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Energy storage systems are becoming increasingly important, with a growing focus on renewable energy sources that provide
highly fluctuating output. Therefore, sound decisions regarding the energy storage systems to be employed need to be made,
especially with a systematic and semantic approach. This paper considers the problem of evaluation and selection of energy storage
technologies (ESTs). The objective of the proposed research is to decide the best technology for energy storage under the novel idea
of hybrid multicriteria decision-making technique under fuzzy environment, that is, fuzzy AHP with fuzzy VIKOR. Electro-
chemical storage, electrical storage, magnetic storage, mechanical storage, and chemical storage are considered as five alternative
energy storage technologies. Energy density, life cycles, cycle efficiency, investment level, suitability to climatic conditions, and
required space are considered as six main evaluation criteria. Under each of the main criteria, a set of subcriteria are also
considered. The weights of main criteria and subcriteria are determined using fuzzy AHP. With the help of the weights of each set
of subcriteria, the weights of alternatives are determined using fuzzy VIKOR. Further, with the help of the main criteria weights
and the weights of alternatives determined with respect to each set of subcriteria, the final normalized weights of alternatives are
determined. Based on these weights, energy storage technologies are ranked. In addition, the sensitivity analysis is carried out to
analyze the variation in ranking pattern of alternatives. From the research findings of this paper, the results are found to be more
practical as the evaluation is carried out on an objective basis.

1. Introduction

The energy sector (ES) today is forging its way into un-
charted domains with the advent of renewable and alter-
native energy systems. This brings with it an uncertainty of
the viability of such projects [1]. Energy systems engineers
and designers do not see eye to eye with the decision-making
executives. Engineers’ requests and innovations may often

get overlooked by the chief financial officer of the company
due to various financial jargons.

Working in tandem and fabricating a methodology for
analyzing all the aspects, be it technical or commercial, can
lead to the effective and successful implementation of a
project in the energy sector. Absolute certainty is of essence,
and any degree of uncertainty should be avoided at all costs.
Energy planners have to consider several criteria while


mailto:senthilkumaran.s@vit.ac.in
mailto:drvelmuruganp@du.edu.et
https://orcid.org/0000-0002-7214-4308
https://orcid.org/0000-0003-4080-4655
https://orcid.org/0000-0003-4921-6331
https://orcid.org/0000-0001-9994-9424
https://orcid.org/0000-0002-5044-3761
https://orcid.org/0000-0001-5970-4887
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/1149503

ascertaining the best decision regarding energy projects. The
energy sector accounts for large amounts of a nation’s
economy and is what can make or break a nation’s ability for
economic growth. Without adequate energy sources, no
economy can expect to take giant leaps in terms of devel-
opment. Therefore, decision analysis can be considered as
important as the decision-making procedure itself, if not
more.

Moreover, microgrids are becoming state of the art in the
domain of energy production and distribution. Microgrids
ensure local power reliability, independence, electricity
power system, and storage flexibility [2]. Such microgrids
attempt to incorporate more sustainable and eco-friendly
energy sources in order to emphasize energy independence.
Therefore, due to the intermittent nature of renewable en-
ergy production, optimum energy storage technology (EST)
is mandatory to ensure efficiency and round the clock
electrical supply. Energy storage systems serve the role of
energy backups or buffers to balance supply and demand [2].
Environment and energy are slated to become the two most
complex global challenges shortly [3]. Transmission, dis-
tribution, and transport are the three sectors pegged to be
the most promising areas where energy storage technologies
can be fully utilized. ESTs can also eliminate the need for
expensive upgrades and regulate the renewable energy
fluctuation that almost definitely occurs according to the
climatic conditions [3].

Electrochemical energy storage systems harness the
electricity generated by various methods of energy pro-
duction to drive chemical reactions against the natural flow.
This leads to energy generation when the chemicals are
allowed to react naturally, leading to the transfer of elec-
trons. Batteries are an example of rechargeable electro-
chemical ESTs [4]. The battery may consist of one or more
cells connected in different combinations according to the
application requirement, such as output voltage and capacity
[4]. Electrical ESTs employ hardware to separate charges.
Therefore, electrical ESTs store energy employing static
charge as compared to the electrochemical process used by
batteries for energy storage [4]. Supercapacitors are exam-
ples of such ESTs. Supercapacitors possess electrolyte layer
measuring nanometers to make high surface area capacitors
that separate static charges. Once the surfaces come into
contact, the usual operating principle of a capacitor applies.
Magnetic ESTs store energy in the form of magnetic energy.
Superconducting magnetic energy storage (SMES) tech-
nologies are considered the sole EST to store flowing elec-
tricity [5] as it generates a magnetic field within which the
energy is stored. SMES tends to be highly efficient, scalable,
eco-friendly, and fast responding, but at the same time, it can
be costly as well. There are essentially no losses as super-
conducting coils are used [5].

Mechanical ESTs use electrical energy to generate kinetic
energy [4]. This kinetic energy can then be converted to
electrical energy by driving a generator as and when the need
arises. A flywheel is one such mechanical EST. It consists of a
mass that rotates about a central axis and stores mechanical
energy in kinetic energy. Electrical energy is used to ac-
celerate the flywheel and increase the speed of rotation.
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Therefore, it acts as a mechanical battery in which the energy
is stored as moment of inertia of the rotating mass of the
flywheel. The energy is then retrieved by attaching the fly-
wheel to a generator, which reduces the speed of rotation,
and hence, kinetic energy is thus converted to electrical
energy [4]. Chemical ESTs utilize chemical properties of
elements such as endotherm and exotherm characteristics to
store energy [4]. One such example is that of metal hydrides,
where metals readily absorb hydrogen when brought in
contact. The absorption is endothermic and, therefore, re-
quires energy in the form of heat. Similarly, the desorption of
hydrogen is an exothermic reaction, and hence, heat is
evolved during this step, which can harness various forms of
energy. There are other hydrogen storage technologies such
as liquid hydrogen storage but are in their nascent stages of
development and, therefore, experience limited use.

Also, it is a fact that many variables, including economic,
technological, social, and environmental, must be consid-
ered while choosing energy storage technology. Various
methods are used to optimize the selection of energy storage
technology by employing cutting-edge techniques such as
machine learning and multiobjective optimization methods.
Selecting an appropriate energy storage option is an issue
with various objectives that cannot all be met by a single
technology. Possible trade-offs between the potential ben-
efits and drawbacks of various energy storage systems must
be considered. Furthermore, the choice to construct a
storage unit frequently involves several stakeholders, each of
whom may have different interests and goals in mind.
Choosing a storage option that provides the greatest ad-
vantage while also meeting all requirements is thus an in-
herently difficult decision.

From the recent past, the usage of multicriteria decision
making (MCDM) methods has been gaining popularity in
the field of energy management. To solve complex problems
concerning energy planning, MCDM techniques have been
turned out to be superior tools. MCDM methods provide
amicable solutions to the problems of different projects
involved with conflicting objectives. Several techniques have
been used for decision analysis in energy sector based
weighted means, outranking, different fuzzy principles, and
their combinations. Generally, in any project, objectives are
conflicting in nature, and therefore, the final preference of
the project selection purely depends on the opinion of the
decision maker. In several cases of decision-making analysis,
more than one group of decision makers are allowed to
participate. As the set of criteria considered and viewpoint of
each group differs, the problem of biasing in decision
making process should be resolved within the context of
understanding. Due to the potential application of MCDM
methods, the scope of these methods is not confined to only
one field. Further, these methods can be used with equal
degree of importance in all fields of research.

The remaining work of this paper is classified into four
sections. Section 2 presents the detailed review of literature
carried out inline to the problem domain. The detailed
methodology of the proposed work covering hierarchical
structure of alternatives, main criteria, and subcriteria,
linguistic scale for main criteria, subcriteria and alternatives,
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step by step procedure for fuzzy AHP, and fuzzy VIKOR are
addressed in Section 3. Numerical illustration of the problem
is carried out elaborately in Section 4. In Section 5, con-
clusions and future scope of the work are addressed. Finally,
references are included.

2. Literature Review

In today’s landscape, we, humans, cannot thrive without
electricity consumption. From using it for daily chores to
drive vehicle using it as a fuel, it is omnipresent in every part
of land. Hence, electrical energy has indeed become one of
the necessities of our lifestyle. Storage of this electrical
energy is extremely intricate as complex technology must be
utilized. With developments, the sophistication in electrical
energy storage technologies have enhanced but also bought
with it few drawbacks. These issues must be considered while
finalizing the technology and require decision analysis
process for that.

Further, in the present era of industrial scenario, the
usage of MCDM methods has been proved to be significant
in the domain of energy sector. Several methodological
approaches and algorithms have developed in order to assess
and plan energy structures based on more than one criterion.
With ever increasing complexity and multiplicity in the
problem of energy sector, the optimization or analysis of
single objective is no longer a predominant approach. So,
Kumar and Katoch [6] explored in their work that MCDM
methods are used to evaluate and solve environmental
constraints, socioeconomic issues, technical challenges, and
institutional obstructions involved in the power sector.

The usage of MCDM methods has become popular in
energy sector as it assists decision makers to keep attention
to all available criteria and take appropriate decisions on
priority basis. Since a flawless design is administered by
various factors, decision makers have to consider several
other parameters similar to methodological or economical
parameters, which have to be compromised in certain
conditions. Fuzzy AHP, fuzzy VIKOR, and a combination of
both can be used to evaluate different processes when several
stakeholders are involved and when the values may not be
quantifiable or discrete [7]. MCDM methods allow a deci-
sion maker to quantify particular criteria established on its
reputation in the existence of supplementary objectives.

Several possible applications were suggested to
streamline the process of decision making by individuals and
organizations to maximize gains and minimize efforts. It
provides a step-by-step explanation of the utilization
method of the AHP [8] process. Another MCDM technique,
VIKOR, was developed by Opricovic [9] and served to
evaluate alternatives often with conflicting or unrelated
criteria [10].

Since then, several MCDM techniques have been for-
mulated with their application niches, such as the PROM-
ETHEE, DEMATEL, TOPSIS, and ANP methods. These
methods have been utilized with varying degrees of popu-
larity to provide solutions where numerous evaluation
criteria are required to evaluate and find the desired alter-
native. Technical and nontechnical fields alike have

witnessed the benefit of the application of such techniques to
business activities. These fields include, but are not limited
to, productivity evaluation, operations, optimization, facility
and site selection, manufacturing, and robotics.

Duran and Aguilo [11] make use of fuzzy AHP to
evaluate advanced manufacturing systems. Duran states that
using fuzzy set theory permits the incorporation of infor-
mation that may not be accurate, complete, or even
quantifiable such as the utility of fuzzy MCDM techniques.
Augustine et al. [12] present a fuzzy Analytical Hierarchy
Process (AHP) framework to determine and rate bench-
marks for the service sector. Their approach allows for the
involvement of several stakeholders in the business to ensure
progressive movement. Finally, Chengl et al. [13] present a
novel fuzzy AHP approach for improving worker produc-
tivity by setting up the priorities required for the necessary
productivity improvement where the unit cost forms a
sample criterion for worker productivity.

Rostamzadeh et al. [14] used fuzzy VIKOR to evaluate
Green Supply Chain Management (GSCM) indicator among
its practitioners. A comparative analysis of the results is then
presented. Finally, Sedaghat [15] integrates fuzzy AHP,
TOPSIS, VIKOR, and SAW techniques to enable produc-
tivity improvement in the industry. The importance and
effect of three dimensions, human resources and financial
and management performance, were evaluated.

Chatterjee and Stevi¢ [16] proposed a two-phase model
for supplier selection in a manufacturing environment using
fuzzy AHP and fuzzy TOPSIS. They considered several
qualitative and quantitative type evaluation criteria and
ranked the suppliers. Zavadskas et al. [17] used fuzzy AHP
for optimal supplier selection decision towards materials
purchasing for the production of preinsulated pipes. They
considered five suppliers as alternatives and nine evaluation
criteria to ensure the execution of procurement process to be
more effective. The other related articles reporting the de-
cision analysis include Gayathri and Nagaraju [18], Varun
et al. [19], Hasan et al. [20], and Ali et al. [21].

More recently, Seker and Aydin [22] proposed a novel
integrated Fuzzy based SWARA and IVIF-WASPAS method
in order to determine the most sustainable method to
produce hydrogen energy. They used fuzzy based SWARA
method to determine the weights of evaluation criteria,
whereas IVIF-WASPAS approach is used to rank the al-
ternatives. Jahangiri et al. [23] addressed the prioritization of
solar electricity and hydrogen coproduction stations with
the consideration of PV losses and different types of solar
trackers using TOPSIS approach. From their research
findings, they concluded that the maximum solar electricity
yield of 35,276 kWh/yr has been obtained for Zahedan under
the scenario of optimal fixed angle mode.

Unlike all the aforementioned articles, in this paper, an
attempt is made for the evaluation and selection of the best
energy storage technologies under the novel idea of hybrid
MCDM techniques under fuzzy environment, that is, fuzzy
AHP and fuzzy VIKOR. Electrochemical storage, electrical
storage, magnetic storage, mechanical storage, and chemical
storage are considered as five alternative energy storage
technologies. Energy density, life cycles, cycle efficiency,



investment level, suitability to climatic conditions, and re-
quired space are considered as six main evaluation criteria.
Under each of the main criteria, a set of subcriteria are also
considered. In the first phase, the weights of main criteria and
subcriteria are determined using fuzzy AHP. With the help of
these weights, the final normalized weights of alternatives are
determined in the second phase using fuzzy VIKOR, and
then, the ranking of energy storage technologies is demon-
strated. Also, the sensitivity analysis is carried out to analyze
the variation in ranking pattern of alternatives.

3. Methodology

This analysis aims to determine the ideal EST that should be
used depending on the opinion of several decision-makers.
The different alternatives that are considered are shown in
Figure 1. The different criteria, based on which the alter-
natives are rated, are decided and shown in Figure 2. The
final ratings of the alternatives are determined using a single
hybrid evaluation scheme of fuzzy AHP and VIKOR [7].

3.1. Fuzzy AHP. AHP is a widely used decision-making tool,
which is used to handle multicriteria decision-making
statements. Based on pairwise comparisons of different
criteria and subcriteria, the alternatives are evaluated [24].
Fuzzy AHP considers the randomness of personal judge-
ments and hence gives a complete result. Linguistic ter-
minologies are utilized to perform pairwise comparisons of
criteria and alternatives denoted by triangular numbers
[24-29].

Step 1: the criteria are compared following the linguistic
distinctions shown in Table 1.

If a decision-maker states that criteria m are fairly
important than criteria n, then the TFN scale is (4, 5, 6),
and the fuzzy scale for the comparison of criteria m to
criteria n would be (1/6, 1/5, 1/4).

Equation (1) shows the pairwise comparison values,
where ﬁ;‘j denotes the k' decision maker’s preference of
the i criterion over j criterion in terms of TFNG.

—k ~k
X - X,

=k

Pr= oo | (1)
—k ~k
Xpq .- X,

Step 2: an average value for preferences ¥;; is taken in
case of multiple decision-makers and is calculated
using equation (2), where there are n decision-makers.

n =k
5, = 2k % @
1] K *

Step 3: thus, the updated pairwise comparison matrix is

P=|: " i (3)
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Energy Storage
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Chemical
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Mechanical
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Storage

Magnetic
Storage

FIGURE 1: Set of alternative energy storage technologies considered
for the analysis.

Step 4: the geometric mean of comparison values for
each criterion is determined using equation (4); here, ¢;
represents TFN.

n

1/n
’fi:<1—[;~cij> , i=1,2,3,...,n (4)

Jj=1

Step 5: summation of each r; is calculated to determine
the fuzzy weights for every criterion, and the reciprocal
summation is calculated following which the TFNs are
arranged in ascending order. The weight of criterion I,
(;) can be calculated with the help of the following
equation:

0, =1, ® ([,06,®,...,T,) " = (Iw, mw,nw,). (5)
Step 6: TENs must undergo defuzzification using the
CoA method proposed by [28] using equation (6). This
is followed by the normalization of M; in equation (7).

lw; + mw; + nw;

M, , (6)

N =g (7)

3.2. Fuzzy VIKOR. The fuzzy VIKOR method is used to
solve fuzzy multicriteria problems with conflicting and
different units’ criteria [26].

Step 1: linguistic terminologies are terms that denote
the subjective views of a decision-maker about the
subcriterion concerning each alternative being con-
sidered [24] from which we obtain TFNs as shown in
Table 2.

Step 2: the weight of importance of each criterion is
expressed in a vector form by the following equation:

W:W =[a,8y...,8,), j=12,...,n (8)
Here, a; represents the ™ criterion weight based on the
linguistic terminology assigned by a decision-maker. In
this study, the decision makers’ opinions are aggre-
gated. The weight of importance in fuzzy form , w, for
criterion C; is obtained by utilizing the following
equation:

a; =(wjp, wp, ws ). ©)
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Criteria

Energy Density Life Cycles Cycle efficiency Investment level cliniztlitjlz:glrzitt(i)ons Space required
Mass Energy No of charge . . Temperature
Density discharge cycles o/pbyi/p Capital susceptibility Floor area
Volumetric . Time Fequlred ) Humidity Volume
. Shelf life for unit energy Time G .
Density storage susceptibility occupied

FIGURE 2: Set of main criteria and subcriteria considered for the analysis.

TaBLE 1: Linguistic variables for main criteria and subcriteria.

Saaty scale

Definition

Fuzzy triangular number

1 Equally important 1,1,1)
3 Weakly important 2,3,4)
5 Fairly important (4, 5, 6)
7 Strongly important 6, 7, 8)
9 Absolutely important 9,9,9)
2 1,2 3)
4 . . . (3, 4, 5)
6 The intermittent values between two adjacent scales . 6.7)
8 (7, 8,9)
TaBLE 2: Linguistic variables for alternatives. zb ~
fi = max aij>
Linguistic terms Triangular fuzzy number / (11)
~w .
Very low (VL) (0,0, 0.1) fi =mina;.
Medium low (ML) (0.1, 0.2, 0.3) J
Medium (M) (0.3, 0.4, 0.5) . - )
Medium high (MH) (0.5, 0.6, 0.7) Step 5: the fuzzy difference d,»j is calculated using the
Very high (VH) (0.7, 0.8, 0.9) following equation:
Immense (I) 09,1, 1) ~b
— fi- Xij
k dij =T r o w\ (12)
where wj; = mine {w;}, wjp = (k) Y, Wi, (ri - p:”)

Wiz = MaXi W3 [Wiks for i=1to m and j=1 to n.
Step 3: a MCDM matrix in fuzzy form is expressed as
given in equation (10), with respect to k decision
makers (M;, M,, ..., M) who were presented with
alternatives (A, A,, ..., A,,) referring to the set of
criteria (Cy, C,, ..., C,), where X, is the rating of
alternative A, with respect to criterion C;

X11 X1 oo X

= 3221 3522 te 322n

D= , (10)
Xml Xm2 - Xmn

where Xf; = (pf, qfj, r;) is a TEN.

Step 4: the fuzzy maximum value f = (p?,4?,7?) and
fuzzy worst vales f* = (p¥, g}", r}’) are calculated using
the following equation:

Step 6: we now calculate: ‘Zhe separation S of A; from the
maximum fuzzy value f; and separation R; of A; from
the minimum fuzzy value f; using equations (13) and
(14). Here, a; is the weight of importance of the cor-
responding criterion.
n
S;j=) (a,0d;), (13)

i=1

T{j = mlj‘ax(ﬁj@;lij). (14)

Step 7: QJ- =(pj» gj» 1j) is expressed as TFN and is cal-
culated using the following equation:
~ v(gj—g‘) (l—v)(ﬁj—ﬁ')
i = 7m0t =ay ® =0c a4 >
7o(8*-8") " (R*-R")

(15)
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TaBLE 3: Criteria comparison matrix.

Energy density  Life cycles  Cycle efficiency Investment level cliri:tlit:bcl(l)lr?:h?i)ons res(if;z d
Energy density (1,1, 1) (1/e, 1/5, 1/4) (1/8, 1/7, 1/6) (2,3, 4) 179, 1/9, 1/9) (6,7, 8)
Life cycles (4,5, 6) a,1,1)  (1/6, 1/5, 1/4) (2, 3, 4) (1/6, 1/5, 1/4) (5, 6,7)
Cycle efficiency (6,7, 8) 4, 5, 6) 1,1,1) (4, 5, 6) (1/8, 1/7, 1/6) (7,8,9)
Investment level (1/4, 1/3, 1/2) (1/4, 1/3, 1/2)  (1/6, 1/5, 1/4) a,1,1) (1/8, 1/7, 1/6) (7, 8,9)
Suitability to climatic conditions 9,9,9) (4, 5, 6) 6, 7, 8) (6, 7, 8) (1,1,1) (1/4, 1/3, 1/2)
Space required 1/8, 1/7, 1/6) (1/7, 1/6, 1/5) (1/9, 1/8, 1/7) 179, 1/8, 1/7) 2,3,4) 1,1,1)
where § =minS, S =maxs, R = mindNZj, TaBLE 4: Fuzzy comparison values.
=0C
R =max;Rj and v = ((n +1)/2n). Criteria description t;
He.re, v denotes the strategy welght of maximum cri- . (0.550320, 0.636770,
teria, and (1 — v) denotes the weight of the individual Energy density 0.727415)
regret. Following this calculation, we compute maxi- . (1017715, 1.237990,
mum values of S and R, which are S’ and R Life cycles 1.479783)
respectively. Cycle efficiency (2.092730, 2.418270,
Step 8: defuzzification involves the conversion of fuzzy 2.749450)
numbers into crisp values. The Centre of Area method Investment level (0-4520;13;&2‘)1216&
is used for ranking the fuzzy numbers that result in ¢ i biity to climatic (2.620740, 3.004100,
crisp values for S, R, and Q [27]. conditions 3.464100)
. (0.275880, 0.322069,
Space required
] . 0.373643)
4. Numerical Illustration (7.014427, 8.161359
Total 9.468391)
4.1. Fuzzy AHP. As demonstrated in Table 3, the pairwise (0142563, 0122529
comparison matrix is formulated based on decision- Reciprocal of total 0.10)5615) '
makers opinions and linguistic terminologies defined in ) ] (0.105615, 0.122529,
Table 1. Increasing value of reciprocal 0.142563)

The Geometric mean of these given values is calcu-
lated using equation (4) in the next step as shown in
Table 4. Further, the relative fuzzy weights for each
criterion are calculated and presented in Table 5. In the
6'" step, each criterion’s defuzzified weight is calculated
from the average of relative weights given in Table 6. The
normalized fuzzy weights are calculated using equation
(7), further utilized in the hybrid MCDM techniques.
Finally, the values of M; and N; are calculated and shown
in Table 6.

In a similar manner, based on the opinion of decision
makers and the linguistic scale defined in Table 1, the initial
decision matrix is formulated for all sets of subcriteria,
defined with respect to each main criterion. Further, the
normalized weights of all sets of subcriteria are calculated
and tabulated as shown in Table 7.

4.2. Fuzzy VIKOR. Next, the decision-makers opinions in
the form of linguistic terminologies, introduced in Ta-
ble 2, are shown in Table 8, which are then converted to
TFNss for the following steps. In order to keep the paper
concise and brief, only one detailed illustration has been
shown. The values for the other sets of subcriteria are
computed using the methodology, and the numerical
illustration is provided. Therefore, Step 2 finds the ag-
gregated fuzzy decision matrix presented in Table 9,
giving the aggregated fuzzy weights using equations
(8)-(10) to result in Table 10. Maximum and Minimum

Fuzzy Values shown in Table 11 are found in step 4 using

TaBLE 5: Relative weights in fuzzy form.

Criteria description w;

Enerev densit (0.058122, 0.078023,

gy Y 0.103702)
. (0.107486, 0.151690,

Life cycles 0.210962)
. (0.221024, 0.296308,

Cycle efficiency 0.391970)
Investment level (0.048270, 0.066430,

vestment feve 0.096087)
Sustainability to climatic (0.276789, 0.368089,

conditions 0.493852)
Space required (0.029137, 0.039463,

pace req 0.053268)

TaBLE 6: Average and normalized final weights of criteria.

Criteria description M; N;

Energy density 0.079949 0.077604
Life cycles 0.156713 0.152115
Cycle efficiency 0.303101 0.294208
Investment level 0.070263 0.068201
Sustainability to climatic conditions 0.379577 0.368441
Space required 0.040623 0.039431
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TABLE 7:

Pairwise comparison matrix and normalized weights for subcriteria.

w.r.t energy density

Mass energy density

Volumetric density

Normalized weights

Mass energy density a,1,1) (1/6, 1/5, 1/4) 0.16858
Volumetric density (4, 5, 6) 1,1,1) 0.83142
w.r.t life cycles No of charge discharge cycles Shelf life Normalized weights
No of charge discharge cycles 1,1,1) 2,3, 4) 0.74239
Shelf life (1/4, 1/3, 1/2) a1,1) 0.25761
w.r.t cycle efficiency o/p by i/p Time required for unit energy storage Normalized weights
o/p by i/p 1,1,1) (4, 5, 6) 0.83142
Time required for unit energy storage (1/6, 1/5, 1/4) 1,1,1) 0.16858
w.r.t investment level Capital Time Normalized weights
Capital 111 (6,7, 8) 0.87424
Time (1/8, 1/7, 1/6) a,1,1) 0.12576
w.r.t suitability to climatic conditions Temperature susceptibility Humidity susceptibility Normalized weights
Temperature susceptibility 1,1,1) (4, 5, 6) 0.83142
Humidity susceptibility 1/6, 1/5, 1/4) (1,1,1) 0.16858
w.r.t space required Floor area Volume occupied Normalized weights
Floor area 1,1,1) (1/8, 1/7, 1/6) 0.12576
Volume occupied (6,7, 8) (1,1,1) 0.87424
TaBLE 8: Opinions of decision makers.
Main criterion Subcriterion DM. 1 DM. 2 D.M. 3
Fnergydei N ey de W w
Life cycle No of charsgﬁgiflslicf};arge cycles 1\1\//1111:1 ﬁ I\I/EAH
Cycle efficiency Time requiredoggrblfn;ipenergy storage \;\/II_I lI\\/[/III:I I\I/{/IH
Investment level Capital MH VH VH
Time M MH MH
Suitability to climatic conditions Ti_ln:lii fgﬂl;f;j;lcsec;gg}l)i;}y I\I/}/[H I:Z/IE VN?
Space required Floor area ‘ ML VL ML
Volume occupied MH M MH

TABLE 9: Aggregated fuzzy decision matrix.

Subcriteria for energy density

Mass energy density

Volumetric density

Electrochemical storage (6, 7, 8) (7, 8,9)
Electrical storage 2, 3, 4) (7, 8,9)
Magnetic storage (7, 8,9) 9,9,9)
Mechanical storage 1, 1,1) (2, 3,4)
Chemical storage (5, 6, 7) 6,7,8)
TaBLE 10: Aggregated fuzzy weights for each criterion.

Subcriterion for energy density Triangular fuzzy number

Mass energy density 0.5000 0.6667 0.9000
Volumetric density 0.1000 0.3333 0.5000

equation (11).
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TaBLE 11: Maximum and minimum fuzzy values.

Subcriterion for energy density j‘f ]7:0

Mass energy density (7, 8,9) L1

Volumetric density 9,99 (2,3,4)
TaBLE 12: §; and R;.

Alternatives S; values R; values

Electrochemical storage
Electrical storage
Magnetic storage
Mechanical storage
Chemical storage

(-0.0625, 0.1310, 0.4804)
(0.1875, 0.4643, 0.9304)
(-0.1250, 0.0000, 0.2250)
(0.4464, 0.8690, 1.4000)
(0.0143, 0.2619, 0.6643)

(0.0000, 0.0833, 0.3375)
(0.1875, 0.4167, 0.7875)
(0.0000, 0.0000, 0.2250)
(0.3750, 0.5833, 0.9000)
(0.0143, 0.1667, 0.4500)

TaBLE 13: Final Qj values of alternatives.

Electrochemical storage Electrical storage

Magnetic storage

Mechanical storage Chemical storage

Q; 1.0047 0.9333

1.0000 0.9721 1.0050

Normalized Fuzzy Differences are calculated using
equation (12) in step 5. The §; and R; values are calculated
using equations (13) and (14) in step 6, and the results are
tabulated as shown in Table 12.

In step 7, equation (15) is used to find the value of
Q. Defuzzification is carried out using the Centre of Area
Method to return crisp values for each of the 6 alternatives in
step 8. The final values of Q for the set of subcriteria defined
with respect to energy density are tabulated in Table 13.

Thus, the same procedure is repeated for the other sets of
subcriteria groups, and Q values are obtained and tabulated
as shown in Table 14. Now, we integrate the AHP and
VIKOR techniques by taking the product of the Q values and
the normalized weights of each of the criteria to obtain the
ranks of the alternatives by ranking the highest resulting
product first and moving to the lower products. Therefore,
we obtain the final ranks given in Table 14. Further, the
sensitivity analysis is carried out to analyze the effect of
variation in the main criteria weights on the final ranking of
alternatives.

4.3. Sensitivity Analysis. This section deeply examines the
influence of main criteria weights on the ranking of alter-
natives. The scenarios are produced by varying the most
important main criterion weight obtained by Fuzzy AHP
method. At the same time, the weights of the other criteria
are adjusted using the following equation [30, 31]:

w;

= -

),i=1,2,...,n|i¢m, (16)

m

where wj is the original weight of the main criterion C;, w|
represents the adjusted weight of the main criterion C;, w,,
is the original weight of the most important main criterion

C,,» and w,, is the adjusted weight of the most important
main criterion C,,,.

In the initial scenario (S,), the main criteria weights
are calculated using Fuzzy AHP method; that is, the
weights of energy density, life cycle, cycle efficiency,
investment level, suitability to climatic conditions, and
space required are w; =0.077604, w, =0.152115, w,
=0.294208, w, =0.068201, ws; =0.368441, and wj
=0.039431, respectively. From the obtained weights, the
suitability to climatic conditions criterion has the highest
value. Therefore, it (Cs) is the preeminent criterion. Now,
for scenario 1 (S;), the weight of Cs is reduced by 10%,
and the weights of other main criteria are adjusted using
equation (16). Fuzzy VIKOR methodology is now applied
to obtain the ranking of the alternatives. A similar
procedure is followed for S2-S10. All scenarios are
summarized in Figure 3.

In all the scenarios, the ranks of the two alternatives, that
is, magnetic (A;) and electrochemical (A;) storage, remain
unchanged. For the remaining three alternatives, that is,
electrical storage (A,), mechanical storage (A,), and
chemical storage (As), there are slight changes in the rank.
For scenarios 1-3, the initial rank of the alternatives (i.e.,
As>A;>As>A > A,) is retained. The ranks of the alter-
natives  for  scenarios 4-5 are obtained as
As>A;>As>A,> Ay, for scenarios 6-7, they are obtained as
A3;>A;>A,>As> A, and for scenarios 8-10, they are
obtained as A;>A;>A,>A,> As.

According to the sensitivity analysis results, it can be
outlined that the utilized hybrid approach of fuzzy AHP
and fuzzy VIKOR for energy storage technology selection is
stable. Here, the magnetic storage alternative is the
prominent solution among all other energy storage
technologies.
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FIGURE 3: Sensitivity analysis.

5. Conclusion

The importance of employing energy storage techniques
(EST) for power evacuation and their respective advan-
tages has been emphasized. ESTs such as electrochemical
storage, electrical storage, magnetic storage, mechanical
storage, and chemical storage have been selected as the
alternatives. The final decision was made to decide the
best storage technology. The criteria being considered
were energy density, life cycles, cycle efficiency, invest-
ment level, suitability to climatic conditions, and storage
space required. The alternatives have been evaluated
using the novel idea of hybrid multicriteria decision-
making technique under fuzzy environment prioritizing
different ESTs. A numerical illustration for a sample
scenario was provided with detailed descriptions linked
to the various mathematical procedures, alternatives, and
criteria.

The sample scenario evaluated using the set of criteria,
subcriteria, and alternatives resulted in magnetic storage
being the most effective EST based on the opinion of the
decision-makers and the subsequent fuzzy techniques used.
The final weight of magnetic storage was the highest, and it
decreased with subsequent alternatives. Other alternative
EST followed hierarchical ranking order as electrochemical
storage, chemical storage, mechanical storage, and electrical
storage following most effective to least effective. Hence,
fuzzy AHP and fuzzy VIKOR have thus been integrated into
a hybrid multiple-criteria decision-making methodology to
find the best storage technology.

From the sensitivity analysis, it is concluded that utilized
hybrid approach of fuzzy AHP and fuzzy VIKOR for energy
storage technology selection is stable. The magnetic storage

Advances in Fuzzy Systems

alternative is the most prominent solution among all other
energy storage technologies.
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