of the business and engineering fields. Especially,
the decision-making approaches are nowadays extended with different
types of the new business analytics including the data mining and arti-
ficial intelligence. Therefore, it is possible to increase the coherency of
the sophisticated multi-criteria decision-making problems. Artificial
intelligence-enhanced ranking approach focuses on the k-means clus-
tering algorithm and the clustering the alternatives in terms of the
defined criteria set. The clustered dataset is used to define the possible
trade-offs and the heterogeneous between the criteria into the clustering
of the alternatives.

For that, the elbow methodology is used to examine the optimization
of the cluster number by observing the changes of the dataset entitled
Within-Cluster Sum of Squares (WCSS) with different k numbers.
Accordingly, the results with the least changes in the WCSS indicate that
the optimal number of clusters could be defined in this point [47]. After
that, the clusters are processed to measure the variations of the criteria
and rank the relative importance of the alternatives in each cluster. Also,
the weights of the criteria are considered in the computation process of
the weighted standard deviation to be able to understand the impact of
the criteria in the ranking process properly.

Step 2: Compute the optimal k value for clustering the dimensions

The Within-Cluster Sum of Squares (WCSS) is calculated for the
different values of k as in Eq. (1).

k
wess =3 N d(x,g)’ 6))

J=1 xi€G

In this equation, k is the number of clusters, C; is the set of data points
in cluster j, x; is a data point, ¢; is the cluster center of cluster j, and d(x;,
¢;) is the Euclidean distance between x; and c;. The elbow is defined as an
optimal k value where the reduction in WCSS slows down by plotting the
values of WCSS and k [48].

Step 3: Apply the K-means clustering algorithm for clustering the
dimensions.

The optimal k value is applied for initial cluster centres as ¢1, ¢, ..., Ck
and each data point x; to the nearest cluster center is assigned to define
the cluster assignments as in Eq. (2).

n
2
d<xi,xj> = /> (xa—x3) (@)
=]

Where n is the number of features or criteria of the data. The cluster
assignment of each data point x; is denoted by a;, where a; = j means that
x; belongs to cluster j. Cluster centres are updated by taking the average
of data points in each cluster as in Eq. (3).

_ % Sx ®3)

In this process, C; is the set of data points in cluster, and |Cj| is the
number of data points in cluster j.

Step 4: Compute the weights of the dimensions by considering the cluster
weights of the dimensions.

In the last stage of this methodology, the weights of the alternatives
are computed by considering the cluster weights of the decision makers.
The mean standard deviation of each cluster is calculated as in Egs. (4)-

(6).

1 n
==Y oy (€3]
=
1 T2
Oj1 = ? Z (Xﬂ — Xﬂ) (5)
l Jlx,-ECj
N 1
Xj=r=") Xi (6)
jt |C]|xl;c] 1

In this framework, s; is the mean standard deviation of cluster. Also, n
is the number of features or criteria of the data, and o is the standard
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deviation of feature l in cluster j. Additionally, x j is the mean of feature [
in cluster j. The cluster weights w; are computed in Eq. (7).

w; = |CJ| X Sj 7)

where |G is the size of cluster j. The weights of the decision makers
are computed with Eq. (8).

1w

wo— L Wi (8)
G X w
wieGj

In this context, t is the number of alternatives wyis the weight of
alternative t in cluster j.

Stage 2 includes measuring the multidimensional performance for
European energy union with artificial intelligence-enhanced ranking.
The similar procedures defined above are also implemented in this
process. Step 5 defines the multidimensional performance perspectives
for European energy union. Moreover, Step 6 collects the linguistic
evaluations of decision makers for the perspectives. On the other side,
Step 7 computes the optimal k value for clustering the dimensions. Step 8
applies the K-means clustering algorithm for clustering the perspectives.
Finally, Step 9 includes ranking of the perspectives by considering the
cluster priorities.

3.2. Quantum picture fuzzy rough sets based VIKOR

In the third stage of the proposed model, the multidimensional per-
formance for European energy union is measured via Quantum picture
fuzzy rough sets based VIKOR.

Step 10: Construct the quantum picture fuzzy numbers for the decision
matrix

Quantum theory is very successful to make sensitive prediction [49].
Due to this advantage, it is considered in the fuzzy decision-making
methodology [50]. In this process, amplitude and phase angles are
taken into consideration. Eqs. (9)-(11) state the details of this process
[51].

Qu> )= e’ ©
[C> ={jlus >,|lua >,....Jun > } (10)

dol(u>)|=1 an
[u>C|C>

In this process, C represents a collection of exhaustive events rep-
resented by |u; >. The squared magnitude of the wave function,
|Q(Ju >) | = ¢?, provides the amplitude-based result for the probability
of occurrence of event |u > as described by the principles of quantum
logic. The value of > must lie within the range of 0-1, and 6* represents
the phase angle of event [u > . Furthermore, |, | serves as the degree of
belief in event |u >, with 6 representing its phase angle, which can
range from O to 360 degrees.

Picture fuzzy sets are recent extensions of fuzzy sets. Eq. (12) dem-
onstrates the classical fuzzy sets [52].

A= {(xp(x)lx € X} (12)

Where A defines the fuzzy sets, X is a universe of discourse and y, is
the membership degree of x in the fuzzy set A. u, : X—[0,1]. Also, by
considering both membership and non-membership functions, intui-
tionistic fuzzy sets are identified as in Eq. (13).

A = {{x, 4 (x),va(x) ) e € X } 13)

Where v, is the non-membership function of fuzzy set, 0 < u,(x) +
va(x) <1, Vx € X. Picture fuzzy sets are also given in Eq. (14).

A = {6 pa (%), 114 (x), V4 (%), ha (x) ) x € X } as
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In this process, n, defines the neutral and hy refers to the refusal
degrees. General operations are defined in Eqs. (15)-(19) [53].

A C Bifu,(x) < pg(x)andns (x) < ng(x)andva(x) > v(x), VxeX (15)

A = BifA CBandB C A (16)

AUB = {(x,max(u,(x), u(x) ), min(ns (x), np(x) ), min(va (x), vs(x) ) )|x
ex}
an

ANB = {(x, min(u, (x), p5(x) ), min(na(x), np(x) ), max(va(x), vs(x) ) )|x
eXx}
18)

c0A = A = {(x,va(x),na(x), s (x) )|x € X} 19

Rough numbers are used to reduce the subjective and uncertain
evaluations by considering lower and upper limits as well as a rough
boundary interval. Lower (Apr(C;)), upper (Apr(C;)) approximation, and
boundary region (Bnd(C;)) of C; are given in Egs. (20)-(22) [54].

Apr(G) = U{Y € X/R(Y) < C;} (20)
Apr(C;) = U{Y € X/R(Y) > C;} @D
Bnd(C,) = U{Y € X/R(Y) # G} 22)

In this context, Y defines an arbitrary object of the universe X, R
indicates the set of N classes (Cy,..Cy) and C refer to the objects in X.
However, lower (Lim(C;)), upper (Lim(C;)) limits and the rough number
(RN(G;)) of C; are shown in Egs. (23)-(25)

Lim(C;) = /[, ¥ eApr(C) 23)
Lim(G) = "/ [ Y €Apr(C) @4
RN(C;) = [Lim(C;) ,Lim(C;) | (25)

Within this scope, N and Ny are the number of objects for Apr(C;)

and Apr(C;). This proposed model includes the integration of picture
fuzzy sets and fuzzy rough numbers based on quantum mechanics with
golden cuts. Eq. (26) gives information about this process.

|CA >

(uv ([@(Ciy,;) sﬁ(ci;lA) J (u)', Hﬂ(cim) 7m(cinA)J (u)7

[Lim(Cy, ) .Lim(Co ) | (u). [Lim(Ca, ) Lim(Ca, ) | (u)) w2

(26)

In this equation, C;,, identifies the membership, Cy, denotes the
neutral degree, C;, indicates the non-membership, and Cy, shows the
refusal degrees. Their definitions are stated in Eqs. (27)-(34).

Niyy

@(CU‘A) = m Z Ye @(C%) (27)
A =1
Nin,

Lim(Ci,) = — > Y € Apr(Ci,) (28)
M =1
1 Niy,

Lim(Cy,) = N > Y € Apr(Cy,) (29)
VA =1
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1 ¥
gmmm):NT—Ete@gmm) (30)
A =1
E— NU"A _
Lim(Cy,) = No,. > Y eApr(Cy,) (3D
A i=1
_ NU"A —
Lmaa):ﬁngZYemwam> (32)
na =1
_ NUVA —
Lim(Cy,) = N > Y € Apr(Cy,) (33)
VA =1
_ NU”A JE—
Lim(Cy,) = N > Y € Apr(Ca,) (34)
A i=1

In this process, Ny, , Nin, , Niy,, N1y, define the number of elements in
Apr(Cy,), Apr(Cin, ), Apr(Cs, ), Apr(Ca,) respectively while Ny,,, Nyn,,
Nuy,, Nun, are given for Apr(Cy, ), Apr(Cin, ), Apr(Cu,), Apr(Cin,) as in
Egs. (35)-(42).

Apr(Cy,) = u{Y e X /R(Y) < Gy, } (35)
APF(Ciny) = u{Y € X/fz(Y) < Cin, (36)
4pr(Cy,) = U{Y e X /R(Y) < G, | @37)
Apr(Cy,) = U{Y € X /R(Y) < Ca, } (38)
Apr(Cy,) = u{Y € X/R(Y) < C%} (39)
Apr(Cy, ) = u{Y € X/ﬁ(Y) < Cin, (40)
. — jm.[(i—j‘[) (%)J ) _ j2n|
[L_lm(C#) ’le(C”A)J € ’ [L_Un(C"A) ’le(C"A)J €
I2ZAN o N e jom.
[@(CV/&) ’m<CVA>J € [Llﬂ<chzx> ’Iﬂ(chA>J €
[Lim(c, ) Iim(C, )| eﬂ[(;_)(z_) g [Lim(c, ), Tim (G, ) | e,-z,,‘[
()
jenf | 52 <Tf, jen[
[IM(CVE) ’m(cvs) I e [@<Cha) ’m(chs)J €
Apr(Cy,) = u{Y e X/E(Y) < civA} (41)
Apr(Cy,) = U{Y € X /R(Y) < Ca, } (42)

)
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where C; = (Ciy» Cing» Civy, Ciny ) and R is the collection of
@a..c)
Egs. (43) and (44) define the details of the general formulation of the
quantum picture fuzzy sets with the amplitude and the angle results.

. Ciu,» Ciny» Civ, , Cin, are the picture fuzzy sets of class C~}l

C— [C# &7 & G, PP Ch.ejZIr,T} (43)

#* = |Cullu; > ) | (44

The amplitudes of quantum membership, neutral, non-membership,
and refusal degrees are shown with C,, C,, C, and Cj respectively, are
represented in terms of phase angles «a, y, #, T. The amplitude of the
membership function C, of quantum fuzzy sets is defined by ¢?. In this
proposed model, the degrees are computed with golden ratio [55]. Egs.
(45) and (46) define the details of this process.

G

Cu = “5)

Q

Cp = (46)

Cv
G

Consequently, the phase angle for the suggested sets is displayed.
The phase angle of the membership degrees for the probability of event
|u; > in the realm of quantum picture fuzzy sets is denoted by the
symbol a, and the phase angles of the degrees are denoted via Eqs. (47)-
(49).

a=|C(u > )| “47)
a

=2 48)
_k

T-L (49)

X, and X, are two universes, and AC and B,, respectively represented
by

(£

A
2r
)

)

T

)i
T
A

£)(

[21 27

(

and, they are two quantum picture fuzzy rough sets derived from the
universes of discourse X; and X,.

The operations of quantum picture fuzzy rough numbers are
demonstrated in Egs. (50)-(53).
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35000
30949.80188
VIKOR aims to rank different alternatives. This methodology is also 30000
extended with quantum picture fuzzy rough sets in this proposed model.
The evaluations are collected [56]. The decision matrix is created as in 25000
Eq. (54). 20000
0 X - o Xim
Xy 0 o e Xom 15000
X = | : O (54) 10000
X Xnp o e 5000
453.2827 0
The decision matrix is defined as X, with Xj; representing the alter- o
native i with respect to criterion j based on the QPFRNs-based linguistic kil k:2 k:3 ki k:5
evaluations for k number of decision makers.
Step 11: Determine the quantum picture fuzzy rough sets for the decision Fig. 2. The plot of the WCSS values and k numbers.

matrix
In this process, the quantum picture fuzzy rough direct relation
matrix is denoted in Eq. (55).

X is the aggregated values of the decision makers are computed in the
form of quantum picture fuzzy rough numbers.

[L_UTI(X,,J ,ﬁ(x )J ejzn.[<%)-<i){ [L_lm(Xny) 7m<XnU)J ejzu<%>"<2_g’)J |

Hij

X; = (55)

b Bij T T
jeml| 52 (2—;[)] jorl | 5m (z—j[)J

[Lim(X,, ) Iim(X,,) | e o [Lim(Xy, ) Lim(Xy,) | e

Step 12: Compute the defuzzified decision values
The aggregated values are calculated in Eq. (56) [57].55 The defuzzified values are provided via Eq. (57).

Jj2m. [min;‘,1 (gi) Jmax;_; (2”> ]
min , (1im(x,) ) maxt , (Tim(x,,) )| e

Hij
j2a.[mink | (g’;{) ;maxk | (%) ]
[mink, (Lim (X,,U) > ,maxt (Lim (X,lij> ) ] e ,
X = (56)
B Bii
Jj2n. [min:.i1 i ,maxi.i1 (Z—i) ]

[mini.‘:1 (Llim (XV:';) ) .,rnaxi.‘:1 (ﬁ <Xvij> ) ] e ,

T, T,
j2n. [minf,l %’r ,max’ii1 (%) ]
[mini.‘:1 (Lim (X;,U) ) ,maxt (Lim (Xhij) > | e

un(c,) - an(e,) + an(c, ). (um(c,) - umics) ) + () - (%) + (32) ﬁ——(T— +

e\ TG) ~TR(Cy) + (G, G IE(zchi)) () (I (%)((%) () o
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Fig. 3. The plot of the WCSS values and k numbers for decision makers.

Table 1

Selected energy union dimensions for the European countries.
Dimensions/Countries Germany France Italy Spain Sweden
D1: Energy Efficiency 73.75 82.77 81.84 109.31 128.98

(Energy intensity in

industry-toe/Million EUR

GVA 2015 (by 2020))

D2: Energy Security 30 15 18 11 10
(Supplier Concentration
Index—0-100 (by 2020))
D3: Market Functioning
(Electricity
Interconnection-% of
installed capacity (by
2020))

D4: Decarbonization of the
economy (Renewable
energy share-%—2020)
D5: Innovation (Share of
energy R&D-% of
GDP-2018)

11.43 8.5 8.8 6.49 24.24

17.35 17.22 18.16 18.36 56.39

0.03 0.05 0.02 0.01 0.03

Source: European Commission, Energy Union Indicators Webtool, https://en-
ergy.ec.europa.eu/data-and-analysis/energy-union-indicators-webtool/
scoreboard_en

The bestf; and worst )~‘]-7 values are computed by Eq. (58).

f, = maxxy, andE = minXy, (58)
1 1
Step 13: Construct Si, Ri, and Qi values
The mean group utility and maximal regret are calculated by Eqs.
(59) and (60). Where the weights of the criteria and the distance of the
best value with respect to each criterion are considered.

Table 3

Applied Soft Computing 171 (2025) 112735

Iteration results of optimal cluster value.

Iteration 1 (D1 is in Cluster 1; D2 is in Cluster 2; D3 is in Cluster 3)

Initial Cluster Centres

Dimensions  Distance to Distance to Distance to Cluster
C1 Cc2 c3 Assignment
D1 0.00 185.48 190.47 1
D2 185.48 0.00 26.36 2
D3 190.47 26.36 0.00 3
D4 158.35 48.69 37.06 2
D5 218.05 40.81 30.11 2
Average of Data Points
Dimensions  Distance to Distance to Distance to Cluster
C1 Cc2 c3 Assignment
D1 0.00 186.37 190.47 1
D2 185.48 20.10 26.36 2
D3 190.47 7.08 0.00 3
D4 158.35 36.44 37.06 2
D5 218.05 33.05 30.11 3

Iteration 2 (D1 is in Cluster 1; D2 is in Cluster 2; D4 is in Cluster 3)

Initial Cluster Centres

Dimensions  Distance to
C1

D1 0.00

D2 185.48

D3 190.47

D4 158.35

D5 218.05

Average of Data Points

Dimensions  Distance to
C1

D1 0.00

D2 185.48

D3 190.47

D4 158.35

D5 218.05

Distance to
Cc2

185.48

0.00

26.36

48.69

40.81

Distance to
Cc2

197.60
20.58

13.07

48.62

22.23

Distance to Cluster

Cc3 Assignment
158.35
48.69
37.06
0.00
66.61

N WNN =

Distance to Cluster

Cc3 Assignment
158.35
48.69
37.06
0.00
66.61

N W N =

35— (- ‘X‘J)
R A

P )
L5

(59

(60)

The final ranking can be identified Eq. (61), where the weight of the
strategy of maximum group utility (v = 0.5) and the weight of individual
regret (1 — v) are both considered.

& -v(5-5) /(5 -8)+a-(k—K) /(R )

(61)

After sorting the values of S, R, and Q in decreasing order, two
conditions should be satisfied. According to the first condition, Eq. (62)

Table 2
The set of WCSS values for different k values.
K=1 K=2 K=3 K=4 K=5
Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS
D1 22470.24 D1 6268.529 D1 0 D1 0 D1 0
D2 1636.974 D4 6268.529 Cluster 2 WCSS Cluster 2 WCSS Cluster 2 WCSS
D3 1660.381 Cluster 2 WCSS D2 592.7946 D2 0 D2 0
D4 461.1457 D2 423.72 D4 592.7946 Cluster 3 WCSS Cluster 3 WCSS
D5 4721.059 D3 170.85 Cluster 3 WCSS D3 226.6414 D3 0
D5 494.29 D3 226.6414 D5 226.6414 Cluster 4 WCSS
D5 226.64 Cluster 4 WCSS D4 0
D4 0 Cluster 5 WCSS
D5 0
Total 30949.8 Total 13625.92 Total 1638.872 Total 453.2827 Total 0

Also, the elbow point is defined for selecting the optimal number of clusters for the dataset. Accordingly, Fig. 2 illustrate the plot of the values of WCSS against the

number of k.
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Table 4

The standard deviations of the European countries and the weights by clusters.
Cluster centre Size Germany France Italy Spain Sweden Mean SD Weight
Cl1 1 0 0 0 0 0 0 0
Cc2 3 12.35 6.12 7.34 4.51 9.93 8.051669 24.15501
C3 1 0 0 0 0 0 0 0

Table 5
The weights of the dimensions with pareto principle.

Dimensions Weights Normalized weights with pareto principle
D1 0.00 0.10
D2 0.33 0.27
D3 0.33 0.27
D4 0.00 0.10
D5 0.33 0.27

is considered. On the other side, the second condition requires that the
alternative must be the best ranked by either S or R, or both.

QA”) -Q(a") =1/(-1)

If one of these conditions is not satisfied, a set of compromise solu-
tions is selected. The compromise solutions could consist of alternatives
and if only condition 2 is not satisfied, or alternatives and, ..., if con-
dition 1 is not satisfied. These alternatives are selected based on the
close positions of their rankings and calculated by the relation for
maximum M.

Step 14: Calculate the comparative ranking values with sensitivity
analysis

Finally, the results of both artificial intelligence-based ranking and
VIKOR analysis are compared. Similarly, a sensitivity analysis has also
been conducted by considering four different cases for the purpose of
measuring the reliability and coherency of the findings.

(62)

Table 6
Balanced scorecard-based performance perspectives for Eu-
ropean energy union.

Perspectives Codes
Financial Feasibility P1
Customer Expectations P2
Organizational Competency P3
Technological Infrastructure P4

Table 7
Linguistic scales and quantum picture fuzzy numbers for evaluation.

Scales for Alternatives Possibility Degrees Fuzzy Numbers

r /7()‘16?}2”04) 1
man 0.25.
meﬂl{ 0.22
\/meibr.o,lii’

r /020 e/'27!045 1
\/OA—ls‘EiZ”’o'ZS’
mej2n.0.l7:

L \/meﬂm().l() ]

r /025 8]271050 7
maz;ﬂ) 31 ’
@e;zn.o.n:

L \/meﬂ/r.().07 ]

r /030 ef27!055 7
\/0_—19‘ ejZ/{.O 34’
V/0.32 627007

L \/meﬂlr.o.(m ]

r mejb!ﬂﬁ‘ 7

\/m e/'ZrLO 37
/026 e/'er 0. 027

I \/0.—16‘97'2,1.0.01 ]

Weakest (w) 0.40

Poor (p) 0.45
Fair (f) 0.50
Good (g)

0.55

Best (b) 0.60

The evaluations for these alternatives are denoted in Table 8.
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4. Analysis results

The proposed model has three different stages. In this framework, the
details of the analysis results are presented for each stage separately.

4.1. Weighting the dimensions of the European energy union with Al-
enhanced prioritization (Stage 1)

Step 1 is related to the construction of the energy union dimensions
for the European countries. For this purpose, the data of five different
European countries are taken into consideration. According to the OECD
dataset, the best 5 European countries in Electricity Generation by 2021
are selected as Germany, France, Italy, Spain, Sweeden for weighting the
dimensions of European energy union with Artificial Intelligence-based
priorities Table 1 gives information about the selected energy union
dimensions.

Step 2 includes the calculation of the optimal k value for clustering
the dimensions. The values of the WCSS are computed for the different
number of clusters. In this case, the number of clusters is 5, from 1 to 5,
the set of WCSS values are presented for the different k values as seen in
Table 2.

According to the results, for k = 3, the WCSS value is minimized and
optimized as adding more clusters will not significantly reduce the
WCSS value.

Step 3 includes the application of the K-means clustering algorithm
for clustering the dimensions. The optimal value for K number is applied
for defining the clusters of dimensions. In this example, the optimal
value of K is 3. The iteration results of different 3 clusters are given in
Table 3.

As seen in Table 3, the cluster assignment results are same with
initial cluster centres and average of data points for iteration 2. So, the
clusters of the dimensions are considered as D1 is considered in cluster 1;
D2, D3 and D5 are listed in cluster 2; D4 is stated in cluster 3.

Step 4 is related to the construction of the weights of the dimensions

Table 8
Linguistic evaluations of decision makers for the multidimensional performance
of the European energy union.

DM1

D1 D2 D3 D4 D5
P1 G B G B G
P2 G B F G F
P3 G G F G F
P4 F B G B F
DM2

D1 D2 D3 D4 DS
P1 G B G B G
P2 G B G G G
P3 G G F G F
P4 B B G B F
DM3

D1 D2 D3 D4 DS
P1 B B G B B
P2 G F F G F
P3 G G F G F
P4 F B B F G

The linguistic evaluations are collected from the decision makers as seen in
Table 8 and these values are converted to the possibility degrees in Table 7 to be
able to process the evaluations properly with artificial intelligence-based
ranking measurement.
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Table 9
The set of WCSS values for different k values by the decision makers.
DM1
K=1 K=2 =3 K=4
Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS
D1 0.0030 D1 0.0013 D1 0.0000 D1 0.0000
D2 0.0017 D4 0.0013 Cluster 2 WCSS Cluster 2 WCSS
D3 0.0030 Cluster 2 WCSS D2 0.0019 D2 0.0000
D4 0.0030 D2 0.0006 D4 0.0019 Cluster 3 WCSS
D3 0.0006 Cluster 3 WCSS D3 0.0000
D3 0.0000 Cluster 4 WCSS
D4 0.0000
Total 1.5136 Total 0.0038 Total 0.0038 Total 0.0000
DM2
K=1 K=2 K=3 K=4
Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS
D1 0.0017 D1 0.0013 D1 0.0000 D1 0.0000
D2 0.0017 D4 0.0013 Cluster 2 WCSS Cluster 2 WCSS
D3 0.0042 Cluster 2 WCSS D2 0.0019 D2 0.0000
D4 0.0030 D2 0.0019 D4 0.0019 Cluster 3 WCSS
D3 0.0019 Cluster 3 WCSS D3 0.0000
D3 0.0000 Cluster 4 WCSS
D4 0.0000
Total 0.0106 Total 0.0063 Total 0.0038 Total 0.0000
DM3
K=1 K=2 K=3 K=4
Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS Cluster 1 WCSS
D1 0.0105 D1 0.0062 D1 0.0000 D1 0.0000
D2 0.0067 D4 0.0063 Cluster 2 WCSS Cluster 2 WCSS
D3 0.0030 Cluster 2 WCSS D2 0.0069 D2 0.0000
D4 0.0105 D2 0.0006 D4 0.0069 Cluster 3 WCSS
D3 0.0006 Cluster 3 WCSS D3 0.0000
D3 0.0000 Cluster 4 WCSS
D4 0.0000
Total 0.0306 Total 0.0138 Total 0.0138 Total 0.0000

Also, the elbow point is defined for selecting the optimal number of clusters by the dataset from the decision makers. Accordingly, Fig. 3 illustrates the plot of the values

of WCSS against the number of k for the decision makers.

by considering the cluster weights of the dimensions. These values are
presented in Table 4.

On the other side, the weights of the dimensions are defined based on
the pareto principle. These values are demonstrated in Table 5.

In Table 5, it is seen that D2, D3, and D5 have the best priorities with
the value of 0.33. To be able to illustrate the relative importance of all
dimensions together, the normalized weights of the dimensions are also
computed with the pareto principle. The Pareto Principle, also known as
the 80/20 rule, is a powerful concept used in various fields, including
decision-making and resource allocation. It states that for many phe-
nomena, about 80 % of the consequences are produced by 20 % of the
causes. Accordingly, the Pareto Principle helps identify the most sig-
nificant factors in a set of data. For instance, it can help determine which
dimensions (the 20 %) are contributing to the majority (80 %) of the
effect. When it comes to computing the relative importance of di-
mensions among them, the Pareto Principle can be particularly useful.
The normalized weights will be considered for ranking the alternatives
in the following stage.

Table 5 states that energy security, market functioning, and inno-
vation should be prioritized. Ensuring energy security is of strategic
importance for European countries. The critical issue in this process is
that these countries can access uninterrupted energy. Energy is one of
the important raw materials in the industrial production process.
Therefore, it is very vital to provide this energy need uninterruptedly.
On the other hand, ensuring energy security also reduces the depen-
dence of European countries on foreign energy. This situation helps to
manage many problems such as oil price volatility more effectively. In
this process, European countries need to take actions that can produce
their own energy. Renewable energy projects should be given significant
consideration here. In this way, countries will be able to both produce
clean energy and achieve energy independence.
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4.2. Measuring the multidimensional performance for European energy
union with Al-enhanced ranking (Stage 2)

Step 5 defines the multidimensional performance perspectives for
European energy union. In this process, the results of the literature re-
view and balanced scorecard perspectives are taken into consideration.
Table 6 explains the details of these perspectives

Step 6 consists of the collection of the linguistic evaluations of de-
cision makers for the perspectives. The expert team consists of three
people. Two of these people work in an international energy investment
companies as a top manager. They have more than 29 years of working
experience. In addition to them, the third decision maker is the acade-
mician that has lots of publications related to the energy economics,
renewable energy investments and risk management in energy industry.
The questions are created based on the perspectives given in Table 6.
After that, online meetings are made with these people and their eval-
uations can be obtained. The scales and fuzzy numbers in Table 7 are
used.

Step 7 computes the optimal k value for clustering the dimensions.
The values of the WCSS are computed for the different number of
clusters. In this case, the number of clusters is 4, from 1 to 4, the set of
WCSS values for the decision makers are presented by the different k
values as seen in Table 9.

According to the results, for K= 2, the WCSS value is minimized and
optimized as adding more clusters will not significantly reduce the
WCSS value.

Step 8 applies the K-means clustering algorithm for clustering the
perspectives. The optimal value for K number is applied for defining the
clusters of perspectives. In this example, the optimal value of K is 2. The
iteration results of different 2 clusters are given in Table 10.

As seen in Table 10, the cluster assignment results are same with
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Table 10

Iteration results of optimal cluster value.

DM1

Iteration 1 (P1 is in Cluster 1; P2 is in Cluster 2)

Initial Cluster Centres

Perspectives Distance to C1 Distance to C2 Cluster Assignment
P1 0.00 0.09 1

P2 0.09 0.00 2

P3 0.10 0.05 2

P4 0.07 0.09 1

Average of Data Points

Perspectives Distance to C1 Distance to C2 Cluster Assignment
P1 0.04 0.09 1

p2 0.08 0.03 2

P3 0.09 0.02 2

P4 0.04 0.09 1

DM2

Iteration 1 (P1 is in Cluster 1; P2 is in Cluster 2)
Initial Cluster Centres

Perspectives
P1
P2
P3
P4

Distance to C1

0.00
0.05
0.10
0.07

Average of Data Points

Perspectives
P1

P2

P3

P4

DM3

Distance to C1

0.04
0.06
0.09
0.04

Distance to C2
0.05
0.00
0.09
0.09

Distance to C2
0.07
0.04
0.04
0.08

Iteration 1 (P1 is in Cluster 1; P2 is in Cluster 2)
Initial Cluster Centres

Perspectives
P1
P2
P3
P4

Distance to C1

0.00
0.17
0.14
0.16

Average of Data Points

Distance to C2
0.17
0.00
0.05
0.17

Cluster Assignment
1

2
2
1
Cluster Assignment
1

2
2
1

Cluster Assignment
1

2
2
1
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initial cluster centres and average of data points for iteration 1. Thus, the
clusters of the perspectives are considered as P1 and P4 are considered in
cluster 1; P2 and P3 are listed in cluster 2.

Step 9 includes ranking the perspectives by considering the cluster
priorities. The weighted standard deviations of the dimensions and the
priorities by clusters are indicated in Table 11.

As seen in Table 11, the weighted standard deviations are computed
by using the weights of the dimensions from stage 1. The priorities of the
clusters are constructed by multiplying the values of the weighted mean
SD and size of the cluster. The priorities of the perspectives and ranking
results by the decision makers are identified in Table 12.

The priorities of the perspectives are computed by considering the
size and the priority value in its cluster for each perspective. By listing in
the descending order of the priorities, the ranking performances of the
perspectives are defined for the decision makers. Overall priorities and
ranking values are computed by considering the average values of the
decision makers. Table 12 shows the priorities and the ranking results of
the perspectives by the decision makers as well as the overall
assessment.

4.3. Measuring the multidimensional performance for European energy
union QPFR-VIKOR (Stage 3)

Step 10 gives information about the construction of the quantum
picture fuzzy numbers for the decision matrix. The details of this matrix
are shown in Table 13.

Step 11 identifies the quantum picture fuzzy rough sets for the de-
cision matrix. The values are denoted in Table 14.

Step 12 computes the defuzzified decision values. Table 15 explains
the details of these values.

Step 13 is related to the construction of Si, Ri, and Qi values. These
values are presented in Table 16.

In case of maximum group utility (v: 0.9 and v:1), P1 and P4 have the
best ranking performance among the perspectives. The results with the

Perspectives Distance to C1 Distance to C2 Cluster Assignment highest maximum group utility are same with the priority results of the
Pl 0.08 0.15 1 Al-enhanced ranking technique.
P2 0.15 0.03 2 Step 14 calculates the comparative ranking values with sensitivity
Ei g.(l)g g‘(l)g f analysis. Table 17 explains the details of these values.
¥ : With respect to the comparative evaluation, RATGOS model is taken
into consideration. It is a very new ranking model that is created based
on the main criticisms to the existing ranking approaches. Geometrical
Table 11
The weighted standard deviations of the dimensions and the priorities by clusters.
DM1
Cluster centre Size D1 D2 D3 D4 D5 Weighted Mean SD Priorities
Cl 2 0.025 0 0 0 0.025 0.0093 0.0185
Cc2 2 0.00 0.03 0.00 0.00 0.00 0.0067 0.0135
DM2
Cluster centre Size D1 D2 D3 D4 D5 Weighted Mean SD Priorities
C1 2 0.025 0 0 0 0.025 0.0093 0.0185
Cc2 2 0.00 0.03 0.03 0.00 0.03 0.0203 0.0405
DM3
Cluster centre Size D1 D2 D3 D4 D5 Weighted Mean SD Priorities
Cl 2 0.05 0 0.025 0.05 0.025 0.0235 0.0470
Cc2 2 0.00 0.03 0.00 0.00 0.00 0.0068 0.0135
Table 12
The priorities of the perspectives and ranking results by the decision makers.
Perspectives DM1 DM2 DM3 Overall
Priorities Ranking Priorities Ranking Priorities Ranking Priorities Ranking
P1 0.289 1 0.157 2 0.388 1 0.278 1
P2 0.211 2 0.343 1 0.112 2 0.222 2
P3 0.211 2 0.343 1 0.112 2 0.222 2
P4 0.289 1 0.157 2 0.388 1 0.278 1
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Table 13
Quantum picture fuzzy numbers for the decision matrix.
DM1
D1 D2 D3 D4 D5
Pl [10.30£7270%5 7 [ V0.366%706 ] [ /0,30 &/27055 7 [ /0.3662706 ] [/0.30 e/27055 ]
V0.19 27034 V0.22 27037 V0.19 27034 V0.22 627037 V0.19 &270:34
V0.32 27007 /0.96 27002 /0.32 622007 V0.26 &27002] V033 627007
| /0,19 &27004 | | /0.16 27001 | | 1/0.19 &27004 | | v/0.16 27001 | | V0192001 |
P2 [v/0.30 27055 ] [ /0.36 2706 ] /025 627050 T [ /030 e27055 ] V025 02050 ]
V0.19¢/27034 V0.22 /27037 V0.15 27031 V0.1 627034 V018 626031
V0322077, V/0.26 62002, V0.37 25012 V033425007 N
| V0.19¢27004 | | V0.16¢27001 | | \/0.23 27007 | | V019627004 | | V0.23 622007 |
P3 [v/0.30€270%% 1 [1/0.30 27055 [ /035 27050 T (/0,30 &27055 T [ /0,25 627050 ]
v0.19 27034, V/0.19 /27034 V0.15 27031 mefzn.oala_' V0 15 627031
/0.32 27007 /0.32 627007 037 6270 12 V032 625007 \/ﬁeﬂw“v
J0.19 27004 /0.19 27004 V0.23 627007 J0.19 627004 V/0.23 620007
b4 [/0.25 27050 ] [ 1/0.36 2706 ] [ /030 &27055 T [ 0366205 ] " /035 o205 ]
V01527031 V0.22 /27037 V0.1 &27034. /0.22 627037 V015627031
V0.37 27012 /0.26 627002 \/@ejho.of N \/ﬁeﬂ’rﬂvlzy
V/0.23 27007 J0.16 627001 V0.19 627004 V016627001 V0.23 627007
DM2
D1 D2 D3 D4 D5
P1 '\/meiZnO.ssﬁ' r /0,346672”03, ] r /*0303/27[,055" [ V/0.36 &20 6 q '\/(ﬁjeiMO»SS)'
V01927034, /02262057, /01927034, V022007, Vo190,
V0.32¢27007, V0.26 27002, V0.32 %007 V0.26 27002 V0.32 627007
1/0.19 27004 V0.16 £27001 V0.19 27004 V0,16 &27001 V/0.10 622004
P2 [v/0.30¢270% 7 [ V0362706 ] /030 27055 ] [ /0.30 625055 ] [ /030627055 ]
V01927034, /0.22 62057, V0.1962034, V0.19. 0% Vo190,
V0.32 2707, V0.26 €702, V0.326%097, V0.32 27007 V/0.32 62007
1/0.19 ¢/270-04 V0,16 £27001 V0.19 27004 /0,10 §27004 /016 62004
P3 [1/0.30 27055 ] [v/0.30 27055 ] [1/0.25 /27050 ] [v/0.30 27055 ] [\/0.25 27050 T
V0.19 25034, V0.19 27034, V0 15 627031 /0.1 ¢27034’ /0.15 27031
V0.32 /27007 /0.32 627097 V0.37 27012, V0,32 627007 V037 27012
1/0.19 ¢/270-04 V0.19 £27004 V0,23 27007 /0.19 §27004 /023 25007
P4 [ v/0.36 %70 ] [ V0.36%70¢ [/0.30 &27055 ] [ V03662706, T [ /0.25 625050 ]
/0,22 627037 /0.22 27037 /0,19 27034 V0.22 827037, V015 627031
V0.26 27002, /0.26 27002, /0.32 62707 V0.26 /2002, V0,37 87012
L /016 e]21{.0.01 ] L /016 e]ZI!.0.0l ] L /019 e]ZIr.0.04 ] L /016 e]21[.0.01 ] L \/meﬂlz.o 07 ]
DM3
D1 D2 D3 D4 D5
P1 [ V0.36€2%06 T [ V0362700 [/0.30 &27055 ] [ 0.36 62706 ] [ /0362706 ]
V0.22 627037 V0.22 27037 V/0.19 ¢27034 V0.22 27037 V0.22 827037
V0.26 /27002 /0.26 e,'z,,_qu7 \/@eﬂ”om. V0 26 421002 \/(Ee"z”'o'(m’
V0.16 &27001 /0.16 ejz,,vo_m’ \/(me"z”'o'o"‘ 616 2001 Vg w0 of
P2 (/0302705 7 [V/0.25 &27050 7 [ /0,25 27050 ] [ /030 27055 7 [ /025 27050 ]
V0.19 &270 34 /0.15 27031 V0,15 62031 010 2034 N )
V0,32 627007 037 efZ/r.O,lZ’ \/me;'zﬂ,o.u’ V/0.32 27007 \/(ﬁeﬂmon’
V0.19¢27004 V0.23 627007 V/0.23 627007 V0.19 27004 /0.23 27007
P3 [v/0.30 27055 1 [1/0.30 27055 ] [ /0,25 27050 ] [/0.30 27055 [ /0,25 &27050 ]
/019 /27034 /0.19 27034 /0 15 25031 V019 625034 N )
/0.32 27007 /032 efZ/r.0,07’ \/me;'z;zvo.u’ V0.32 25007 Voss ei2/r-0v12’
V0.19 2004 /019 ejZm0.0‘)’ V0.23 eizn.ovof V/0.19 ¢27004 /023 6250 o’
P4 [V/0.25 27050 ] [ V036 @206 7 r mgjzn.o.s’ 7 r \/me,:z,,‘%o‘ 3 r \/(ﬁ—(je’:z"‘“%,_
V0.15 27031 V0.22¢27037 V0.22 &/270-37 V0.15 ¢27031 V0.1 ¢27034,
V0.37 27012 V/0.26 ¢27002 V0.26 27002 V0,37 627012’ V0.3 2007
V0.23 27007 /016 ej2zz.0.01’ V016 efz;r.om’ V0.23 27007 /016 650 od

mean is taken into consideration in the analysis process [46]. Compar-
ative results demonstrate that both QPFR-VIKOR, Al-enhanced ranking
and RATGOS provide the same issues. This situation gives information
about the consistency of the proposed model. On the other side, sensi-
tivity analysis indicate that the results are the same for different cases.
Hence, it is understood that the proposed model generates reliable
findings. It is identified that financial feasibility and technological
infrastructure have the best ranking performance. The main issues of
importance in the European Energy Union project are ensuring energy
efficiency and developing clean energy projects. In order to increase
these investments, a large amount of financial resources are needed. In
this process, the financial performance of projects is of vital importance.
Financial institutions are more willing to provide funds for investments
with high financial performance. In this way, countries can more easily
achieve the goals of the energy union project. For the European energy
union to be successful, technological development is also essential.
Thanks to technological developments, it is possible to reduce the costs
of renewable energy production. In this way, these energy types will be
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able to compete financially with fossil fuels. Thus, countries will be able
to both achieve energy independence and increase clean energy
production.

5. Discussion

It is very important that the financial performance of investments is
high to effectively implement the European Energy Union strategies.
Sustainability of projects can be ensured by ensuring that investments
have high financial performance. This allows Energy Union strategies to
be implemented more successfully. On the other hand, Rahi et al. [58]
identified that financially successful businesses can attract more in-
vestors’ attention. This contributes to these projects being able to access
financial resources more easily. In this context, another important issue
is the development of innovative financial products. According to Fer-
riani and Gazzani [59], this issue increases the alternatives for energy
investment projects to find the financial resources they need more
easily. Moreover, Sandberg et al. [60] identified that to increase the
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Table 14
Quantum picture fuzzy rough sets for the decision matrix.
D1 D2 D3 D4 D5
P1 [\/m \/WJ ej2n [0.55,0.60] R [\/m R \/WJ ej21!.[0.60.0 60] , [\/m X MJ ej21r [0.55,0.55] , [\/m \/WJ ej2n.[0.60.0 60] , |'\/m7 \/WJ ej21!.[0.55.0 60] s
(V019,022 e21034037] V022,022 ¢20037.037) [V019,/019| ¢21034034] V022,022 1037.037) (V019,022 ¢20034037)
[\/0—26‘ \/0—32‘J ejZn.[0.02,0.07J R [\/0—26‘ , MJ ejZn. [0.02,0.02] R [\/0—32‘ R \/0—32‘J eszr. [0.07.0.07 , [\/0—26‘ \/O—zéJ ejZn. [0.02,0.02| R [\/0—26‘ , \/0—32‘J ej27r. [0.02,0.07 R
[\/m , \/mj eij. [0.01,0.04] [\/m \/mJ ejZn [0.01,0.01] [\/m , \/WJ ejZn. [0.04,0.04] [\/m , \/mj ejz,'r. [0.01,0.01] [\/m \/mJ ejZﬂ [0.01,0.04]
P2 [\/0—30‘ \/O—BO‘J ejZn,[OSS,O.SSJ , [\/0—25‘ , \/O—%‘J ejZn [0.55,0.60 . [\/0—25‘, \/(WJ ej21!.[0,50.0 55 , [\/0—30‘ \/O—BO‘J e]’Zn,[O 55,0.55] , [\/0—25‘ , \/W)‘J d’2n [0.50,0.55 .
[\/m \/mJ e]'27:,[0 34,0.34] , I'\/m R MJ eszr [0.34,0.37] , [\/(m, \/WJ ejZ/r [0.31,0.34] , [\/m \/WJ e]'Zn [0.34,0.34] R [\/m , \/mJ ejZ:r [0.31,0.34] .
[\/@ MJ e/'er [0.07,0.07] , [\/ﬁ , \/@J ej2/rv [0.02,0.07] , [\/m‘ \/(WJ ei2/r. [0.07,0.12] R [\/@ \/EJ e/'erv [0.07,0.07] R [\/@ , \/WJ ejZJL [0.07,0.12] ,
[V019,/019] ¢?/004004] [V023,/019| ¢2001004] [V019,/023] ¢27004007] [V019,/019] ¢?2004004] [V019,/023| ¢2004007]
P3 [\/m MJ ej2n [0.55,0.55] R [\/m R \/WJ ej2ﬂ.[0.55.0 55] , [\/m | MJ ej21r [0.50,0.50] , [\/m \/WJ ej2n.[0.55.0 55] , |'\/m7 \/EJ ej21!.[0.50.0 50] R
[\/m‘ \/mJ §27:1034034] [m’mj 27:1034034] [\/m.mJ @27[031031] [\/m‘ \/mJ 271034034] [m’mj 271031031
[\/0—32‘ \/O—BiJ ejZn,[0,07,0.07J , [\/0—32‘ , \/O—SéJ ejZn [0.07,0.07 . [\/(Wj , \/W‘J ejZ/r.[O,IZ.O 12] , [\/0—32‘ \/0—32‘J ejZn.[O 07,0.07] , [\/0—37‘ , \/0—37‘J dZn.[O.lZ.O.lZJ .
[\/m,\/mj ej2/r [0.04,0.04] [\/W\/WJ e]’Zn [0.04,0.04] [\/@.\/@J esz! [0.07,0.07] [\/m,\/mJ ej2/r [0.04,0.04] [MMJ e]’Zn [0.07,0.07]
P4 [V0.25,,/036] 20550608 V036,036 ¢?27060060] [V0.30,,/036] ¢2055060] [V0.25,,/036] e2055060] V025,030 ¢?27050055]
[VO15,,/022| ¢27034037] V022,022 ¢27037.037) [V019,/022] ¢21034037] [VO015,,/022| ¢2034037] [V015,/019 ¢?27031.034]
[V037,/032] ¢2002007] V026,026 ¢27002002] V026,032 ¢21002007] V037,032 ¢2002007] V032,037 ¢2n007012]
[V023,/019] ¢?2(001004) (V016,016 e2001001] [V016,/019] 27001004 [V023,/019] ¢?2(001004) [V019,/023] e21004007]
development. In this way, it is possible to store renewable energy in
Table 15 " » higher capacity at lower cost [65]. Thus, it is much more possible to
The defuzzified decision values. . . —_— .
increase the effectiveness and efficiency of energy investments.
D1 D2 D3 D4 D5 On the other hand, some researchers in the literature have also
P1 0.396 0.409 0.381 0.409 0.396 emphasized the importance of customer satisfaction, contrary to the
P2 0.381 0.382 0.365 0.381 0.365 results of this study. High customer satisfaction contributes to the
P3 0.381 0.381 0.346 0.381 0.346 effective implementation of Energy Union strategies in many respects.
P4 0.382 0.409 0.396 0.382 0.365 . . . .
Masoomi et al. [66] discussed that customer satisfaction enables energy
policies to be accepted by society. This makes it easier for policies to be
implemented more successfully. In addition to them, businesses should
T?blf" 16d vl offer some technological solutions to ensure customer satisfaction.
Si, Ri, and Qi values. Owing to these actions, it is possible to achieve energy efficiency. This
Si Ri Qi Qi Qi Qi significantly supports the financial sustainability of the projects. More-
(v:0.1) (v:0.2) (v:0.3) (v:0.4) over, Ong et al. [67] identified that customer satisfaction provides
P1  0.395 0.157 0.275 0.264 0.252 0.241 competitive advantage to businesses in the energy sector. In this way,
P2 0426 0.113 0.021 0.043 0.064 0.086 the sales volumes of companies that can reach more customers can also
P3  1.000 0.267 1.000 1.000 1.000 1.000 increase
P4 0.269 0.156 0.252 0.224 0.196 0.168 )
Qi Qi Qi Qi Qi Qi (v:1)
(v:0.5) (v:0.6) (v:0.7) (v:0.8) (v:0.9) 6. Conclusion
P1 0229 0.218 0.207 0.195 0.184 0.173
P2 0.107 0.129 0.150 0.172 0.193 0215 This study tries to find the important indicators of European Energy
P3  1.000 1.000 1.000 1.000 1.000 1.000 Uni li A 1 ificial intelli h d and hybrid
P4 0.140 0112 0.084 0.056 0.028 0.000 nion policy. novel artificial intelligence-enhanced and hybri

financial performance of investments, risk management must be carried
out successfully. In this context, it is important to take the necessary
measures against liquidity, exchange rate and operational risks. In this
way, the possibility of financial losses arising from risks can be mini-
mized. Adamkaite et al. [61] concluded that this situation has a
powerful impact on the performance improvements of the energy in-
vestments. Owing to this condition, it can be much easier to implement
the European Union’s Energy Union strategies.

A high technological infrastructure of businesses is also necessary for
the effective implementation of the European Union’s Energy Union
strategies. Thanks to high technological infrastructure, businesses can
operate more efficiently in energy production and consumption. This
significantly contributes to reducing the operational costs of businesses.
This will affect the financial profitability of the projects in a very posi-
tive way. On the other hand, Aydin and Degirmenci [62] mentioned that
owing to the high technological infrastructure, businesses can imple-
ment renewable energy projects more successfully. Projects such as wind
and solar energy require a high degree of technological competence.
Markowski and Kotlinski [63] defined that in this context, it is possible
to increase the performance of these projects by increasing technological
investments. Similarly, Bashir et al. [64] identified that the performance
of energy storage processes can increase due to high technological
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quantum fuzzy ranking approach are taken into consideration in this
regard. There are three different stages in this hybrid model. The first
stage is related to the weighting the dimensions of the European energy
union with Al-enhanced prioritization. The second stage consists of

Table 17
Comparative ranking values with sensitivity analysis.

QPFR-VIKOR (v:1)

Perspectives Case 1 Case 2 Case 3 Case 4 Case 5
P1 Best Best Best Best Best
P2 Worst Worst Worst Worst Worst
P3 Worst Worst Worst Worst Worst
P4 Best Best Best Best Best
Al-enhanced ranking

Perspectives Case 1 Case 2 Case 3 Case 4 Case 5
P1 Best Best Best Best Best
P2 Worst Worst Worst Worst Worst
P3 Worst Worst Worst Worst Worst
P4 Best Best Best Best Best
RATGOS ranking

Perspectives Case 1 Case 2 Case 3 Case 4 Case 5
P1 Best Best Best Best Best
P2 Worst Worst Worst Worst Worst
P3 Worst Worst Worst Worst Worst
P4 Best Best Best Best Best
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measuring the multidimensional performance for European energy
union with artificial intelligence-enhanced ranking. In the final stage,
the multidimensional performance for European energy union is eval-
uated by using Quantum picture fuzzy rough sets based VIKOR meth-
odology. It is identified that energy security, market functioning, and
innovation have the best priorities. In case of maximum group utility,
financial feasibility and technological infrastructure have the best
ranking performance among the perspectives. The results with the
highest maximum group utility are same with the priority results of the
Al-enhanced ranking technique.

For the European Energy Union to be successful, financial feasibility
is critical to the economic sustainability of projects. It is possible to
determine some policy and strategy recommendations to achieve this
goal. Diversification of financial sources is essential to achieve this goal.
In this way, it is possible to reduce the financial risks of businesses.
Moreover, it is very important to develop innovative financial products
in order to increase financial feasibility. With the development of more
products, financing options for businesses can increase. This allows
financing costs to be significantly reduced. In addition to them, gov-
ernment incentives should be offered for the development of renewable
energy projects. The high initial costs of these projects negatively affect
the development of these projects. To combat this problem more suc-
cessfully, it is important to offer tax reductions by the state. Thus,
businesses have an opportunity to reduce their operational costs.

The development of technological infrastructure is also very impor-
tant for the performance development of this energy union. To achieve
this goal, the most basic policy recommendation that can be offered is to
invest in energy storage technologies. One of the most important prob-
lems in renewable energy projects is that they are negatively affected by
different climatic conditions. This situation causes interruptions in en-
ergy production. The energy storage system is very critical for solving
this problem. However, these storage systems may also create new costs.
Therefore, it is important to reduce these costs by investing in energy
storage technologies. On the other hand, in order to develop the tech-
nological infrastructure, legal regulations regarding energy production
must also be made more effective. Thanks to these regulations, the
confidence of both investors and consumers in the market and projects
increases. As a result, it becomes much more possible to develop energy
technology investments.

The main contribution of this study is making a comparative evalu-
ation with both artificial intelligence approach and fuzzy decision-
making methodology. This situation provides an opportunity check
the validity of the findings. In the analysis process, a novel artificial
intelligence-based ranking methodology is proposed. Therefore, more
effective evaluations can be conducted. This situation helps to reach
more appropriate findings. Additionally, an artificial intelligence-based
valuation model has been applied for the selection of important di-
mensions for the European Energy Union. This situation provides sig-
nificant guidance for policy makers and investors. The main limitation
of this study is making an evaluation for only European countries.
However, effective energy policies also play a critical role for developing
economies. On the other side, the proposed model has also some limi-
tations. In this model, the weights of the experts are considered as equal.
Hence, in the future studies, the weights of the experts can be computed
based on their qualifications, such as educational level and working
experience.
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