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The performance of solar energy storage projects should be improved by taking appropriate actions. However,
there are very different criteria that affect the performance of these investments. Therefore, businesses need to
focus on more important criteria to use the budget effectively and efficiently. This situation increases the need for
a priority analysis for performance indicators of solar energy storage investments. Accordingly, the purpose of
this study is to make evaluation for the technical assessment of solar energy storage investments. In this scope, a
new four-stage model is introduced by considering different decision-making techniques and fuzzy sets. The first
stage is related to the prioritizing the experts with artificial intelligence (AlI)-based decision-making method.
Secondly, the missing evaluations of solar energy storage investments are estimated with expert recommender
system. In the following part, the criteria for the technical assessment of solar energy storage investments are
weighted by quantum picture fuzzy rough sets (QPFRS) adopted M—SWARA. The final stage consists of ranking
the solar energy storage alternatives with QPFR-VIKOR. The main contribution of this study is the generation of
the decision matrix by the help of AL This situation gives an opportunity to calculate the significance weights of
the experts. Therefore, the analysis results can be more reliable and coherent. It is concluded that battery ca-
pacity is the most critical factor for the technical assessment of solar energy storage investments. On the other
hand, pumped hydro for mechanic energy is found as the most significant solar energy storage alternative.
Governments should provide the necessary incentives for the development of high-capacity battery technologies.
In this context, tax reductions can be provided to companies that invest in production technologies. This con-
tributes to the cost efficiency of businesses.

1. Introduction

Solar energy projects provide many benefits in terms of environ-
mental, economic, and social aspects. However, there are some issues
that hinder the development of these projects. One of the biggest
drawbacks in solar energy projects is the incompatibility between en-
ergy production and consumption. The main reason for this is that solar
energy can only be obtained at certain times of the day [1]. Therefore,
energy storage processes are seriously needed in solar energy projects.
Energy storage systems store excess produced energy and enable it to be
used later when needed. On the other hand, fluctuations in energy
production can be prevented thanks to effective energy storage
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processes. This enables a more reliable energy source to be obtained.
One of the benefits of solar energy storage investments is cost savings
[2]. This contributes significantly to the financial success of businesses.
Similarly, thanks to effective storage systems, dependence on fossil fuels
can be reduced. This contributes to reducing many environmental
problems such as carbon emissions.

Since solar energy storage projects are of critical importance,
necessary measures must be taken to increase the effectiveness of these
investments. Energy efficiency is necessary to increase the economic
performance of these projects. This significantly helps reduce energy
loss [3]. Energy losses can be minimized by developing an efficient
system. This situation allows more energy to be used. Increasing the
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battery capacity is also critical in improving the performance of these
systems. This allows solar energy storage systems to store more energy.
Thus, it is possible to ensure the continuity of energy supply. Similarly, a
larger portion of the energy produced from solar energy can be stored
thanks to batteries with larger capacity [4]. Thus, it is possible to in-
crease the efficiency in energy production processes. Establishing energy
storage facilities in a limited area is necessary to increase the perfor-
mance of this storage system. The biggest advantage of this situation is
that it ensures the most efficient use of the available space.

Necessary actions need to be taken to increase the performance of
solar energy storage projects. However, there are very different criteria
that affect the performance of these investments. On the other hand,
each action taken leads to an increase in the operational costs of busi-
nesses. Therefore, businesses making too many improvements causes
costs to increase excessively. Therefore, businesses need to focus on
more important criteria rather than too many improvements to avoid
financial problems. This helps avoid incurring very high costs while
taking precautions. Therefore, it is necessary to determine the most
important factors affecting the performance of solar energy storage
projects. In addition to this issue, the companies have limited financial
and human sources. These limited sources should be used effectively. To
achieve this objective, the most critical determinants should be identi-
fied. With the help of this issue, the most effective strategies can be
determined and implemented. In this case, analyzes are needed to
determine the importance weight of the criteria. Most of the studies in
the literature highlight the significance of the indicators. Nevertheless,
studies focusing on this subject in the literature are quite limited. This
situation is determined as an important gap in the literature. On the
other side, decision-making models can also be considered in this
context. Nonetheless, energy storage effectiveness is a very complex
issue, and currently generated models may not be successful to analyze
this complex problem. Hence, to make a sensitive evaluation, a novel
decision-making model should be proposed.

Accordingly, in this study, it is aimed to make evaluation for the
technical assessment of solar energy storage investments. In this context,
the main research question is to identify which solar energy storage
alternatives are more effective and efficient. For this purpose, a new
four-stage model is generated by considering different decision-making
techniques and fuzzy sets. The first stage is related to the prioritizing the
experts with Al-based decision-making method. Secondly, the missing
evaluations of solar energy storage investments are estimated with
expert recommender system. In the following part, the criteria for the
technical assessment of solar energy storage investments are weighted
by QPFRS M—SWARA. The final stage consists of ranking the solar en-
ergy storage alternatives with QPFR-VIKOR. The main motivation of this
study is the necessity for a comprehensive evaluation to define the most
important factors affecting the performance of solar energy storage
projects. The main reason is that there is no consensus in the literature
about which determinants are the most crucial for the performance
improvements of solar energy projects. Owing to this study, appropriate
investment strategies can be implemented for solar energy investors. In
this process, the companies can implement effective investment strate-
gies without having extra costs. Hence, the performance of these pro-
jects can be improved. Due to this situation, a priority analysis should be
conducted to define the most effective investment strategies. To find the
most critical determinants, decision-making models can be taken into
consideration. However, existing models can be criticized due to many
different reasons. For instance, it is claimed that taking the direct
average of experts’ opinions is not realistic. The main reason for this is
that experts have different work experiences and education levels.
Therefore, it is thought that existing models may not be sufficient to
determine the most effective investment strategies for solar energy
storage projects. This situation explains that there is a strong need for a
novel decision-making model for the subject of energy storage invest-
ment performance. In this context, in this study, a new model is devel-
oped in which the importance weights of experts are calculated.

International Journal of Electrical Power and Energy Systems 163 (2024) 110361

The main contribution of this study is that effective investment
strategies can be identified for the technical assessment of solar energy
storage projects by establishing a new model. The main theoretical
contribution of this study is that appropriate actions can be taken in an
efficient way to improve energy storage performance. Thus, more
environment-friendly energy production can be increased. Similarly,
countries can have energy independence with the help of solar energy
project improvements. On the other side, the superiorities of the pro-
posed model are underlined below. (i) M—SWARA methodology is
considered to compute the weights of the criteria. This new methodol-
ogy is created by implementing some improvements to SWARA. Owing
to this action, causality relationship between the determinants can be
defined. The main indicators of the technical assessment of solar energy
storage investments can have a causal impact on each other. Hence,
M-—SWARA methodology helps to reach more appropriate findings. (ii)
The generation of the decision matrix by the help of Al provides some
superiorities to the proposed model. This situation gives an opportunity
to calculate the significance weights of the experts. In other words, the
evaluations of these people can be taken into consideration with the
coefficients based on their demographic issues. Therefore, the analysis
results can be more reliable.

Literature evaluation is conducted in the second section. The pro-
posed model and main findings are highlighted in the next parts. The
discussions and conclusions are denoted in the final sections.

2. Literature review

The biggest disadvantage of solar energy is its intermittency. Solar
energy storage systems are needed to reduce this problem [5]. Energy
efficiency in the storage process is one of the important criteria in
increasing the efficiency of solar energy storage investments. In case of
high energy efficiency in the storage process, it is possible to utilize solar
energy more. Liu et al. [6] stated that calcium-based material should be
designed to store solar energy more efficiently. Chen and Fang [7]
argued that lithium-ion batteries used in the storage of solar energy are a
more efficient and safe method for storing energy. Cao et al. [8]
concluded that the storage of solar energy is hampered by geographical
and weather conditions. For this reason, thermal energy storage tech-
nology will be a more efficient way to store solar energy. Xiao et al. [9]
indicated that hybrid energy systems consisting of wind and solar energy
are more cost-effective energy storage methods.

Battery capacity is among the important criteria for increasing the
effectiveness of solar energy storage investments. Increasing the battery
capacity means increasing the energy to be stored. This situation allows
the non-consumed part of the energy to be used later. By increasing the
battery capacity, energy efficiency is ensured. Yoo and Ha [10] showed
that the BESS system, referred to as battery energy storage systems, will
be a solution for storing intermittent renewable energy sources such as
wind and solar. However, Wang et al. [11] defined that the increase in
battery capacity and battery size is important for the adequacy of the
solar energy system. Furthermore, Abdolmaleki et al. [12] argued that a
combination of hydrogen and smaller battery packs will significantly
reduce system costs. In addition, efficient performance can also be
achieved in this way. Farah and Anderson [13] believed that energy
storage capacity costs are an important parameter for solar energy
systems.

One of the important criteria for increasing the efficiency of solar
energy storage investments is the use of energy storage systems in
limited areas. Energy storage in limited areas is more effective and
efficient than the storage system to be built in every area. Storage fa-
cilities installed in areas with high energy demand also prevent costs
such as energy transfer [14]. Thus, storage activities carried out in
effective and limited areas provide advantages to enterprises in terms of
cost. Liang et al. [15] proposed a compressed air energy storage system
to provide electricity to the green energy system with solar energy. The
excess energy produced during the day is stored in this storage system.
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Thus, the cost of electricity consumption is reduced thanks to the energy
stored at night when the most energy is consumed. Sadeghi et al. [16]
stated that thermal energy storage systems are necessary for the reuse of
waste heat in places that require high energy consumption such as
shopping centers. Nivolianiti et al. [17] created a microgrid method
used in ships to prevent environmental degradation and fossil fuel
consumption. This system will both reduce environmental degradation
and provide energy efficiency with optimum system performance.

Energy optimization process with the battery system is another
important criterion for increasing solar energy storage investments. The
development of battery systems and the use of hybrid battery systems in
appropriate structures are important in terms of energy efficiency [18].
In this way, energy will be stored and used more efficiently. [19] stated
that the use of an integrated energy management system requires more
than one energy source and control. They also state that energy man-
agement systems established in this way should be based on real-time
prediction to be managed efficiently. Al Smadi et al. [20] developed a
system using artificial intelligence technology to operate in various
climatic conditions since traditional battery management systems
cannot effectively optimize energy output. Kumar et al. [21] proposed
an optimization method to improve energy management in storage
systems. The proposed system aims to minimize costs. Boruah and
Chandel [22] investigated a solar energy system with energy storage and
develop a net zero energy management system.

As a result of the literature review, some important points can be
reached. Firstly, solar energy projects are increasing in popularity
because they reduce carbon emissions and contribute to energy inde-
pendence. On the other hand, high costs and being affected by climatic
differences are important barriers to the development of these projects.
For these projects to be more successful, the efficiency of energy storage
processes must be increased. There are many factors that affect the
performance of solar energy storage investments. Improvements to be
made for these factors also lead to increased costs. Therefore, to use the
budget effectively and efficiently, it is appropriate for businesses to
focus on more important factors. This situation increases the need for a
priority analysis for performance indicators of solar energy storage in-
vestments. However, the number of studies on this subject in the liter-
ature is quite limited. In other words, this situation emerges as a
significant gap in the solar energy storage investments literature. To
eliminate this gap, a new model is created in this study and a priority
analysis is carried out for these factors.

3. Proposed model

Determining the optimal alternative among solar energy storage
systems constitutes the main problem of the study. To solve this problem
of the study, the set of criteria for technical assessments of solar energy
storage investments is examined. With the proposed model, the effective
set of criteria for evaluating solar energy storage systems is weighted
and the alternatives are then ranked based on these criteria. Multi-
criteria decision making analyzes are used to solve weighting and
ranking problems. While the M—SWARA analysis is carried out in
weighting the criteria, the VIKOR method is applied in the ranking of
solar energy storage alternatives. Experts are the data source of multi-
criteria decision-making techniques used to solve problems. The fact
that the data obtained from experts is a linguistic expression creates
linguistic uncertainty. To analyze this type of uncertainty, fuzzy number
theory of mathematics is used. The innovative fuzzy number set, in
which quantum mechanics and picture fuzzy numbers are integrated
with the golden ratio, is introduced in this article and applied to the
methods. Additionally, an artificial intelligence model that uses de-
mographic information is preferred so that data source experts do not
have equal weight. This ensures that experts are weighted according to
their expertise. In addition, since missing data may affect the analysis of
the model, the missing data are integrated into the model using the
recommender system with collaborative filtering method. The flowchart
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of the proposed model is demonstrated in Fig. 1.

The proposed model has some significant superiorities in comparison
with the previously generated ones. Firstly, Al methodology is consid-
ered in this model to compute the weights of the experts. In this way, the
opinions of experts with better education levels and more extensive
work experience can be taken into consideration with a higher coeffi-
cient. This provides a significant advantage compared to models that
evaluate the opinions of all experts with the same importance weight
[23-25]. On the other hand, the use of the M—SWARA technique in the
criterion weighting process also increases the quality of the model. This
technique is obtained by making some improvements to the classical
SWARA method. With these improvements, both the criterion weights
are calculated and the causality relationship between these variables is
determined. The effects of the factors used for the technical evaluation
of solar energy storage investments on each other can be found.
Increasing the battery capacity can also affect the provision of energy
efficiency. Therefore, the M—SWARA technique is much more suitable
for this study compared to other methods such as AHP and ANP [26-28].
On the other hand, the use of the VIKOR technique in the weighting
process of the alternatives also increases the quality of the model. It is
possible to mention some advantages of the VIKOR technique compared
to TOPSIS. Although VIKOR is a distance-based method like TOPSIS,
VIKOR also includes a consensus approach [29]. In other words, it al-
lows the examination of 3 different cases such as utility, veto, and
consensus with a v factor between 0 and 1 [30]. This situation also al-
lows for more effective alternative ranking [31]. In addition to them,
quantum theory is integrated with picture fuzzy rough sets. The greatest
advantage of quantum theory is that it makes successful predictions
[32]. Due to this advantage, this technique is used together with the
fuzzy decision-making process [33]. Thus, it is possible to manage un-
certainty more effectively compared to other models. Using the golden
section to formulate a fuzzy set based on quantum physics also increases
the quality of the proposed model [34]. The golden cut helps to define
the membership and non-membership degrees of fuzzy sets more accu-
rately by using golden ratio [35]. Similarly, the use of golden cut on the
quantum fuzzy sets provides the outstanding results in the complex-
decision-making process [36].

In conclusion, the two proposed multi-criteria decision-making
methods and their requirements are introduced and detailed in this
section. Each component of the model is presented under subheadings.

3.1. Al-based decision-making for expert prioritization

In multi-criteria decision-making methods, which is one of the
problem-solving techniques, taking the average of expert evaluations in
creating the decision matrix is criticized. Many different techniques are
suggested in the literature to create the decision matrix. The common
point of these methods is obtaining the weights of the experts and
obtaining the decision matrix with the help of the weighted average.
Using demographic information in determining the importance of ex-
perts raises many problems. The fact that the number of variables is
large and at different scales is one of the main factors that require
artificial intelligence models [37].

Experts are prioritized by applying the K-means clustering algorithm
on the data set created from the demographic information of experts.
After determining the optimal number of clusters (k) by the bracket
method, which is performed by drawing over The Within-Cluster Sum of
Squares (WCSS) value, the cluster centers (ci), the weights of the clusters
and the weights of the experts (w;) are calculated respectively using
Euclidean distance ((d(x;,X;)). The pseudo code of this method is shown
in Table 1.

3.2. Recommender system with collaborative filtering

In the process of obtaining expert opinions, incomplete results may
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Step 1: A matrix is determined with
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v
Step 2: The WCSS values are
computed.

v

Step 3: The optimal k value is found.
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Step 4: The mean standard deviations
are calculated.

I

Estimating the Missing
Opinions of Solar Energy
Storage Investments
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sets are defined.

v
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v
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the experts are obtained.

Step 10: The prediction index is
calculated.

Step 9: The similarity index is

l+ computed.
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Step 11: The completed decision
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Weighting the Criteria for
the Technical Assessment
of Solar Energy Storage
Investments with QPFR-
M-SWARA

Step 12: The decision matrix is
determined.
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Step 13: The expert weighted QPFR
numbers are computed.
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Step 14: The defuzzified values are
calculated.

v

Step 15: The s,k and q values are
found .

v

Step 16: The weights of criteria are
obtained.

Ranking the Solar Energy
Storage Alternatives with
QPFR-VIKOR

Step 17: The decision matris is
created.

X
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.

Step 19: The best and worst values are
identified.

:

Step 20: The S and R values are
determined.

.
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Step 22: Comparative ranking values
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Fig. 1. Flowchart of the proposed model.
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Table 1
The pseudo-code of Al-based decision making for expert prioritization.

International Journal of Electrical Power and Energy Systems 163 (2024) 110361

Input: Demographic information x;,i € [1,m],j € [1,n]; where n equals number of experts, where n is number of features of experts

Output: Weight of experts w;,i € [1,n]
Begin(1)
Determine a matrix with specifications of experts
X = %] n
(2) Compute the WCSS values

WSS Z}il legcjd(xi,c,-)zzvk €M,2,..0

(3) Found the optimal k value using elbow method

(4) Assign the initial cluster centers

(5) If no data point changes or max iteration reaches Then go to (6)
Else cluster centers are updated.

1 .
c,-«—mzmc]xi;] €1,2,-,nEnd If
j

(6) Calculate the mean standard deviation (s;) of each cluster

(7) Define the cluster weights (wj)

wj<|Gj| x sj;j € [1,2,--+,n](8) Compute the weights of the experts
wj

Wije— —=———j € [1,2,--,n|End
UG e wi

be obtained for various reasons. In the process of obtaining missing data,
accessing the data source again can be difficult and may cause errors. It
is possible to fill in missing data using different techniques without
reaching the source. The proposed system is one of them. In this method,
the missing data is computed with the similarity (sim(u,v)) and pre-
diction (p,;) indexes of the experts. Before computing the two indexes,
the experts’ rating degrees (ry;/r,;) and average values (7, 7y) are
found. The pseudo code of recommender system with collaborative
filtering is given in Table 2 [34].

3.3. Calculating uncertainty using golden cuts based on QPFRS

There is uncertainty, or ambiguity, in linguistic evaluations. One
area of mathematics called fuzzy logic is employed in the analysis of
ambiguous variables. Computing that is suggested for the examination
of many forms of uncertainty is fuzzy logic. Zadeh was the first to pro-
pose fuzzy logic, and it is still being worked on. This section explains
fuzzy set theory definitions and how fuzzy sets based on quantum
physics are formulated using golden cuts [38].

One area of physics is called quantum mechanics. With the wave
function (¢), the uncertainty of a massless element’s status has identi-
fied. Uncertainty is formulated with fuzzy logic. Although these two
topics have not received enough attention in the literature, recent arti-
cles show how related they are. The proposed paradigm combines
quantum physics with fuzzy logic. According to quantum physics, the
square of ¢ equals the probability of the statues. These functions sum-
marized in Equations (1) and (3) consist of a complex function within
amplitude and phase angle (6).

Table 2
The pseudo-code of recommender system with collaborative filtering.

Q(ju> ) = g’ 1)
C> ={lwm1 >,|up >, up > } )

Y lQ(u>)| =1 3)
[u>C|C>

Where, C is a collection of exhaustive events represented by |u; >
and the degree of belief is symbolized as |Q(|u >) | = ¢*. The value of ¢?
must lie within the range of 0 to 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 0 to 360
degrees. A traditional fuzzy number shown with Equation (4), has only a
membership (u,). However, intuitionistic fuzzy (IFS) given by Equation
(5) have non-membership (v4) and j,.

A= {{xpa(0)x € X} @

A= {(x,ua (), va()x € X} ®)

Adding neutral (n,) and refusal (h,) degrees, picture fuzzy set (PFS)
shown in Equation (6) defined.

A = {(x, pa (%), 1a(x), VA (%), ha (x)) Ix € X } ©)

Basic operations for two PFSs are summarized in Equation (7).

Input: Decision matrix with missing values X; x;,i € [1,m],j € [1,n]; where n and m equal dimensions of decision matrix

Output: Completed decision matrix Y;y;,i € [1,m],j € [1,n]
Begin(1)
Determine a matrix with missing values

X = [Xj] n
(2) Compute the similarity index for experts

E) (rv.i — r_,,)
\/Zig(ru'i B E)2\/21‘51(ry.i —-7)

Else Calculate the prediction index

-_osim(u, v)ry;
:%i € [1,m); VuEnd If
jes ’

(4) Create the completed decision matrix
i=by
End

sim(u, v) <> iy (fui —

Dui

mxn

2’ 3) If any missing values is not in data, Then go to (4)
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A CBif i, (x) <pg(x)andny (x) <ng(x)andva(x) >vg(x), Vx€X)
A=BifACBandBCA
# (%) ),min(na (x),mp(x) ), min(va (x), ve(x) ) ) x € X }
ANB = { (x,min(s, (x).f15
c0A=A={(x,va(x),n (), 14 (X)) x€X}

AUB={(x.max(yi, (x)

(%)), min(ny (x),mp (x) ), max(va (x),vs(x)) ) [x € X}

@)
The rough number is determined with lower (Apr(C;))-upper

(Apr(C;)) approximation and rough boundary intervals (Bnd(C;)). By
Equation (8), the relevant of C; are determined.

M(q):u{x@%sq}

E(Ci):u{Ye%ECi} (8)

Bnd(C;) — U{Ye %# c,-}

Lower (Lim (C;)), upper (Lim(C;)) limits and the rough number
(RN(Cy)) of C; are defined using Equation (9).

Ny

Lim (G) = {/T[", Y dpr ()

Ny

Lim (G) = {/T[", Y dpr ()

Lim(G) = "{/ T[4 ¥ eApr(c)

RN(G) = [Lim (C).Lin(C,)|

)

Where, numbers of objects for Apr (C;) and Apr(C;) are Ny, and Ny.
QPEFRS are created from PFS using the golden cuts. The set in Equation
(10) has membership (C;,, ), neutral (Cj,, ), non-membership (C;,) and
refusal (Cy, ) degrees.

|Ca>

([ 1im (G3,).Zim(Cy,) | ). i (G (G| ),

L (G ). TG | ). | i G ) E(G) | ) w2657

(10)

The definitions of PFRS for lower limits are identified with Equation
(1n.

1 Ny

Lim (Cy,,) = —> . 'Y € Apr (Cy,)
NL)‘A

. 1 Ni,

L (o) = Y € (G,
an

. 1 Ny,
Lim (Cy) = g3 )" Y € Apr (Coy)
Lim (Cy,) = LEM“Y € Apr (Ca,)
= i) = Ny, £ei-1 ApT (Ciny

The components of PFRS for upper limit are identified with Equation
(12).
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1 N —
> Y € Apr(Cy,)

m(CiMA) = m i
‘A

12

1

L.iun(cih;\ ) = N—
Ung

Nux J—
N My e Apr(Ca,)

Where Ny, , Nin, , N1y, , Nu, are the number of elements in Apr (Cj,, ),
Apr (Cin, ), Apr (Cy, ), Apr (Ci, ) respectively while Ny, , Ny, , Ny, > Nun,
are defined for Apr(Cy, ), Apr(C, ), APr(C, ), Apr(Ci, ). The components
of PFRS for lower approximation are identified with Equation (13).

X
Apr (G, =UiYe—<0Cy
L( #A) { R(Y) Ha }

@(Cinﬁ) = U{YGI’{(XY') < CinA }
13)

Apr(Cy,) =Y e NL < Cy,
- R(Y)

X
AT‘CiA =Uu YEN—SCI‘A
Apr (Cin,) { RY) h}

The components of PFRS for upper approximation are identified with
Equation (14).

— X
Apr(Cy, ) =UsYe=—<Cy
p( MA) { R(Y) !A}

E‘(Cin,;) = U{Y S % S CinA }
14

N X
Apr(Cy,) =LY e=—<C
pr(Ci, ) { RY) A}

_ X
Apr(C; =UiYe—<LG(
p( hA) { R(Y) hA}

Where C; = (Ciuy+ Ciny » Civy - i)  and R is the collection of
{a, E; e E‘:} Ci,  Cin, , Civs » Cin, are the picture fuzzy sets of class El
Equations (15) and (16) give information about formula of QPFRS.

C= [C” .ej2ﬂ,a7 Cn.ejz”", Cv.ej2”'ﬁ, Ch'e}'Zﬂ.T} (15)

@* =|Cullu; > ) | (16)

The amplitudes of quantum membership, neutral, non-membership,
and refusal degrees, denoted by 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 2. Golden
ratio (G) is added to the QPFRS, then, the terms in Equations (17) and
(18) are defined.

a7

(18)

G equals (1 + 1/5)/2. The phase angle of the membership degree for
the probability of event |u; > in the realm of QPFS is illustrated by a in
Equations (19) — (21).

a=C(ju;> )] 19
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r=2 (20)
_’
TﬁG (21)

Basic operations are shared in Equations (22)-(25). 1 is any positive
value.

N‘:»I

ﬁﬂn<cm)Llﬂn(q%)AJJ”-(2>L(3)J,[Lhn(cm)zlﬂn<cy)AJ;h[(;)A<Z>4,

- (22)
Lim (C,, )4, Lim(C,, )2 em (Q_A)X(Z_)J Lim (Cp, )2, Lim (Ch, ) A em (%)z(});J
jin (@, )23in(c, )1 | |
(O )
. [tim (c,)".Tim(c,,) | fpim () T (e, ) | ! N
[Lim(va,Lim(CV)AJeﬂ {(f) <22>J_[Lim(ch)i.Lirn(ChA)AJejz K%> (TA)
el () . ¢ >f(;*) e 0 )
A UB. = 04

S OIS O | A
min | Lim (Cy, )e ,Lim (Cy, )e ,max | Lim(Cy,Je N\ / ,Lim(Cy)e \
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A B B
YA 7B
jor | 5% jon | 5 _ .
[ — j2z. (ﬁ) — j2z. <2l)
max | Lim (CHA)e Lim (C,,E>e ,min le(CnA)e ,Lun(CnB)e
A.NB. = l (25)
o |t | P
Jj2n. b Jj2n. b ) 7};4 ) /_}B
j2m. brd j2m. o
max | Lim (CV‘ )e ,Lim (CVB)e ,min Lim(Cv. )e ,Lim (CVB)e s
T; T; - -
jor. | 35 jor. | 52 jox <LA ) o (E)
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3.4. M—SWARA with QPFRS

When weighing the criteria, the stepwise weight assessment ratio
analysis method, or SWARA method, is referred to by its acronym. Its
purpose is to identify a reasonable dispute resolution procedure. The
significant ratio for the criterion evaluation and the experts’ hierarchical
priorities serves as the foundation for this approach. This paper proposes
an extension of SWARA called multi-SWARA to precisely find the
weights and associated degrees of the criterion. The pseudo code of
M—-SWARA with QPFRS is presented in Table 3 [39].

Table 3
The pseudo-code of M—SWARA with QPFRS.

3.5. VIKOR with QPRFS

The VIKOR approach is a MCDM process that determines a
compromise outcome in an attempt to pinpoint the solution that is most
similar to ideal. A compromise solution is a consensus reached by
mutual concessions. Conventional methods often fail to minimize gaps
in multi-criteria decision-making situations and rank alternatives as well
because expert judgments of each alternative’s criteria are intrinsically
subjective [40]. When choices need to be made, the VIKOR method is
employed to determine which set of options is the greatest fit and to
provide a compromise that addresses the opposing criteria, ultimately
leading to a conclusion. The pseudo code of VIKOR with QPFRS is pre-
sented in Table 4.

Input: Criteria values C; ¢,i € [1,n],j € [1,n]; where n equals number of criteria; weights of experts W; w;i € [1,k]; where k equals number of experts

Output: Weights of Criteria;w;,i € [1,n]
Begin(1)

Determine a matrix

C = [cg]n

(2) Compute the expert weighted QPFR numbers

C—wy xC

(3) Calculate the defuzzified values
%ij
2z

2]

@(c,,l)—@(cn,)+@(Cm)-(@<cv,>—@(ch,))+( o

)-(
B-@

Lim(C,,) — Lim(Cy,) + Lim(C, ). (Tim(G,,) — Tim(Ca) ) + ( >

)+ (

)+

a
21
)
2z

M(

By

8-
)@

21

T

HE)-G

)
))

(4) Found the comparative importance rate (s), coefficient value

Defc;
(k), and recalculated weight (q)

If j = 1 Then

kj = 1q; = 1Else

Kjes; +1

gjqj-1/k;

End If

(5) Calculate the weights of criteria

2

wj— (6) Compute the stable values with the large t values

dj
D k-19k
End
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Table 4
The pseudo-code of VIKOR with QPFRS.
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Input: Opinions X; x;,i € [1,m],j € [1,n]; where n equals number of criteria and m means number of alternatives; weights of criteria W;w;i € [1,n]

Output: Rank of Alternative;A;,i € [1,m]
Begin(1)
Determine a decision matrix
X = [%] pn
(2) Compute the defuzzified values
(3) Identify the best (E) and worst (‘f;) values for each criterion

’fi,(—max,'iij_’f; «min;X;,j = 1,2,--,n(4) Determine the mean group utility (S;) and maximal regret (R;)

& Riemax; | w; )

()T

Qi<v (El 75) / (57 75) +(1-v) (Ei 4?) / (ﬁ 7?2:»)(6) Ranking the alternatives

Aj,i € [1,m]« rank the alternatives based on the order of Q values
End

i =1,2,---,m(5) Calculate the final ranking of alternatives for v values between 0 and 1

Table 5

Demographic information of the experts who accepted the invitation.
Experts Education Experience Salary (USD) Age
Expertl Master 12 2200 44
Expert2 Bachelor 14 2200 40
Expert3 Bachelor 16 2400 45
Expert4 Master 14 2200 42
Expert5 PhD 15 2350 43
Expert6 PhD 18 2400 46

4. Analysis results

The results of the study conducted to determine the most optimal
alternative for solar energy storage investments are presented as sub-
sections within this section, respectively. In the first part, obtaining the
experts’ weights is reported, and in the second part, the completion of
missing data is reported. In the third section, the criteria in solar energy
investments are weighted. In the last part, the most optimal solar energy
storage alternative is determined.

4.1. Selecting and weighting of the experts

The data required for analysis is obtained from experts. In the process
of selecting the experts, some criteria are taken into consideration. Ex-
perts with at least ten years of experience in solar energy storage systems
are determined. These experts consist of both senior managers of com-
panies in the market and professors who have scientific publications on
the subject. In this context, a total of 6 different experts are selected. 4 of
these experts are senior managers and 2 are professors. In the vast ma-
jority of similar studies in the literature, analysis is carried out with 3-6
experts [41-43]. Considering this issue, it is quite appropriate to carry
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50000.00

40000.00

30000.00

20000.00

10000.00

0.00

Fig. 2. The graph for Elbow method.

out analysis with 6 different experts in this study. In this scope, a
meeting invitation is made via e-mail. Online and face-to-face interviews
are held with experts who accept the invitation. Demographic infor-
mation of the six experts who accepted the invitation is given in Table 5.

As can be seen in Table 5, the age range of experts is between 40 and
46 years. Additionally, two of the six experts have doctoral level edu-
cation. The data set in Table 5 is used to prioritize experts. For the
artificial intelligence-based expert prioritization method, the optimal
number of clusters must first be determined. For this, WCSS values are
calculated for different k values from 1 to 6. The results are shown in
Table 6.

The elbow method is used to determine the optimal number of
clusters for the K-means cluster algorithm. The graph drawn for this is
visualized in Fig. 2.

According to the Elbow method, the point where the WCSS value
does not decrease despite the increase in the number of clusters is the
point where the k value is three. In other words, the optimal number of
clusters is determined as 3. Once the optimal number of clusters is

Table 6
The WCSS values.
K:1 K:2 K:3 K:4 K:5 K:6
Cluster 1 VALUE Cluster 1 VALUE Cluster 1 VALUE Cluster 1 VALUE Cluster 1 VALUE Cluster 1 VALUE
EXPERT1 8411.25 EXPERT1 4451.67 EXPERT1 10010.25 EXPERT1 0 EXPERT1 0 EXPERT1 0
EXPERT2 8415.58 EXPERT4 4449.00 EXPERT6 10010.25 Cluster 2 VALUE Cluster 2 VALUE Cluster 2 VALUE
EXPERT3 11741.25 EXPERT6 17793.33 Cluster 2 VALUE EXPERT2 0 EXPERT2 0 EXPERT2 0
EXPERT4 8405.25 Cluster 2 VALUE EXPERT2 1.25 Cluster 3 VALUE Cluster 3 VALUE Cluster 3 VALUE
EXPERTS 3403.92 EXPERT2 13619.67 EXPERT4 1.25 EXPERT3 627.25 EXPERT3 0 EXPERT3 0
EXPERT6 11754.25 EXPERT3 6951.33 Cluster 3 VALUE EXPERTS 627.25 Cluster 4 VALUE Cluster 4 VALUE
EXPERT5 1113.00 EXPERT3 627.25 Cluster 4 VALUE EXPERT4 0 EXPERT4 0
EXPERTS 627.25 EXPERT4 10008.25 Cluster 5 VALUE Cluster 5 VALUE
EXPERT6 10008.25 EXPERTS 629.50 EXPERT5 0
EXPERT6 629.50 Cluster 6 VALUE
Total 52131.50 Total 48378.00 Total 21277.50 Total 21271.00 Total 1259.00 EXPERT6 0
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Table 7

Iteration results for clustering.

Iteration (Expert 1 is in First Cluster; Expert 2 is in Second; Expert 3 is in Third)
Initial Cluster Centers

Experts  First Second  Third Membership
Expertl 0.00 4.58 200.04 1
Expert2 4.58 0.00 200.07 2
Expert3 200.04 200.07 0.00 3
Expert4 2.83 2.24 200.03 2
Expert5 150.04 150.05 50.09 3
Expert6 200.10 200.14 3.00 3
Average of Data Points
Expertl 0.00 3.64 183.39 1
Expert2 4.58 1.12 183.41 2
Expert3 200.04  200.05 16.73 3
Expert4 2.83 1.12 183.37 2
Expert5 150.04 150.02 33.41 3
Expert6 200.10 200.11 16.82 3
Table 8
The Clusters’ Statistics.
Code of N Edu Exp. $ Year Mean of Standard w
Center Deviations
Cl 1 0.00 0.00 0.00 0.00 0.00 0.00
C2 2 0.50 0.00 0.00 1.00 0.38 0.75
C3 3 0.94 1.25 23.57 1.25 6.75 2.26

determined, the clustering algorithm is applied for three clusters. First,
the initial cluster centers of the clusters are determined. Then, with it-
erations, cluster centers and cluster memberships of experts are updated.
Iteration results are illustrated in Table 7.

According to the clustering analysis result, the first expert is alone in
the first cluster. The second cluster includes expert 2 and expert 4. The
other three experts are determined as members of the third cluster. After
defining the cluster memberships of the experts, the cluster weights and
the weights of the experts are calculated. For this, the mean standard
deviation of each cluster is obtained. The mean standard deviations of

the clusters are shared in Table 8.

When Table 8 is examined, it is seen that the weight of the first
cluster is 0, the weight of the second cluster is 0.75 and the weight of the
last cluster is 2.26. Using the cluster weights, the experts’ weights are
calculated. The importance levels are displayed in Table 9.

Of the six experts, expert 3, expert 5 and expert 6 are determined to
be the most important and featured experts in the study. According to
the results of Table 9, expert 1 is removed from the analysis process due

Table 9

The weight of the experts with pareto principle.

Experts Weights Normalized weights with pareto principle
Expertl 0.00 0.00
Expert2 0.02 0.10
Expert3 0.32 0.27
Expert4 0.02 0.10
Expert5 0.32 0.27
Expert6 0.32 0.27

Table 10

Criteria set for the technical assessment of solar energy storage investments.
Criteria Codes
Energy efficiency in the storage process CR1
Battery capacity CR2
Energy storage facilities in limited space CR3
Energy optimization with battery management system CR4
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Table 11
Solar energy storage alternatives.

Alternatives Codes

Al
A2
A3
A4

Storage with battery

Heat capturing

Pumped hydro for mechanic energy
Hydrogen-based storage

Table 12
Scales and QPFN values.

For Criteria For Alternatives Score Pos QPFNs

r /16 e]'ZIr..4< 7
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VA6 22 ’
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meﬂn..lﬂ

[ \/% ej2/t..55 R 7

V19 ej2n..34;

/32 62707 7
meﬂn..lm

[ V366256, ]
V22623
V2662702,
| V16201 |

N w 1 0.40

0.45

0.55

VH B 5 0.60

to its weight being zero. In other words, that Expert2, Expert3, Expert4,
Expert5 and Expert6 have the priorities for analysis. So, the opinions of
these five experts except Expertl are collected for analysis.

4.2. Estimating the missing opinions of solar energy storage investments

The criteria selected for the technical assessment of solar energy
storage investments are coded for analysis in Table 10.

The criteria selected for analysis are approved by experts. Energy
efficiency in the storage process refers to the minimization of energy loss
in the process. Low energy loss has a positive impact on the increasing
efficiency. On the other hand, energy efficiency allows the costs of
storage processes to be reduced, which makes solar energy systems more
economical. With the help of this issue, it can be more possible to attract
the attention of the investors for these projects. The second criterion in
this framework is battery capacity. Higher battery capacity increases the
amount of energy to be stored. The biggest disadvantage of solar energy
projects is the energy outage that occurs due to climatic differences. To
combat this problem more effectively, it is important to increase the
battery capacity. In this context, more energy can be stored, and the
energy supply can be ensured to be continuous. In other words, sudden

Table 13
Experts’ evaluations for the criteria.

Expert2 Expert3 Expert4 Expert5 Expert6

CR1- CR2
CR1- CR3
CR1- CR4
CR2- CR1
CR2- CR3
CR2- CR4
CR3- CR1
CR3- CR2
CR3- CR4
CR4- CR1
CR4- CR2
CR4- CR3

n/a 4

=

>

o
=]
N
Y

=B S R A
~
[
W WNNDNWDSDWSEBS,O
[ I T s R AN LY By |
G AN OWWWSEDOG
WNWRODUODSWSDH

W w w s

10



G. Kou et al.

International Journal of Electrical Power and Energy Systems 163 (2024) 110361

Table 14 Table 18
Experts’ evaluations for alternatives. Iterative completion of missing expression for the alternatives.
Expert2 Expert3 Expert4 Expert5 Expert6 Expert2 Expert3 Expert4 Expert5 Expert6
CR1- Al 5 5 4 n/a 4 CR1- Al 5 5 4 5 (First) 4
CR1- A2 5 4 4 4 5 CR1- A2 5 4 4 4 5
CR1- A3 4 5 4 4 5 CR1- A3 4 5 4 4 5
CR1- A4 n/a 5 3 4 5 CR1- A4 4 (First) 5 3 4 5
CR2- Al 4 4 4 n/a 5 CR2- Al 4 4 4 4 (First) 5
CR2- A2 3 4 5 4 4 CR2- A2 3 4 5 4 4
CR2- A3 n/a 3 4 4 4 CR2- A3 4 (First) 3 4 4 4
CR2- A4 5 3 3 5 3 CR2- A4 5 3 3 5 3
CR3- Al 4 4 3 4 3 CR3- Al 4 4 3 4 3
CR3- A2 3 n/a 4 3 4 CR3- A2 3 4 (First) 4 3 4
CR3- A3 3 5 4 3 3 CR3- A3 3 5 4 3 3
CR3- A4 4 n/a 4 2 4 CR3- A4 4 4 (First) 4 2 4
CR4- Al n/a 5 4 3 5 CR4- Al 3 (First) 5 4 3 5
CR4- A2 4 5 5 4 4 CR4- A2 4 5 5 4 4
CR4- A3 4 4 5 5 5 CR4- A3 4 4 5 5 5
CR4- A4 5 4 5 5 4 CR4- A4 5 4 5 5 4
When necessary, it is also possible to convert it back into electrical en-
Table 15 ergy. This produced energy is stored in batteries. In cases where demand
Similarity index matrix for the criteria. is high, this energy is made available for use. Heat capturing is the
Expert2 Expert3 Expert4 Expert5 Expert6 second alternative. In this context, it is possible to collect and reuse the
heat produced in various processes. In other words, this collected heat is
Expert 2 1.00 0.25 0.50 -0.25 0.52 di b e it H ; P
Expert 3 0.25 1.00 0.55 0.52 —0.05 c?nverte into energy by using it. Heat capture increases energy effi-
Expert 4 0.50 0.55 1.00 0.04 0.17 ciency and provides less energy consumption. Pumped hydro for me-
Expert 5 -0.25 0.32 0.04 1.00 -0.01 chanic energy is another way of solar energy storage alternative. This
Expert 5 0.52 —0.05 0.17 —0.01 1.00

changes in the amount of solar energy production can be balanced with
the increase in battery capacities. Establishing energy storage facilities
in a limited area allows the storage system to be customized. This is
especially critical for urban areas where space constraints exist. By
establishing these facilities, the space-consuming problem of energy
storage facilities can be minimized. Thus, it is possible to carry out solar
energy projects more effectively in regions with limited residential
areas. The last criterion included for analysis is energy optimization with
the battery management system. Battery management and efficiency
will be ensured with the system to be installed. Solar energy storage
alternatives are displayed in Table 11.

One of the alternatives identified for investment is storage with
battery. In this context, electrical energy is stored as chemical energy.

Table 16
Similarity index matrix for the alternatives.
Expert2 Expert3 Expert4 Expert5 Expert6
Expert 2 1.00 -0.23 -0.17 0.48 0.12
Expert 3 —-0.23 1.00 0.10 —0.41 0.28
Expert 4 -0.17 0.10 1.00 0.14 0.24
Expert 5 0.48 —0.41 0.14 1.00 0.03
Expert 5 0.12 0.28 0.24 0.03 1.00
Table 17
Iterative completion of missing expression for the criteria.
Expert2 Expert3 Expert4 Expert5 Expert6
CR1- CR2 4 (First) 5 5 5 4
CR1- CR3 3 4 4 4 3 (First)
CR1- CR4 4 4 4 (First) 4 4
CR2- CR1 4 3 5 3 4
CR2- CR3 4 4 5 3 3
CR2- CR4 5 4 5 3 4
CR3- CR1 4 3 5 3 5
CR3- CR2 5 (First) 2 4 4 5
CR3- CR4 4 2 4 4 4
CR4- CR1 3 2 4 2 3
CR4- CR2 3 3 4 4 2
CR4- CR3 3 3 5 5 3

system allows water to be pumped between two reservoirs and stored. In
cases of high energy demand, this stored water is used to produce
electrical energy with the help of turbines. Hydrogen-based storage is
also recommended as other alternatives. In this method, hydrogen gas
can be stored in tanks or in liquefied form. The stored hydrogen can be
used to produce energy when needed. Evaluations are obtained from
experts to calculate the weights of the criteria and determine the most
appropriate alternative. The linguistic expressions used in the evalua-
tion of experts and the QPFN values corresponding to the linguistic
expressions are given in Table 12.

Experts evaluate criteria together using linguistic expressions.

Table 19

Completed linguistic opinions of experts for the criteria.
EXPERT 2

CR1 CR2 CR3 CR4

CR1 H M H
CR2 H H VH
CR3 H VH H
CR4 M M M
EXPERT3
CR1 VH H H
CR2 M H H
CR3 M S S
CR4 S M M
EXPERT4
CR1 VH H H
CR2 VH VH VH
CR3 VH H H
CR4 H H VH
EXPERTS
CR1 VH H H
CR2 M M M
CR3 M H H
CR4 S H VH
EXPERT6
CR1 H M H
CR2 H M H
CR3 VH VH H
CR4 M S M

11
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Table 20
QPEFN for the relationship matrix.
EXPERT2
CR1 CR2 CR3 CR4
CR1 /30 2755 [ /352550 ] [ /3062555 ]
/19 234 /15 2731 /19 ¢i2-34
/33 6207 /37 2712 /33 207
/19 204 | V2362597 | | V192504 |
CR2 [ /30255 ] [ /302555 ] [ /3626, ]
V1963, V19653 V22
V3262007 V3262007 /26 &27-02.
| V19e2504 | | V192504 | | V16201 |
CR3 [ /30255 ] [ /366256 ] [ /302555 ]
/19 &34, V22 62537 /19 2734
/3262507 V26 6202 /3262507
/192704 J16 620U /19204
CR4 [ /25 &27-50 [ /325 2750 [ /25 2750 ]
/15 2731 /15 2731 /15 2731
/37 2712 /37 e/'zzr..lzY /37 &2 12]
/23 2707 /23 2" 07’ /23 ei27 o7
EXPERT3
CR1 [ /36626 ] [ /302555 ] [ /3062555 ]
/22 2737 /19 ¢i27-34 /19 27 34
/26 2702, /33 2707 /33 2707
| V16e20 | | V192504 | | V192504 |
CR2 [ /.25 /2750 ] [/ 3062755 ] (/302755 ]
V15 e?" 31 V10 i2r-34 /19 2734
V37 %12, V326207, V326207,
/2362097 /19 62004 /192004
CR3 [ /35 2750 (/20 2745 [ /20 62745 ]
/15 2731 /13 2728 /13 2728
/37 2712 vy e/'Z/r..17Y /42 2" 17’
/23 2707 /25 2" 10 /25 e/'Zrt,le’
CR4 [ /20 245 ] [ /25 2750 ] [ /25 2750 ]
/13 2728 V152731 V15 2731 '
V42 %" 17, \/ﬁeﬂn..m' ﬁejzn..u’
V25210 V23207 V23207
EXPERT4
CR1 [ V36626 ] [ /3062555 ] [ /3062555 ]
V22 62537 V19 ¢27-34 /19 2734
V266702, V326207, V326207,
V1662001 /19204 /19204
CR2 [ V36276 ] [ V36625, ] [ /36626, ]
V22 &%37 V22 2537 /22 §25:37
V26 ¢25.02. V26 &25-02. /26 62502,
Nar2 J16e% o1’ \/Reiz””m’
CR3 [ V36626 ] [ /30255 ] [ /302755 ]
V22 &%37 V19 &34, /19 2734,
V26 ¢25.02. @e,‘z”.m’ /3262507
V162000 /1962004 J19 2704
CR4  [/30¢2"55 ] [ V30 ] [ V3662, ]
/19 2734 /19 2734 /22 e;'z;r..37'
/33 2707 /33 2707 /26 e;'z;r..oz’
/19 2704 /19 2704 /16 eizn,m’
EXPERT5
CR1 [ V36626 ] [ /302555 ] [ /302555 ]
/22 2237 \/Tg‘ejzn..sm /1927 34
V.26 6202 V3262007 /3262507
V1662700 /1962004 /196204
CR2 [ /.25 /2750 [/ 25 2750 ] [ /25 ¢/27-50 ]
V15 e?" 31 V15231 /15 e2r-31
37 2512 mejzn..u' V37 2512,
/2362097 J23 2707 J23 2107
CR3 [ /35 2750 [ /30 255 [ /302755 ]
/15 2731 /19 2734 /19 2734
/37 2712 /33 2707 /32 e;'z;r..07’
/23 2707 /19 e;'2””04Y /19 e;‘z:z,m'
R4 [VEOeS]  [VEOeS] [ VEEe*S, ]
Vi3 V1963 V226
V42 %17 V32 %7 \/RejZ/r..OZ,
/25 2510 /19 62004 J16 2701
EXPERT6
CR1 [ /30255 ] [ /25 2750 ] /30 %55
\/.*1*59;2”..34: V15231 V19 234
/33 2507 V37 % 12’ V3262 07’
V19e08 V23207 V1908
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Table 20 (continued)

EXPERT2
CR1 CR2 CR3 CR4
CR2 [/30€%55 ] /25 250, /30 &5
mdzmﬁ‘) \/Eeﬂﬂ.ﬁl \/EeiZn”M
V3262007 /37 &2512 V3267 o7’
/192004 V2362007 /19204
CR3 [ /36 e]'2l{ 6‘ 7 /36 efer 67 /30 e]'27!..557
\/ﬂeﬂn..:ﬂ \/ﬂefzm.37 \/Eeﬂltv.li“
V.26 6202 /26 62702, V32 #2107
V1662000 V166200 /196204
CR4 [V/25 62550 ] /20 245 V25 2550
V15 2731 V13 e27-28 /15 2731 '
V37 6212 /4262517 /37 §2512
/2362097 /25 ¢210 V2362097

Experts’ evaluations for the criteria are summarized in Table 13.

Similarly, experts evaluate alternatives based on criteria and the
results are reported in Table 14.

In Table 13 and Table 14, missing data are expressed as n/a. The
values of missing data are estimated with the recommender system
method. In this method, first, the similarity ratios of experts are calcu-
lated. The similarity index of the experts according to Table 13 are
represented in Table 15.

The similarity index of the experts according to Table 14 for alter-
natives are represented in Table 16.

Using the similarity index in Table 15, missing data in the criterion
matrix is completed as a result of the iterations. The results are shown in
Table 17.

Similarly, with the help of the values in Table 16, the missing data of
the alternative matrix is completed. The final decision matrix used in the
analysis is displayed in Table 18.

4.3. Weighting the criteria for the technical assessment of solar energy
storage investments with QPFR-M—SWARA

The values in Table 17 are used in calculating the weights of tech-
nical assessments of solar energy storage investments. The linguistic
equivalents of the values completed as a result of the iteration are shared
in Table 19.

QPEN of expert opinions are determined. The values for the rela-
tionship matrix are shown in Table 20.

Using the experts’ weights in Table 9, the weighted average of the
five experts’ evaluations is calculated. Expert weighted QPFRS for the
direct relation is illustrated in Table 21.

The defuzzified values of the values in Table 21 are calculated.
Defuzzified values are summarized in Table 22.

Next, the defuzzied values are normalized. The normalized relation
matrix calculated as a result of the normalization process are given in
Table 23.

In the next step, the values of S, k q and w are obtained with the
values of the normalized relationship matrix. The results of these values
are detailed in Table 24.

The relationship matrix is created with the W values calculated for
each criterion in Table 24. The average of this matrix is considered as the
threshold value. Values above this value are defined as affecting the row
criterion and affecting the column criterion. The relationship matrix and
impact directions are summarized in Table 25.

According to Table 25, CR1 affects CR2. Similarly, CR2 affects CR4,
CR3 affects CR2, and finally CR4 affects CR3. The power of the rela-
tionship matrix is taken to calculate the weights of the criteria selected
for the technical assessment of solar energy storage investments. Thus,
the values are made stationary. The result of the 2 t + 1th power of the
relationship matrix is displayed in Table 26, with the t value being a very
large value.

As can be seen in Table 26, the values in the columns of the stable
matrix are the same. That is, the values of the matrix are stationary.
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Table 21
The direct relation matrix.
CR1 CR2 CR3 CR4
CR1 [V.03,/10)¢2~195-16] /02, /.06] [V.03,/.08]e2=[95.15] /02, /.05] [V.03,/.08]e27105.15] /02, /.05]
@271:03.101 [\ /04 \/09|e2w01.02] [ @271.03.091 [\ /04 \/T0|e2w01.03] [ @271.03.091 [/ 04 \/T0|e2w101.03] [
/.02‘ /05J ejZ/r. [.01,.01) /.02Y /06J eerr. [.01,.02] /'02.’ /06J ejZn [.01..02]
CR2  [/.03,/.08]e?710515] 1\/02,/.05] [v/.03,1/.08]e/?7105:15] [,/02, /05| [v/.03,1/.08]e/?7105:15] /02, /05|
&27103,09] [\/m, mjejz” [.01,.08] r @27103,09] [\/m, de’zn r01,03] r &27103,09] [\/m, de’u [.01,.08] r
\/0727 \/RJe]'Z/rfOI.OZJ \/072‘ \/RJejZﬂ[Ol.OZJ m \/RJe]'ZrI[Ol.OZJ
CR3  [03,V.10]>*195.16] [\/02,/06] [V.03,1/10)¢2%[05.16] [,/02, \/.06] [V.03,/.08]e27[05.15] [./02, /.05]
@271:03.101 [\ /7 \/109]e2%01.02] [ @271:03.101 [/ \/09|e27101.02] [ @271:03.091 [\ /04 \/T0|e2%01.03] [
/02, /.05 |&2=-01.01] /02, /.05 |&2=-01.01] /02, /06| &2=101.02]
CR4  [V.03,V.08]¢>"105-1%] [1/.02, /.05 [V-03, V.08 e 05151 [\/02,/.05] [V-03, V.10 e"05-16] [\/02, /.06
ejZn.fOS. 09]{] [m. mJeﬂn FOl.,OSJA I’ ejZ/r.[03 09|, [m. \/ﬁJdZn FOl.,OSIA ( ejZ;r.[.OS..]D]’ [m. \/@szﬂ [.01..02}7 [
m,MJGiZKfOl.OZI m’\/RJeerr[Ol.OZI \/072‘ \/EJejZﬂ[Ol.OIJ
The defuzzified values of the values in Table 29 are computed. The
Table 22 results are given in Table 30.
Defuzzified values. .
In the next step, S and R values are calculated. With these values, Q
CR1 CR2 CR3 CR4 values are calculated for different values of v. Q values calculated for the
CR1 0.000 0.068 0.060 0.062 value of V between 0 and 1 with 0.1 increments are shown in Table 31.
CR2 0.062 0.000 0.062 0.064 After the two assumptions of the VIKOR method are tested, the re-
CR3 0.068 0.069 0.000 0.063 sults are interpreted. As can be seen in Table 31, in the case of consensus
CR4 0.056 0.061 0.066 0.000 . L
where v is equal to 0.5, the best alternative is Pumped hydro for me-
chanic energy. The ranking of the alternatives is similar in cases where V
is greater than or less than 0.5. In all three cases, the most suitable solar
Table 2.3 . . energy storage alternative is Pumped hydro for mechanic energy.
Normalized relation matrix.
CR1 CR2 CR3 CR4
cR1 0.000 0.356 0.318 0.326 4.5. Comparative ranking values with sensitivity analysis
CR2 0.330 0.000 0.330 0.341
CR3 0.340 0.344 0.000 0.315 In the literature on multi-criteria decision making, sensitivity anal-
CR4 0.303 0.334 0.362 0.000

ysis addresses the change in the ranking of alternatives in terms of
criteria weights. In other words, it examines the extent to which small
changes in criteria values can be effective in selecting the optimal so-

According to the result of the stable matrix, the most important criterion
for the technical assessment of solar energy storage investments is CR2
with the largest value of the matrix, 0.282. The second most important
criterion among the selected criteria is CR3. According to these results,
battery capacity and limited area energy storage facilities are important
issues in the technical assessment of solar energy investments. High

Table 25
The relationship matrix and impact directions.

lution. In addition, sensitivity analysis is also preferred to analyze the
consistency of the change in ranking depending on the change in criteria

battery capacity or the condition of the facilities may make it possible to CR1 CR2 CR3 CR4 Impact directions
evaluate investments. CR1 0.430 0.246 0.324 CR1 - CR2
CR2 0.244 0.324 0.431 CR2 — CR4
CR3 0.323 0.432 0.245 CR3 - CR2
4.4. Ranking the solar energy storage alternatives with QPFR-VIKOR CR4 0.247 0.322 0.430 CR4 — CR3
The values in Table 18 are used in ranking of the solar energy storage
alternatives in Table 11. The linguistic equivalents of the values Table 26
completed as a result of the iteration are shared in Table 27. Stable Matrix.
QPEFN of .hngu1st1c‘ expressions using Table 12 are given in Table 28 CR1 CR2 CR3 CR4
for the decision matrix. p— o1 o213 o213 0213
.The weighted averages of these values are c.alculated using expert CR2 0.282 0.082 0.282 0.282
weights. The expert weights here are the values in Table 9. The expert- CR3 0.252 0.252 0.252 0.252
weighted decision matrix obtained as a result of the calculation is CR4 0.253 0.253 0.253 0.253
summarized in Table 29.
Table 24
S, k, q and w for each criterion.
CR1 S k q w CR2 S k q w
CR2 0.356 1.000 1.000 0.430 CR4 0.341 1.000 1.000 0.431
CR4 0.326 1.326 0.754 0.324 CR1 0.330 1.330 0.752 0.324
CR3 0.318 1.318 0.572 0.246 CR3 0.330 1.330 0.566 0.244
CR3 S k q w CR4 S k q w
CR2 0.344 1.000 1.000 0.432 CR3 0.362 1.000 1.000 0.430
CR1 0.340 1.340 0.746 0.323 CR2 0.334 1.334 0.749 0.322
CR4 0.315 1.315 0.567 0.245 CR1 0.303 1.303 0.575 0.247

13
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Table 27 Table 28
Completed linguistic opinions of experts for the alternatives. QPEFN for the decision matrix.
EXPERT2 EXPERT2
CR1 CR2 CR3 CR4 CR1 CR2 CR3 CR4
Al B G G F Al r /.36612” 6‘ 7 r /.3051'21! 55'_ r /'3061'27! 557_ r /.25€‘i2” 507_
A2 B F F G V.22 2537 V.19 234, V19e>34 V5231
A3 G G F G /26 el.ZJr..DZ‘ /32 e;?n..07‘ /32 e{Zn 07, /37 e]‘27r..12‘
A4 G B G B L \/Eeﬂn..ol ] L meﬂn..(ﬁt ] L meﬂﬂ 04 ] L \/35812”. 07 ]
EXPERT3 A2 r /36 eon 6‘ 7 r /25 ejZ/!..SOV 7 r /25 e):2/!..507_ r /30 e):2n..55 , b
V226737 V15?31 V15?31 V19?34,
Al B G G B /26 ¢27-02 /37 2712 /37 2712 /32 2707
A2 G G G B | V16201 | | V236297 | | V236207 | | V1962704 |
A3 B F B G A3 [ /306255 ] [\/30 2755 ] [\/25 2750 ] [ /302755 ]
A4 B F G G /19 2734 /19 2734 /15 ejzmslz /19 esz(”34:
EXPERT4 /32 ef?ﬂ..07‘ /32 ei?ﬂ..07‘ /37 e}Z/! 127 /32 e)Zn 07‘
o G o . o | V1962704 | | V1962704 | | V2362507 | | V1962704 |
A4 r meiZ/r..SS,_ r \/Reﬂ/r 67 7 ’mejzn..ss" r \/%67'2”..61 b
A2 G B G B V19 6253 NovP ol V1942734 V22 %737
A3 G G G B /326207 /26 62502, /3262507 V26 62702,
A4 F F G B /19 62004 /166200 /19204 /166201
EXPERTS EXPERT3
Al B G G F Al [ /366256 ] (/3062555 ] (/3062755 ] [ /3626 ]
A2 G G F G /22 2737 /19 2734 /19 ¢2734 /22 237
A3 G G F B /6 ejZ}r..OZj /32 2507 /3 &2 07: /26 &2 ozj
A4 G B P B | V16201 | | V19204 | | V19204 | | V16201 |
EXPERT6 A2 [v/.30 2755 ] [/.30e2%55 ] [/30 2755 ] [ V366276 ]
Al G B F B meﬂn..?}f)y m 81.2”"34, \/Eeizﬂ"iﬂ, meizn”w’
A2 B G G G V322707, V326207 V326207 V.26 €02,
A3 B G F B L meﬂn..O‘t 1 L meﬂn..(ﬂ 1 L meﬂn 04 1 L \/Ee]Zx..Dl 1
A3 r \/.—3—6@;2” 6. 7 r \/55'37211..50: r \/3597.2”"6, b ’\/36@'21!..557_
A4 B F G G NovP ol N V22 %737 /10 62034
\/%eiVer..OZV m eiv2/r..12' \/%912” 027 @ej?n”07‘
_\/Reﬂﬂ 01_ _@eﬂn 07_ _\/EE/ZK 01 1 _me/Zﬂ..Ofl_
values. In sensitivity analysis, the effect of the weight values of the A4 [ V3626, ] (/25 2750 ] (/3062755 ] (/302555 ]
criteria on the results in different scenarios is analyzed. Thus, the effect V.22 e’z”zz V15 di”f; v 419e’z”"§:, V JQe’i""Z‘;,
: P ; : V.26 %702, V.37 2712, V3262707 V32207
of po.551ble situation change.s. on the rank.lng of ?lternatlves can be | Vg o | | V23 | | VTge o | | V1o |
examined. Moreover, sensitivity analysis provides feedback for EXPERT4
improving decision support systems and models. This leads to more N ~ e ~ P ~ R ~ e
. - ¢ ; /30 6255 /3062755 /25 2550, /302555,
acc.urate and reliable cilec151ons. Analyzes. are ?epeated u.smg (?hfferent V196%34 V192534 V15631 V196234
weights and comparison method, taking into consideration the V3262597 V3262707, V.37 212, V32627,
consensus status in VIKOR. Thus, the sensitivity in the ranking of solar L V19207 ] L V19207 ] L V2327 ] L V1920 ]
energy storage alternatives is tested. TOPSIS is recommended for the A2 V30227, VEL V3027, V36,
. . . V19 %34, V.22¢%%7 V19 &34, V226%%
comparison method in the study. As a result, the ranking results of the /33 62507 V36 62502, /3262007 /56 &25-02
TOPSIS method and the VIKOR method in consensus calculated with | V192704 | | V16201 | | V. 19e2704 | | V166201 |
four different weights are illustrated with the graph in Table 32. A3 [V30 e’z”:i (V30 e’z”:i (V30 e’z”: [ V36 e_’:”";«, |
: . L V19 ¢273%, V19 &34, V19 &34, V2262537
.It 1.s seep thaF the.ranklng .results are similar 1.n all calculated cases. /33 607 V33 607 V3307 /26 6202,
This situation gives information about the consistency of the results. | V1962704 | | V1962704 | | V1962704 | | V1662501 |
This explains that the results of the decision model do not change if the A4 [ V.25 2750 ] [ V252750 ] [V/30e2%55 ] [ V36256, ]
weights of the criteria used are changed. Hence, it can be understood (AT V15231, V19234, V2223,
. C o /37 2712 /37 2712 /32 &27-07 /26 &27-02
that the proposed model provides reliable findings. Pumped hydro for .23 2707 /23 62507 /19 62504 /16201
mechanic energy is found as the best alternative for solar energy storage. EXPERT5
According to the sensitivity analysis results, this alternative is deter- - o e - - ; . - } _ - } _
: g : Y y s Al V3626, /30 255, V30255, V25 6250
mined as the most suitable investment option. /22 237, /10 2534, /15 o234 /15 g3
V.26 &2702, V.32, V.32 V.37 2712,
. . | V1662701 | | V192704 | | V19204 | | V236207 |
5. Discussion c on 55 T - 55 T - or.50 - or 55
A2 /—.3097. 755 /—.3097. 755 /_425e’_ 750 /_,30e’_ 755
\/Tgve].Z,'r..BAY \/Té 97.2/!..34, \/4'1_5'e].2/!..317 \/Tg'e].Zﬂ..CM7
This study analyses the criteria that are effective in increasing solar V3207, V32227, V3727, V3222,
energy storage investments. The development of solar energy storage A3 C '1952”;5 b - '1952”;5 b - '23:]_/2” - - _'19';].2”" 6 7
investments is effective in increasing the use and performance of \/%g- o2r.34 \/%g- o2r.34 \/%—g- o231 \/% 257
renewable energy. Renewable energy can be used effectively thanks to V32607, V326207, V.37 %512, V.26 2702,
the sufficient solar energy storage capacity. It is possible to reuse the L V19204 | L V19204 | L V2327 | L V16201 |
. r j27.55 7 r j2r.6 r j27..45 7 r j21.6
energy produced in excess of the consumed amounts when needed by Ad \/—v'?gzzﬂ..m’ \/L232652”_3; \/-_V?gjm__zsv \/L‘;’; 52”__371
increasing the storage capacity. At the same time, the development of /3262507, /26 &2, /43 82517 /26 2702
battery capacity is important in storing intermittent energy sources such [ V19204 | [ V16" | [ V25710 ] [ V.16&% 0 ]
as solar energy and reusing them when needed. Battery capacity is also EXPERT6
very critical for energy continuity. Sufficient battery capacity allows for Al [ /3062755 [ /36626, ] (/25 2750 ] [ /3626, ]
more storage of the energy produced by solar panels. Some interruptions V192734, V226237 V1562731 V226237
. . . . \/52731271..07Y \/76' E)Z”"OZ, \/j§_7'e}2/! 127 \/36-6,2”' 027
in energy supply may occur, especially during hours when the sun is low. /19 g2r-04 /16 62701 /33 2507 V16 62701

This situation leads to significant customer dissatisfaction. Increasing
battery capacity is of critical importance to effectively manage this
problem. On the other hand, sufficient battery capacity also helps

(continued on next page)
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Table 28 (continued)

EXPERT2
CR1 CR2 CR3 CR4

A2 [ \/Eﬁve.ﬂﬂ v6‘ | _\/30797:2” 551- _\/366{2”"55,- _\/jg—de]?l!..ss’_
/22 e{Zn. 57, /19 67‘2”..34Y /19 ¢2r-34. /19 @234
\/%e].zrr..l)ZY me’?”“071 \/ﬁeﬂﬂ 07' meﬂﬂ 077

L \/EBJZ” 01 1 L meﬂﬂ..olt 1 L me)2n.04 1 L meﬂﬂ..o" 1

© [ymes] [men] [vmes] e
22727 19724, 1567, 2277
me]‘b{..oz’ me/‘er..w mejzﬂ..lz \/Eeﬁl! 02

| Vi6e™ 01’_ Warr 04’_ | V23 07'_ I \/Rejzn”m’_

A4 [ \/368.12” 6, | [ \/55727:2” 507- r \/36@7:2”"55,- r \/j:;—(ie]:2lr..55’_
@dZﬂ 377 \/Ee]‘Zﬂ’..BlY \/.1—9@].2”"34, \/J—ge{zﬂ..34’
\/%61271’..02Y \/EE]ZYL’..lzY \/ﬁejzﬂ..07' @eﬂﬂ 07’
\/E eiZI! 01 \/ﬁeﬂn 07 meﬂn 04 me/?ﬂ”o"

optimize solar energy production. In other words, efficiency in opera-
tional processes can increase thanks to more stored solar energy. This
situation allows for significant cost reductions. As a result of this issue,
long-term profitability of projects can be increased. Increasing battery
capacity also increases the use of renewable energy. The biggest disad-
vantage of renewable energy projects is that they are affected by cli-
matic conditions. Thanks to the increased capacity, this problem can be
minimized. This situation provides a significant competitive advantage
to renewable energy projects. With the help of this condition, investors
give more importance to these projects. It is possible to find many
studies advocating this view in the literature. Gomes et al. [44] proposed
the use of lithium-ion batteries for the storage of solar energy. They
stated that the energy stored in this way provides cost advantage. Tong
et al. [45] demonstrated that small and widely used batteries will be
more efficient in terms of solar energy storage. It is also identified that in
addition to battery capacity, hybrid storage systems will also be effective
for solar energy storage systems.

In addition, the use of battery systems for energy optimization pro-
vides advantages to businesses in terms of efficiency and costs. In this
way, it is possible to store energy efficiently and at low cost. Addition-
ally, it prevents unnecessary energy consumption by regulating energy
consumption. This contributes significantly to extending the life of the
batteries. In this way, the cost effectiveness and reliability of solar en-
ergy systems increases. As a result, the return-on-investment period is
shortened. On the other hand, energy optimization reduces unnecessary
expenses. This allows energy to be used at lower costs. Thanks to the
battery management system, it is possible to ensure efficiency and en-
ergy continuity. Using this system, the charging and discharging pro-
cesses of batteries can be optimized. Owing to this condition, energy
continuity is provided. This situation allows customer expectations to be
met to a significant extent. The battery management system also con-
tributes to extending the life of batteries. With this system, the tem-
perature, voltage and current levels of battery cells can be continuously
monitored. This situation also supports the reduction of issues that will

Table 29
Expert weighted QPFRS for the decision matrix.
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Table 30
The defuzzified decision values.
CR1 CR2 CR3 CR4
Al 0.068 0.068 0.060 0.066
A2 0.068 0.060 0.060 0.068
A3 0.068 0.062 0.066 0.068
A4 0.066 0.066 0.063 0.070
Table 31
S, R and Q values.
S R Q1 Q2 Q3 Q4
Al 0.515 0.253 0.662 0.643 0.623 0.603
A2 0.698 0.282 1.000 1.000 1.000 1.000
A3 0.343 0.189 0.000 0.000 0.000 0.000
A4 0.403 0.213 0.244 0.235 0.227 0.219
Q5 Q6 Q7 Q8 Q9 Q1
Al 0.584 0.564 0.544 0.525 0.505 0.485
A2 1.000 1.000 1.000 1.000 1.000 1.000
A3 0.000 0.000 0.000 0.000 0.000 0.000
A4 0.210 0.202 0.194 0.186 0.177 0.169

damage batteries, such as overheating. On the other hand, another
advantage of this system is that it reduces energy losses. Thus, it is
possible to increase the effectiveness of projects. Similarly, with the help
of the battery management system, energy demand can be predicted in
advance. By taking this data into account, the capacity of the batteries
can be adjusted. In this way, energy supply and demand are balanced
more efficiently. This situation also allows the efficiency of the process
to be increased significantly. There are studies defending this view in the
literature. For instance, Sipra et al. [46] reached a conclusion that a
hybrid battery management system will be suitable for solar energy
storage. On the other side, Poti et al. [47] underlined that that battery
management increases energy reliability and availability.

6. Conclusion

This study makes evaluation for the technical assessment of solar
energy storage investments. Within this framework, a new four-stage
model is generated by considering different decision-making tech-
niques and fuzzy sets. The first stage is related to the prioritizing the
experts with Al-based decision-making method. Secondly, the missing
evaluations of solar energy storage investments are estimated with
expert recommender system. In the following part, the criteria for the
technical assessment of solar energy storage investments are weighted
by QPFRS adopted M—SWARA. The final stage consists of ranking the
solar energy storage alternatives with QPFR-VIKOR. It is identified that
battery capacity is the most critical factor for the technical assessment of
solar energy storage investments because it has the greatest weight
(0.282). Energy optimization with battery management system (weight:

CR1

CR2

CR3

CR4

Al

A2

A3

A4

[V03, v/ 102105161 [\/02, /06
¢/27.[.03,.10] [m, \/EJejzn.[.tn..omY r
my \/EJ ¢/27.[.01,.01]
[V:03,1/10] &2 [05.16] /02, /06|
/2703, 10]7 [\/m7 \/O_gJern [.01,.02] R [
V.02, /.05 e2101.01]
[V-03,v/.10]&105-18) [\/02, /06|
ejz;r.{.o&.loj1 [\/m‘ \/F,Q‘Jejz;:.ym.,ozuY [
my \/EJ ¢/27.[.01,.01]
[V.03,1/.10]¢2%105:16] [,/102,/.06]
ejZ/r.[.OS..]D]" [\/m7 \/O—ng’zn [.01..02}7 [
V.02, /.05 e2101.01]

[V03, V10195161 /02, /06
¢/27.1.03,.10] , [m7 \/EJejzn.ml,.ozt r
m‘ mJejZn.[ol.Oll
[V.03,V/.08] 195151 [/02,/05)
/27.1.03, 09|4’ [m, mJejZn [.01,.03] (
V.02,/.06 | &/27[01.02]
[m MJe)‘Zn,[,OS. 15] R (\/ﬁ \/@J
/27.[.03,.09] . [\/m‘ \/"i'(jJeﬁ/t.[,Ol.,OSJ_’ [
m‘ \/RJ ¢/27.[.01,.02]
[v/.03,1/.10] &% 05161 [,/02 /.06
eiz::.[os.w]{y[ /—.04’ /—AogJejZn (.m..oz]w
/*‘027 /7,05J ¢/27.[.01,01]

[V.03,/.08]e/2%[05:15] '1,/102,1/.05|
ejZ/r.[.OS..OQj, [m’ deﬂn.[.Ol..OSL r
\/ﬁ, \/RJ ¢/27.[.01,.02]
[v/.03,1/.08]¢/2%105.15] /02, 1/.05]
27103, 09J7 [m, de’zn [01.03]7 (
V02, mJejzn [.01,.02]
[V.03,1/.10]e?%[05-16] '1,/.02,/.06]
¢/27.[.03..10] [\/54" \/@Jejza.(.m,.ozj_’ [
my \/EJ ¢/27.[.01,.01]
[V/03, /08¢ 105151 /02, /05
ejz;r. [.03..09J7 [m \/ﬁJ d2n. [.01..031‘ "
V.02,/.06 | e/27[01.02]

[v/.03,1/.10]e/?*105:16] '[/02, /.06
@201:03.101 [/ 04, \/.09|&2+101.02] [
V/:02,+/.05 | &2+101,01]
[V03, /102195161 [,/ 03, /06
@27103.10] [\/04,\/.09|&2+101.02] [
V/:02,+/05 |27 01,01]
[V-03, V/T0/e2+/5161,[\/02, /06
27103101 [/ 04 /09 |e2%101.02] [
V/:02,/05 &2+ 01,01]
[V/03,V/T0J1%519] [\/02, /06|
@27103.10] [\/04,\/.09|&2+101.02] [
V02, /.05 ¢2+101,01]
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Table 32
Comparative Ranking Results with Sensitivity Analysis.

International Journal of Electrical Power and Energy Systems 163 (2024) 110361

Alternatives Ranking Results with TOPSIS Ranking Results with VIKOR
Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
Al 3 3 3 3 3 3 3 3
A2 4 4 4 4 4 4 4 4
A3 1 1 1 1 1 1 1 1
A4 2 2 2 2 2 2 2 2
0.253) and energy storage facilities in limited space (weight: 0.252) are administration, Methodology, Investigation, Funding acquisition,

also critical in this respect. However, energy efficiency in the storage
process has the lowest weight (0.213). On the other hand, pumped hydro
for mechanic energy is found as the most significant solar energy storage
alternative.

The main contribution of this study is the generation of an original
decision-making model. In this model, decision matrix by the help of Al
This situation gives an opportunity to calculate the significance weights
of the experts. Therefore, the analysis results can be more reliable and
coherent. Similarly, M—SWARA methodology is considered to compute
the weights of the criteria. With the help of this situation, causality
relationship between the determinants can be defined. In addition to
them, the integration of quantum theory with picture fuzzy rough sets
has a positive influence on managing uncertainties more effectively. In
summary, this proposed model has some superiorities by comparing
with the previously generated models. This model can be considered for
defining strategic investment decisions especially for energy projects.
Energy investments usually involve complex and multi-dimensional
decision processes. The main reason for this is that these projects usu-
ally require the evaluation of more than one alternative. These processes
require the consideration of many factors such as financial, technical,
environmental, social and political. Therefore, this model is quite useful
and practical for making comprehensive, balanced and sustainable de-
cisions in energy investments.

However, the main limitation of this study is that a general evalua-
tion is performed with respect to the solar energy storage investments.
Thus, a country specific analysis can be conducted in the future studies.
For example, making an analysis for developing countries gives an op-
portunity to generate significant investment strategies for these coun-
tries. This situation can be helpful for these countries to have sustainable
economic growth. In addition to this issue, the recommended method-
ology has also some limitations. With respect to the ranking of the al-
ternatives, VIKOR and TOPSIS approaches are taken into consideration.
Nevertheless, these techniques are also criticized by the scholars.
Because of this condition, the improved versions of these techniques can
be generated for future research direction. Furthermore, to weight the
experts, limited determinants are considered. For future studies, more
variables can be taken into consideration to reach this objective. With
the help of this situation, it is possible to calculate the importance
weights of these experts more precisely.
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