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Abstract

Energy storage alternatives that help storing excess energy and then using it when the system needs it has become more
important in recent years. Determination of the most suitable energy storage alternative can be analyzed by using multi
criteria decision making (MCDM) techniques. There are many criteria that affect the best energy storage alternative and the
aims are contrasting so, MCDM methodology is a good approach to solve these problems. In this paper, a hybrid MCDM
methodology that consists of analytic hierarchy process (AHP) and TOPSIS based on type-2 fuzzy sets is proposed. To
obtain more flexible evaluation and more precise results the proposed methodology combines type-2 fuzzy AHP that used
to determine the weights of criteria and type-2 fuzzy TOPSIS methodology that analyzes the alternatives with respect to
criteria and weights. The proposed methodology has been used to determine the most suitable energy storage alternatives.
For this aim, 6 electrical energy storage alternatives are considered with a hierarchical structure of 4 main and 18 sub-
criteria. According to results obtained the best electrical energy storage alternative is determined as compressed air energy

storage.
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1. Introduction

Energy storage in a power system can be defined as
any installation or method, usually subject to
independent control, with the help of which it is
possible to store energy generated in the power
system, keep it stored and use it in the power system
when necessary.' Energy storage has been identified as
one of solutions to limit the capacity of reserve
generation needed and which also can defer the
expansion of transmission and distribution assets.”
Renewable sources of energy, such as wind and solar,
have gained attention over the last few decades as key
components to building a clean electric grid.’
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Adequate sizing of energy storage is also required to
efficiently integrate renewable resources and justify
the cost of storage deployment over the more
conventional alternatives.”

Multi-criteria decision making (MCDM) is one of the
growing areas in operation research and it was
described as the most well-known branch of decision
making.” MCDM methods deal with the process of
making decisions in the presence of multiple
objectives and the solution. They are highly dependent
on decision maker’s preferences. © MCDM quantifies
each evaluation criterion and applies scientific
methods and skills to carry on multi-criteria decision-
making analysis, so as to evaluate each alternative and
then the best alternative that conforms to the decision
maker’s ideal under several alternatives and criteria. ’
MCDM techniques can be applied on different fields
such as manufacturing systems, technology
investments, water and agriculture, energy planning,
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economics and management. *’ Determining on the
best energy storage alternative is considered as a
MCDM because many criteria have been evaluated
simultaneously and there can be contrasting goals for
different alternatives.

The theory of fuzzy sets is introduced in problems of
MCDM as an effective approach to treat vagueness,
lack of knowledge and ambiguity inherent in the
human decision making processes. * ** Generally
MCDM problems include both quantitative and
qualitative criteria that use imprecise data and human
judgments so, the fuzzy set theory can be used to solve
these problems. To deal with imprecise information or
even ill-structured decision problems, Zadeh (1965)
developed the fuzzy set theory as a modeling tool.” In
many cases, the decision maker (DM) has imprecise
information about the alternatives with respect to an
attribute. The classical MCDM methods cannot
effectively handle problems with such imprecise
information. The fuzzy set theory is a powerful tool to
handle imprecise data and fuzzy expressions that are
more natural for humans than rigid mathematical rules
and equations.” So, we propose to adopt fuzzy set
theory in our methodology.

Type-2 fuzzy sets were introduced by Zadeh, as an
extension of the concept of an ordinary fuzzy set.
Type-2 fuzzy sets have been regarded as one way to
increase the fuzziness of relation and increased
description means increased ability to handle inexact
information in a logically correct manner." Type-2
fuzzy sets are described by both primary and
secondary membership to provide more degrees of
freedom and flexibility, and they are three
dimensional. Therefore, type-2 fuzzy sets have the
advantage of modeling uncertainty more accurately
compared with type-1 fuzzy sets."’ Type-2 fuzzy sets
have been used for multi-criteria decision making
(MCDM) problems in literature. Kili¢ and Kaya *
proposed a MCDM method for investment project
evaluation in Turkey that consists of type-2 fuzzy AHP
and type-2 fuzzy TOPSIS methods. Cebi and Otay *
solved facility location selection problem by using
multiple criteria decision making technique fuzzy
TOPSIS with interval type-2 fuzzy sets. The proposed
approach is applied to a cement factory site selection
problem. Erdogan and Kaya ** proposed an integrated
multi-criteria decision making (MCDM) methodology
based on type-2 fuzzy sets for selection among energy
alternatives. Kahraman et al. * developed an interval
type-2 fuzzy AHP method together with a new ranking
method for type-2 fuzzy sets. They applied the
developed model to a supplier selection problem. Chen
% developed an ELECTRE based outranking method

for multiple criteria decision making within the
environment of interval type-2 fuzzy sets. The
proposed methodology is applied to a supplier
selection problem and a comparison is done with other
approaches. Abdullah and Najib ?’ proposed an
interval type-2 fuzzy sets AHP model. They
introduced a new preference scale and approached a
new method to calculate weight of priority by applying
TOPSIS equation. The proposed model was illustrated
by a numerical example of work safety evaluation.
Erdogan and Kaya®' proposed a MCDM methodology
based on type-2 fuzzy sets for selecting the best
alternative fuel bus in Istanbul. Chen et al.”® developed
an extended QUALIFLEX method for multiple criteria
decision making problems based on interval type-2
fuzzy sets. They applied the proposed method to a
medical decision making problem. Kilic and Kaya®
proposed a new city-ranking model for development
agencies operating in Turkey. To address ambiguities
and relativities in real-world more
conveniently, type-2 fuzzy sets and crisp sets had been
simultaneously used in multicriteria decision making
(MCDM) process of grants allocation.

In this paper to determine the best electrical energy
storage alternative a hybrid fuzzy multi criteria
decision making methodology is proposed. The hybrid
fuzzy methodology consists of two MCDM
techniques, type-2 fuzzy AHP and type-2 fuzzy
TOPSIS. Using this hybrid methodology has the
advantage that we can first determine criteria and sub-
criteria weights by using AHP and then put these
weights into the TOPSIS methodology because
TOPSIS methodology needs the criteria weights to
obtain the best electrical energy storage alternative.
To deal better with vague situations and to get more
accurate results, type-2 fuzzy sets are used in the
proposed methodology. To the best of our knowledge,
there is no a hybrid MCDM methodology based on
fuzzy type-2 sets for evaluating electrical energy
storage alternatives. The proposed methodology is
developed to determine on the best electrical energy
storage technology. For this six potential
electrical energy storage technologies are considered

scenarios

aim,

and to evaluate the alternatives 4 main criteria and 16
sub-criteria are identified. The weights of main and
sub-criteria are determined by using AHP based on
type-2 fuzzy sets. The obtained weights are used in the
type-2 fuzzy TOPSIS method to evaluate the
alternatives.

The rest of the paper is organized as follows: Electrical
energy storage technologies are briefly explained in
Section 2. Section 3 briefly explains type-2 fuzzy sets,
type-2 fuzzy AHP and type-2 fuzzy TOPSIS
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methodologies. The proposed methodology is detailed
with an application and then a sensitivity analysis is
conducted into Section 4. The results obtained and
future research directions are discussed into Section 5.

2. Electrical Energy Storage Technologies

There are different electrical energy storage
technologies that have different characteristics.
Electrical energy storage refers to a process of
converting electrical energy from a power network into
a form that can be stored for converting back to
electrical energy when needed. '* Electrical energy
storage systems can contribute to improve the
efficiency of power systems.” The most common
technologies are briefly explained in this section.

2.1. Pumped hydro energy storage (PHES)

Pumped Hydro Energy Storage (PHES) technology is
based on using two water reservoirs at different
heights. In charging mode, the water is pumped from
the lower to the upper reservoir and in discharging
mode, the water flows from the upper into the lower
reservoir, driving the reversible turbines and producing
electricity. ' The amount of stored energy is
proportional to the height difference between the two
reservoirs and the volume of water stored. In general,
the life time of PHES is around 30-50 years, with
around trip efficiency of 65-75% and power capital
costs of 500-1500 Euros/kW and 10-20 Euros’kWh
(1). This is the most common storage system in the
electricity sector.'

2.2. Compressed air energy storage (CAES)

Compressed air energy storage is a promising
technology of energy storage due to its high efficiency.
The operation of a conventional compressed air energy
storage system is described as follows : Excess
electricity during off-peak hours is used to drive a 2-
stage compressor with intercooling. After the
compression, the compressed air (40-70 bars) is led to
an after-cooler before it gets stored in an underground
storage reservoir. At peak hours ,a combustion
chamber is employed in order to heat-up stored air
and, as a result, to obtain increased power during the
expansion process (expansion with reheating)."”
Compressed Air Energy Storage (CAES) has been
shown to be attractive for providing regulating reserve
and leveling power imbalances hourly and daily (2).
Capital costs for CAES depend on the underground
storage conditions, ranging typically between $400
and $800 per kW Since the self-discharge of the
system is very low, CAES is considered long term
time scale storage installations which can compete

A hybrid MCDM methodology based on type-2 fuzzy sets

with PHS. CAES and PHS are the only storage
technologies that are currently suitable for large scale
power and high energy storage applications. '

2.3. Battery energy storage (BES)

A Dbattery cell includes 4 main parts; the anode
(negative electrode) provides electrons to the load and
is oxidized during the electrochemical reaction; the
cathode (positive electrode) accepts electrons and is
reduced during the reaction; the electrolyte provides
the medium for transfer of electrons between the anode
and the cathode and the separators between positive
and negative electrodes for electrical insulation. '

2.3.1.Lead- acid battery

Lead-—acid battery is the most mature and the cheapest
energy storage device of all the battery technologies
available." The disadvantages of lead-acid batteries are
the poor low-temperature performance, low durability
and environmental concerns due to the use of lead."*

2.3.2. Sodium sulphur battery

Sodium sulphur battery is a high temperature battery,
its working temperature is about 300° C.'*) When
compared with other battery technologies sodium
sulphur batteries have more energy density, a long
cycle capability, high efficiency, no self-discharge,
low maintenance and 99% recyclability.'

2.3.3. Nickel-based battery

The nickel based batteries are mainly the nickel—
cadmium (NiCd), the nickel-metal hybride (NiMH)
and the nickel-zinc (NiZn) batteries. All three types
use the same material for positive electrode and the
electrolyte which is nickel hydroxide and an aqueous
solution of potassium hydroxide with some lithium
hydroxide.'

2.3.4. Lithium-based battery

Lithium-based batteries are widely used in small
applications, such as mobile phones and portable
electronic devices. ' Lithium based batteries have a
very high efficiency and reliability, a good energy
density and a slow self-discharge rate but they are
expensive. ¢

2.4. Flywheel energy storage

Flywheels store kinetic energy in a rotating mass.'®
They store energy in the angular momentum of a
spinning mass. '* The major advantage of flywheel is
that they have a long life capable of providing several
hundreds of thousands of full charge—discharge cycles.
The efficiency of flywheels is high and typically in the
range of 90-95 %.'> Flywheels are adequate for
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interchanging medium and high powers (kWtoMW)
during short periods (seconds) with high energy
efficiency in the range of 90-95%.' The main
disadvantage of low speed flywheels is the limited
energy storage and of high speed flywheels is the cost.
14

2.5. Capacitor energy storage

The most direct and literal way of storing electrical
energy is with a capacitor.'” These systems would be
more suitable for applications with many charge and
discharge cycles and discharge times around 10
seconds.”” Capacitors can be charged substantially
faster than conventional batteries and cycled tens of
thousands of times with a high efficiency.'” However,
the main problem presented by conventional capacitors
is the low energy density. "

2.6. Superconducting magnetic energy storage

Superconducting magnetic energy storage (SMES) is
the only known technology to store electrical energy
directly into electric.'”” Superconducting magnetic
energy storage systems are most commonly used for
power quality improvement and it has installed
capacities of up to about 10 MW."* SMES exhibits a
very high energy storage efficiency (typically >~97%)
and a rapid response (within a few milliseconds) when
compared with other energy storage systems, but only
for short periods of time.'*They are used in a number
of technical applications where very high magnetic
fields are required, such as in medical devices."* The
major problems confronting the implementation of
SMES units are the high cost and environmental issues
associated with strong magnetic field."

2.7. Flow battery energy storage

Flow batteries are electrochemical devices which store
energy in electrolytes which contain dissolved electro
active species. Flow batteries are highly flexible in

terms of energy, as the energy is proportional to the
amount of electrolyte utilised."* Flow batteries can
release energy continuously at a high rate of discharge
for up to 10 hours , they need low maintenance so, and
the storage time is over a long period.">' Flow
batteries have different types in itself. These are
vanadium redox battery (VRB), polysulphide Bromide
Batteries (PSB) and zinc bromine battery (ZnBr). VBR
appears to be better than PSB and ZnB because of its
capacity and life cycleperformance.'

2.8. Hydrogen energy storage

Hydrogen is seen as the most promising alternative to
conventional energy carriers."” Hydrogen is one of the
cleanest the most efficient and the lightest fuel;
however, it is not found naturally and must be
produced from the primary energy sources.' The
advantages of hydrogen are high energy density,
modular construction, applicability to a wider range of
sizes and power outputs and environmentally friendly
operating principles. The disadvantages are its high
costs and low efficiency."

3. The Proposed Methodology

In this paper a hybrid MCDM methodology based on
type-2 fuzzy sets is proposed to evaluate electrical
energy storage alternatives. This hybrid methodology
consists of type-2 fuzzy AHP and type-2 fuzzy
TOPSIS methodologies as shown in Figure 1. Based
on the studies in literature and decision makers’
opinions, the alternatives are determined. Then, main
and sub-criteria that affect these alternatives are
identified. By using type-2 fuzzy AHP, the sub-criteria
weights are determined. These obtained weights are
used in the type-2 fuzzy TOPSIS and the best
electrical energy storage alternatives are determined.
Figure 1 explains the framework of the proposed
methodology.
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Fig. 1. The flowchart of the proposed methodology based on type-2 fuzzy sets

3.1. Type-2 fuzzy sets

Type-2 fuzzy sets are an extension of an ordinary
fuzzy set. Its membership functions are type-1 fuzzy
sets.'’ Type-1 fuzzy sets are not able to directly model
uncertainties because their membership functions are
totally crisp. On the other hand, type-2 fuzzy sets can
model uncertainties because their membership
functions are fuzzy.'” Type-2 fuzzy sets can be used to
convey the uncertainties in membership functions of
type-1 fuzzy sets, due to the dependence of the
membership functions on available linguistic and
numerical information.'” In this section the general
definitions of type-2 fuzzy sets are explained as
follows: '

Definition 1: A type 2 fuzzy set 4 in the universe of
discourse X can be represented by a type -2

membership function /5 shown as follows:
;1 = {((x,u),y/i (x,u)) H‘v’x eX,VuelJ c[0,1],0< yj(x,u) < 1}

M

where J, denotes an interval in [0,1]. Furthermore, the

type-2 fuzzy set A also can be represented as follows :
A= [ s [ e tts = o) () @

where  J, clo,1]and j J- denotes union overall

admissible x and u.

Definition 2 : Let 4 be type-2 fuzzy set in the
universe of discourse X represented by the type-2

membership function H = If all H % (xu)=1, then

Ais called an interval type-2 fuzzy set. An interval

type-2 fuzzy set Acan be regarded as a special case of
a type-2 fuzzy set, represented as follows:

A=[ o] yer 1V (), (3)
where J, c[o1].

Definition 3: The upper membership function and the
lower membership function of an interval type-2 fuzzy
set are type-1 membership functions, respectively.

A trapezoidal interval type-2 fuzzy set: **"

~ ~ L U U L L
i-ua >=[[aﬁ,as,az,az;Hl<Af Vi >],[a,ﬁ,a,z,a,z,a‘a;ﬂl<m V(A >]]
“

u L

where  4;and  4; are sets.

type 1
U

ay,a%.a5.a%.affab.afs and af; are the reference points

fuzzy

- U
of the interval type-2 fuzzy set 4;,H;(4; )denotes the

membership value of the element af(] 1) in the upper

trapezoidal function

U

Ai 1<j<2H j(A,»L) denotes the membership value of the

membership

element a’

i) in the lower trapezoidal membership
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function

L U U L L

Ai 1< j<2,H (4 )el01],Hy(4; )01 Hi(4i ) e[01] Hy(4; ) [0,1]
,1<i<n. (%)

3.2. Type-2 fuzzy AHP

In this paper, the fuzzy AHP methodology is
considered with type-2 fuzzy set theory to determine
the weights of sub-criteria. In this sub-section the steps
of fuzzy AHP based on interval type-2 fuzzy sets are
detailed *** %,

Step 1: Fuzzy decision matrices for each criterion and
alternative are created as shown below:.

1 alZ alm - 1
- - | where 5 =__
R z i =2
A=|a, 1 .. a,, ay
1 (6)
L4y Gy 1 i
where

= _ U U U U. U U
a=[(ay,ap,ap;,a;H(a” ), Hy(a") ],

L L L L. L L
((111,(112,0139a14a[_]1(a )9H2(a ))] (7)
Therefore,

1 1 1 1 1 ; , 1 1 1 1
== [T,TaT:T%Hl(ale):Hz(albz)J:[T7TfT’T;H1(“ILZ)’Hﬁ(alLl)J
a a, a; a, a, 4 @3 dip Ay

®)

Step 2: The consistency of the comparison matrices
are checked. It should be less than 0.1.

Step 3: Fuzzy geometric mean for each criterion are
obtained based on Eq. (9).

-~ - ~ o1

r =[0,®ap®...®0a, 1" ©)

1 1 1 1 1 1 1 1

(@) = (" aa ) a5 )7 (0l Ho ), H e ) (0" () ()" ()" H (), Ho(ay)
(10)
Step 4: The fuzzy weights of criteria are determined

by using Eq. (11).

Vlfi:%f@[ﬁ+fz+...+i] an

3.3. Type-2 fuzzy TOPSIS

In this sub-section, the steps of fuzzy TOPSIS
methodology based on interval type-2 fuzzy sets are
explainedlg: X is a set of alternatives where X={x;,
Xperenranns , Xp} and F is a set of attributes where F={f},
| YT , fn}. There are k decision makers Dy, D,,.....,
D\. The set F of attributes can be divided into two sets
F, and F,, where F, denotes the set of benefit
attributes, F, denotes the set of cost attributes,
FiNF,=¢ and F,UF,=F.

Step 1: The decision matrix Y, of the p” decision-

maker and the average decision matrix Y is
constructed.

AR
Vo= ma L2\ 15 12 o S

Ilrs 1w s
(12)
_(f;'j)mxn
- (flefie.eft) =
where f,/ = ‘k =1, fy is an interval

type-2 fuzzy set, 1 <i<m, 1 <j<n,1<p<k,andk

denotes the number of decision makers.
Step 2: The weighting matrix W, of the attributes of

the pth decision —maker and the average weighting

matrix W, respectively as follows:

A £ S

Wp = (I/Vip)lxm = I/le I/V2p VVmp (13)

W=|W | where

1xm
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(14)
Ww,is an interval type-2 fuzzy set, 1<i<m,

1< p<k and k denotes the number of decision

makers.

Step 3: The weighted decision matrix Y is

constructed.

YW_(VU)

mxn

m?2 e mn

(15)

where v, =wi®f; 1<i<m and 1<j<n

> >

Step 4: The ranking value Rank (\sij)of the interval

type-2 fuzzy set (\ij), where 1< j <n is calculated
based on Eq. ( 16 ). Then the ranking weighted

decision matrix Y is constructed.

The concept of ranking values of trapezoidal interval
type-2 fuzzy sets are presented by( 20, 19). The

ranking value Rank (Al.) of the trapezoidal interval

type-2 fuzzy set 1:15 is defined as follows':

A hybrid MCDM methodology based on type-2 fuzzy sets

Rank

(16)

M (Aj
where denotes the average of the elements

ajip and yjipi1),

Mp[A;j (a) +a,(p+l))/2,lSpﬁ3,Sq(Aiij

denotes the standard deviation of the elements a;” and

(pt1)
i

N;‘ 1 g+l q+]
S; A |= AQ{E: _‘712:‘Zk
k-q AOq

1<q<3, S{ fiijdenotes the standard deviation of the

elements ajil, ajjz, ajiga oo

()-8t (4]

denotes the membership value of the element aji(p+1)
trapezoidal membership

in the

function. 4/,1< p<2,je{U,L}, and 1<i<n.

); [Ranl{ ; D where 1<i<m and 1<j<n.

a7

Step 5: The positive ideal solution

x" = (vi',v2',...,v;y)) and the negative ideal solution

X =(v{,Va2,...,vy) are determined. Where
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= if fl e F,
maxy Rank(v;) ,
1<j<n
18
. (18)
min4 Rank(v;) e, iff; e F,
1<j<n
and
min Rank(v;) , if fieF
1<j<n
. (19)

max- Rank(v;) r,
1<j<n

iffiGFz

where F, denotes the set of benefit attributes, F,
denotes the set of cost attributes and 1<i<m.

Step 6: The distance d” (x;) between each alternative x;
and the positive ideal solution x" is calculated , shown

as follows:

d*(x,)= Z[Rank(§,-,-)—v;]

i=1

(20)

where 1<j<n. The distance d(xj) between each
alternative x; and the negative ideal solution X is

calculated, shown as follows:

m

d (x,)= Z Rank(vy) —v.

i=1

@n

where 1<j<n.

Step 7: The relative degree of closeness C(x;) of X;
with respect to the positive ideal solution x' is

calculated , shown as follows:

d (x))
Clx)=—— 77
) d*(x;)+d (x;)

(22)
where 1<j<n.

Step 8: The values of C(x;) in a descending sequence
is sorted , where 1<j<n. The larger the value of C(x;),
the higher the preference of the alternative xj, where

1<j<n.

4. Application of the Proposed Methodology

In this paper, a new hybrid methodology based on type
2 fuzzy AHP and TOPSIS methodologies is proposed.
The aim of the proposed methodology is to determine
on the best electrical energy storage technology among
alternatives. The proposed methodology consists of
two main steps: fuzzy AHP and fuzzy TOPSIS. Fuzzy
AHP based on type-2 fuzzy sets provides to determine
the weights of criteria and sub-criteria that are used to
determine the best alternative. In the second stage the
fuzzy TOPSIS methodology based on type-2 fuzzy
sets evaluate the alternatives according to these
criteria. There are many different factors that affect the
most suitable electrical energy storage technology. The
criteria and alternatives are identified by the decision
makers and from the literature. To evaluate the criteria
and alternatives three decision makers that are experts
in energy field are selected. Then the decision makers
evaluate the main and sub- criteria by using a
linguistic scale shown in Table 1. The weights of sub-
criteria are determined with type-2 fuzzy AHP and
using these weights total points of each alternative are
determined and the best electrical energy storage
alternative is chosen.
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Table 1. Linguistic scales

Linguistic Terms

Type-2 Fuzzy Numbers

Equal (Eq) [(L,L1,1;1,1),(, L1, 1; 0.90, 0.90)]

More Important (Mo)

[(1,2,4,5; 1, 1), (1.2, 2.2, 3.8, 4.8; 0.90, 0.90)]

Very Important (Vr)

[3,4,6,7; 1, 1), (3.2,4.2, 5.8, 6.8; 0.90, 0.90)]

Very Strong Important (Vs)

[(5,6,8,9; 1, 1), (5.2, 6.2, 7.8, 8.8; 0.90, 0.90)]

Absolutely Important (Ab)

[(7,8,9,9: 1, 1), (7.2, 8.2, 8.8, 8.8; 0.90, 0.90)]

There are different criteria that have critical influence
on the selection process. The alternatives and criteria
are determined by the decision makers and from the
studies in literature. '*'*'*!52! There are three decision
makers. One of them is an academician his research
interests are multi-criteria decision making and energy
systems. Two decision makers are managers at the
energy companies.
The alternative technologies are determined as follow:
-Compressed Air Energy Storage
- Pumped Hydro Energy Storage
- Battery Energy Storage
-Flywheels
-Capacitors
- Superconducting Magnetic Energy Storage
The main criteria are grouped under four categories.
The four main criteria have 16 sub-criteria and a sub-
criterion has its own sub-criteria. These are:
C,:Political and Social
- Cyy: Social acceptance
- Cyy: Political acceptance
C,: Environmental impacts
- Cy;: Green land impacts
- Cy,: Ecological impacts
- Cy: Toxic impacts
- Cy4: Human health impacts

- C;5: Capital cost
- Cj,: Storage cost
- Cj3: Operation and Maintenance cost (O&M)
- Cj4: Energy cost
C4: Technical
- Cy;: Storage capacity
- Cy: Density
- Cg: Efficiency

- Cy4: Discharge ratio
- Cys:Maturity
- Cy Lifetime
0 Cy61: Cycle number
0 Cyg: Reliability
Figure 2 shows the hierarchical structure for selection
of the electrical energy storage alternative problem.
The decision makers evaluate every sub-criteria
according to the linguistic scale that is shown in Table
1. Table 2 shows an example for the evaluations of
three decision makers related with sub-criteria of
“Cost”.

Table 2. An example for the evaluations of three decision
makers related with sub-criteria of “Cost”

DM1
Capital | Storage | O&M | Energy
Capital Vr Mo Mo
Storage 1/Mo 1/Mo
O&M Vr
Energy
DM2
Capital | Storage | O&M | Energy
Capital Vr Mo Mo
Storage I/Mo | 1/Mo
0&M Mo
Energy
DM3
Capital | Storage | O&M | Energy
Capital Vr Mo Mo
Storage 1/Mo | 1/Mo
O0&M Mo
Energy
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Fig. 2. The hierarchical structure of the problem
While type-2 fuzzy sets enable more flexible and The evaluations of decision makers have been checked
sensitive analysis, type-2 fuzzy AHP is preferred to with respect to consistency and the ratio of 0.1 is
obtain the weights of criteria. Table 3 shows the confirmed.

weights of each sub-criteria as type-2 fuzzy numbers.

Table 3 Type-2 fuzzy weights of sub-criteria

Type-2 fuzzy weights
[(0.004, 0.011, 0.066, 0.24; 1, 1), (0.005, 0.013, 0.054, 0.175; 0.9, 0.9)]
Cycle number [(0.002, 0.007, 0.068, 0.301; 1, 1), (0.003, 0.009, 0.053, 0.21; 0.9, 0.9)]
Reliability [(0,0.002, 0.014, 0.066; 1, 1), (0.001, 0.002, 0.011, 0.045; 0.9, 0.9)]
[(0.003, 0.008, 0.048, 0.185; 1, 1), (0.003, 0.009, 0.038, 0.132; 0.9, 0.9)]

Sub-criteria

Lifetime

Maturity

[(0.002, 0.005, 0.028, 0.108; 1, 1), (0.003, 0.006, 0.024, 0.084; 0.9, 0.9)]
Efficiency [(0.002, 0.004, 0.022, 0.088; 1, 1), (0.002, 0.005, 0.018, 0.062; 0.9, 0.9)]
Density [(0.002, 0.003, 0.019, 0.083; 1, 1), (0.002, 0.004, 0.015, 0.057; 0.9, 0.9)]
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Sub-criteria

Type-2 fuzzy weights

Storage Capacity

[(0.005, 0.017, 0.104, 0.35; 1, 1), (0.007, 0.02, 0.085, 0.261; 0.9, 0.9)]

Energy cost

[(0.009, 0.028, 0.187, 0.639; 1, 1), (0.012, 0.039, 0.175, 0.494; 0.9, 0.9)]

O&M cost

[(0.014, 0.052, 0.345, 1.076; 1, 1), (0.02, 0.063, 0.279, 0.818; 0.9, 0.9)]

Storage cost

[(0.005, 0.016, 0.099, 0.356; 1, 1), (0.007, 0.019, 0.079, 0.259; 0.9, 0.9)]

Capital cost

[(0.026, 0.099, 0.622, 1.702; 1, 1), (0.036, 0.119, 0.509, 1.342; 0,9, 0,9)]

Human health impacts

[(0.015, 0.054, 0.345, 1.044; 1, 1), (0.029, 0.074, 0.282, 0.505; 0.9, 0.9)]

Toxic impacts

[(0.003, 0.009, 0.055, 0.218; 1, 1), (0.005, 0.01, 0.041, 0.144; 0.9, 0.9)]

Ecological impacts

[(0.008, 0.024, 0.147, 0.491; 1, 1), (0.012, 0.028, 0.113, 0.341; 0.9, 0.9)]

Green land impacts

[(0.007, 0.02, 0.124, 0.429; 1, 1), (0.01, 0.024, 0.094, 0.294; 0.9, 0.9)]

Political acceptance

[(0.008, 0.015, 0.064, 0.23; 1, 1), (0.009, 0.017, 0.053, 0.166; 0.9, 0.9)]

Social acceptance

[(0.018, 0.042, 0.181, 0.515; 1, 1), (0.022, 0.048, 0.153, 0.399; 0.9, 0.9)]

The obtained fuzzy weights are used in the type-2
fuzzy TOPSIS method to get the final ranking of the
best electrical energy storage technology. The decision
makers evaluate the alternatives according to sub-

criteria using the same linguistic scale in Table 1.
Table 4 shows the linguistic evaluation of alternatives
according to social acceptance  sub-criteria.

Table 4. Linguistic evaluation of alternatives according to social acceptance

Sub-criteria Alternatives DM1 | DM2 | DM3
Compressed Air Energy Storage Vr Vr Mo
Pumped Hydro Energy Storage Mo Mo Vr
Battery Energy Storage Eq 1/Vr | 1/Mo

Social acceptance

Flywheels Eq 1/Mo | 1/Mo
Capacitors 1/Mo | 1/Vr | 1/Mo
Superconducting magnetic energy storage 1/Vr 1/Vr 1/Vr

The arithmetic mean of three decision makers’
evaluation is calculated and the average results are
obtained. Table 5 shows the average decision matrix
for the social acceptance sub-criteria. These results are
multiplied with the weights that are determined by
type-2 fuzzy AHP and the weighted matrix is created.
Then the ranking values are obtained. Positive and

negative ideal solutions are obtained. Table 6 indicates
the positive and negative ideal solutions of
alternatives. Lastly the final results of alternatives are
calculated. Table 7 shows the final rankings of
alternatives according to type-2 fuzzy TOPSIS
method.

Table 5. Average decision matrix for the social acceptance sub-criteria

Alternatives

Type-2 fuzzy numbers

Compressed Air Energy Storage

[(2.3,3.33,5.33,6.33;1,1),(2.53,3.53,5.13,6.13;0.9,0.9)]

Pumped Hydro Energy Storage

[(1.6,2.67,4.67,5.67;1,1),(1.87,2.87,4.47,5.47;0.9,0.9)]

Battery Energy Storage [(0.4,0.47,0.58,0.78;1,1),(0.45,0.48,0.56,0.72,0.9,0.9)]
Flywheels [(0.4,0.50,0.67,1.00;1,1),(0.47,0.51,0.64,0.89,0.9,0.9)]
Capacitors [(0.18,0.22,0.42,0.78;1,1),(0.19,0.23,0.38,0.66;0.9,0.9)]

Superconducting Magnetic energy storage

[(0.14,0.17,0.25,0.33;1,1),(0.15,0.17,0.24,0.31;0.9,0.9)]
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Table 6. Positive and negative ideal solutions of alternatives

Alternatives @ @)
Compressed Air Energy Storage 3.779 20.424
Pumped Hydro Energy Storage 11.893 11.322

Battery Energy Storage 16.480 4.090
Flywheels 17.327 9.271
Capacitors 14.155 8.570

Superconducting magnetic energy storage

19.496 4.411

Table 7. Final result of alternatives

Alternatives Relative degree of closeness
Compressed Air Energy Storage 0.844
Pumped Hydro Energy Storage 0.694
Battery Energy Storage 0.199
Flywheels 0.349
Capacitors 0.377
Superconducting Magnetic Energy Storage 0.185

According to hybrid methodology based on type-2
fuzzy sets, the alternative “Compressed Air Energy
Storage” technology is obtained as the best electrical
energy storage technology. “Pumped Hydro Energy
Storage” technology ranked second best alternative.
Then the best alternatives are “Flywheels”,
“Capacitors” and “Battery Energy  Storage”
technologies respectively. And “Superconducting
Magnetic Energy Storage” technology is ranked sixth
best alternative.

4.1. Sensitivity analysis

In this sub-section a sensitivity analysis is conducted
to show effects of criteria weights on ranking. For this
aim, the weights of the sub-criteria “Capital cost” and
“Human health impacts” are changed and their impacts
on the final score of alternatives have been analyzed..
Table 8 shows the weights of “Capital cost” and
“Human health impact” according to five scenarios.

Table 8. The weights of “Capital cost” and “Human health impacts” for sensitivity analysis

Sub-criteria Weights
Actual situation Capital cost [(0.026, 0.099, 0.622, 1.702; 1, 1), (0.036, 0.119, 0.509, 1.342; 0,9, 0,9)]
Human health impacts [(0.015, 0.054, 0.345, 1.044; 1, 1), (0.029, 0.074, 0.282, 0.505; 0.9, 0.9)]
Scenario 1 Capital cost [(0.052,0.2,1.24,3.4; 1, 1), (0.072, 0.24, 1.08, 2.68; 0.9, 0.9)]
Human health impacts [(0.015, 0.054, 0.345, 1.044; 1, 1), (0.029, 0.074, 0.282, 0.505; 0.9, 0.9)]
Scenario 2 Capital cost [(0.013, 0.05, 0.31, 0.85; 1,1), (0.018, 0.06, 0.255, 0.67; 0.9, 0.9)]
Human health impacts [(0.015, 0.054, 0.345, 1.044; 1, 1), (0.029, 0.074, 0.282, 0.505; 0.9, 0.9)]
Scenario 3 Capital cost [(0.026, 0.099, 0.622, 1.702; 1, 1), (0.036, 0.119, 0.509, 1.342; 0,9, 0,9)]
Human health impacts [(0.03, 0.108, 0.69, 2.09), ( 0.058, 0.148, 0.56, 1.01; 0.9,0.9)]
Scenario 4 Capital cost [(0.026, 0.099, 0.622, 1.702; 1, 1), (0.036, 0.119, 0.509, 1.342; 0,9, 0,9)]
Human health impacts [(0.007, 0.027,0.172, 0.522; 1, 1), (0.014, 0.037, 0.141, 0.252
Scenario 5 Capital cost [(0.052,0.2,1.24,3.4; 1, 1), (0.072, 0.24, 1.08, 2.68; 0.9, 0.9)]
Human health impacts [(0.03, 0.108, 0.69, 2.09), ( 0.058, 0.148, 0.56, 1.01; 0.9,0.9)]

Table 9 shows relative degree of closeness of energy
storage alternatives according to five different

scenarios. Table
alternatives.

10 represents the rankings of
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Table 9. Final results of alternatives according to scenarios

. Battery Superconducting
%;:;l;l;;iii%: Eﬁ::lg);dslt—f){:gz Energy Flywheels | Capacitors Magnetic Energy
Storage Storage
Actual 0.844 0.694 0.199 0.349 0.377 0.185
situation
Scenario 1 0.864 0.668 0.122 0.259 0.323 0.138
Scenario 2 0.810 0.723 0.278 0.409 0.422 0.216
Scenario 3 0.863 0.554 0.173 0.467 0.441 0.161
Scenario 4 0.838 0.757 0.208 0.287 0.351 0.192
Scenario 5 0.902 0.593 0.115 0.354 0.365 0.127
Table 10. The ranking of alternatives according to scenarios
. Battery Superconducting
%‘:}3};;;1‘:}?;;2‘ Eﬁglg)ifdslt?;gg Energy Flywheels Capacitors Magnetic Energy
Storage Storage

Actuql 1 2 5 4 3 6
situation
Scenario 1 1 2 6 4 3 5
Scenario 2 1 2 5 4 3 6
Scenario 3 1 2 5 3 4 6
Scenario 4 1 2 5 4 3 6
Scenario 5 1 2 6 4 3 5

According to Table 10, The alternative “Compressed
Air Energy Storage” is always the best alternative for
energy storage. By the way, the alternative “Pumped
Hydro Energy Storage” is always the next alternative
for energy storage. If the weight of “Capital cost” has
been increased, the rankings of “Battery Energy
Storage” and “Superconducting Magnetic Energy
Storage” are changed with each other. If the weight of
“Human health impacts” has been increased, the
rankings of “Flywheels” and “Capacitors” are
changed.

5. Conclusion

There are different factors that should be considered
while deciding on the best electrical energy storage
alternatives. Under different situations the most
appropriate technology can be changed. Therefore,
electrical energy storage selection problem is a multi-
criteria decision making problem. In this paper a two
stage integrated multi criteria decision making
methodology based on type-2 fuzzy sets is proposed to
select the best electrical energy storage technology.
The originality of this study is to use a hybrid MCDM
methodology based on type-2 fuzzy sets for
determining the best electrical energy storage
alternatives. Using fuzzy sets help to obtain more
sensitive results and with fuzzy numbers the
definitions can be done more easily. In this paper the
proposed hybrid methodology has been used to
determine the most suitable energy storage alternative.
For this aim, 6 different alternative technologies are
considered with a hierarchical structure consists of 4

main criteria and 16 sub-criteria. The weights of
criteria are calculated by using type-2 fuzzy AHP and
the alternatives are evaluated by using type-2 fuzzy
TOPSIS. According to results obtained, “Compressed
Air Energy Storage” technology is determined the best
electrical energy storage alternative. Then a sensitivity
analysis is conducted to analyze the effects of sub-
criteria weights on the alternatives. “Capital cost” and
“Human health impacts” sub-criteria weights are
changed the results are analyzed. Increasing and
decreasing these sub-criteria weights did not change
the best and the second best alternatives. “Compressed
Air Energy Storage” technology is determined in all
situations by far the best alternative. In the future
research, other MCDM methodologies based on type-2
fuzzy sets can be applied to the same problem and the
results can be compared with the obtained results in
this study.
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