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Abstract: Energy storage technology plays an important role for promoting the development of 24 

renewable energy sources due to their highly erratic and intermittent characteristics. However, it is 25 

usually difficult for the decision-makers/stakeholders to select the most sustainable scenario among 26 

multiple energy storage technologies. This study aims at developing a novel multi-criteria decision 27 

making method by combining the interval analytic hierarchy process (IAHP) and the intuitionistic 28 

fuzzy combinative distance-based assessment method for prioritizing the alternative energy storage 29 

technologies. Four alternative energy storage technologies including pumped hydro, compressed air, 30 

lithium-ion, and flywheel were studied by the proposed method, the sustainability sequence of the 31 

four energy storage technologies from the most sustainable to the least is pumped hydro, flywheel, 32 

lithium-ion, and compressed air. Sensitivity analysis was also carried out to investigate the effects 33 

of the weights of the metrics on the sustainability ranking of the four alternative energy storage 34 

technologies, and the results reveal that altering the preferences/willingness of the decision-35 

makers/stakeholders and the relative importance of the metrics will change the sustainability 36 

ranking of the four energy storage technologies. 37 

 38 

Keywords: Energy storage technologies; sustainability; intuitionistic fuzzy set; Combinative 39 

Distance-based Assessment Method 40 

 41 
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1. Introduction 48 

   The development of the power based on renewable energy sources (i.e. wind power, solar energy, 49 

and tidal energy, etc.) has been recognized as a promising way for energy security improvement and 50 

emissions mitigation all over the world (Ren and Sovacool, 2015). However, the integration of 51 

renewable energy sources into grid is often faced with reluctance by the utility operators due to the 52 

intermittent and stochastic features of renewable energy sources (Hall and Bain, 2008; Kuravi et al., 53 

2013). With the increase of the share of intermittent renewable energy sources in the power industry 54 

in many countries, energy storage technology for creating smart grid with a better utilization of 55 

fluctuating renewable energy sources becomes more and more important.  56 

As discussed above, energy storage technology for facilitating the large-scale integration of 57 

variable renewable electricity sources, plays an important role in promoting the integration of 58 

renewable energy sources into grid through capturing immediate resources and keeping until they 59 

are required as renewable energy sources  are usually highly erratic and intermittent (Satkin et al., 60 

2014). However, it is usually difficult for the decision-makers/stakeholders to select the most 61 

sustainable or the most suitable energy storage technology, because the decision-makers usually 62 

face multiple alternative choices for energy storage, i.e. mechanical (pumped hydro, compressed air 63 

and flywheel), electrochemical, thermochemical, thermal, chemical, and electrical energy storage 64 

technologies (Luo et al., 2015). Meanwhile, the decision-making process also involves multiple 65 

conflict criteria when selecting the most suitable/sustainable scenario among multiple energy 66 

storage technologies.  67 

 According to literature reviews (Hadjipaschalis et al., 2009; Divyaand Østergaard, 2009; Koohi-68 

Kamali et al., 2013), it is apparent that different energy storage technologies have different 69 

performances on economic, environmental and social aspects. For instance, the capital costs of 70 

pumped hydro energy storage and lithium-ion energy storage are different; they also have different 71 
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environmental impacts and technological characteristics; in addition, the social impacts of these two 72 

technologies are also different because of their different performances on economic, environmental 73 

and technological aspects. Therefore, the decision-making on energy storage technology selection is 74 

of vital importance for the decision-makers/stakeholders to select the best scenario among multiple 75 

alternatives.  76 

There are many studies focusing on multi-criteria decision making on the selection of energy 77 

storage technologies.  For instance, Vo et al. (2017) employed cost, position flexibility, storage 78 

capacity/discharge time, efficiency, environmental issues, and energy carrier vector to compare 79 

three energy storage technologies, i.e. power to gas (methane), pumped hydroelectric storage and 80 

compressed air energy storage. Barin et al. (2009) combined Analytic Hierarchy Process (AHP) and 81 

fuzzy logic to evaluate the energy storage systems. Lee and Ho (2016) developed a technology 82 

evaluation technique to analyze the promising electricity storage technologies by considering 83 

multiple criteria (i.e. operation cost, safety, and deep-cycle life, etc.). All these studies are beneficial 84 

for the decision-makers/stakeholders to select the best energy storage technologies; however, there 85 

are still two research gaps: 86 

(1) The lack of the methods for multi-criteria decision making under uncertainties, most of the 87 

previously published works have to know the exact data of the alternative energy storage 88 

technologies with respect to the metrics, while it is usually difficult to obtained all the data, 89 

and the methods for decision-making under uncertainties are of vital importance; 90 

(2) The lack of the  methods for accurately determining the weights of the metrics which 91 

represent the preferences/willingness of the decision-makers/stakeholders; AHP is the most 92 

widely used method for weights determination in the multi-criteria decision making on the 93 

selection of the alternative energy storage technologies, while this method replies on the 94 

scales from 1 to 9 and their reciprocals to establish the comparison matrix, it is usually 95 
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difficult for the users to use a crisp number to depict the relative perference of one metric 96 

over another. 97 

The objective of this study is to overcome the above-mentioned two research gaps and develop a 98 

generic sustainability assessment method for prioritizing the alternative energy storage technologies 99 

comprehensively with the considerations of multiple sustainability criteria under uncertainties 100 

according to the actual conditions and the preferences of the decision-makers/stakeholders for the 101 

integration of renewable energy sources into grid, and to achieve scientific and democracy decisions 102 

for adapting the increased renewable energy penetration. The results obtained by the proposed 103 

method highlight the development roadmap of energy storage technology forpromoting the 104 

development of renewable energy. 105 

 106 

2.  Methods 107 

There are three parts in this section. The criteria for sustainability assessment of  energy storage 108 

technology were firstly presented in section 2.1; fuzzy set and intuitionistic fuzzy set were 109 

subsequently introduced in section 2.2; The intuitionistic fuzzy Multi-criteria decision making 110 

method was then developed by combining the Interval Analytic Hierarchy Process (IAHP) and the 111 

developed the Intuitionistic Fuzzy Combinative Distance-based Assessment Method (IFCODAS) in 112 

section 2.3. 113 

    2.1 Criteria for sustainability assessment of energy storage technology 114 

Sustainability or sustainable development refers to achieve economy booming, environmental 115 

protection and social responsibility simultaneously (Ren et al., 2016). Thus, economic, 116 

environmental, and social issues are the three pillars of sustainability, and the criteria/metrics in 117 

these three aspects are widely used for sustainability assessment. A total of nine metrics in four 118 

aspects including economic, environmental, technological, and social aspects are summarized for 119 
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sustainability assessment of energy storage technology, and they are capital cost (EC1), life (EC2), 120 

and operating cost (EC3) in economic aspect (EC), CO2 density (EN1) and integrated environmental 121 

impact (EN2) in environmental aspect (EN), energy efficiency (T1), energy density (T2), and 122 

technology maturity (T3) in technological aspect (T) , and social acceptability (S1) in social aspect 123 

(S) based on literature review  (Ren and Ren, 2017) and focus group meetings. 124 

2.2 Fuzzy set and intuitionistic fuzzy set 125 

Definition 1. Fuzzy sets (FS) (Zadeh, 1965) 126 

The set X is an universe of discourse composed by x, and a fuzz set a  can be characterized by a 127 

membership function ( )a xµ


which can measure the degree of x belonging to α. ( )a xµ


represents 128 

the membership of x in a  129 

}{( , ( )) |ax x x Xα µ= ∈      (1) 130 

Definition 2. Intuitionistic fuzzy set (IFS) 131 

    Assuming that X is an object collection of x and Xβ ∈  is a fixed set, the intuitionistic fuzzy set 132 

β  on X can be defined as (Atanassov, 1986): 133 

}{( , ( ), ( )) |x x x x Xβ ββ µ υ= ∈      (2) 134 

where ( ) [ ] ( ) [ ]: 0,1 , 0,1x X x X xβ βµ µ→ ∈ → ∈  represents the degree of membership of the 135 

element x X∈  to the set β , and ( ) [ ] ( ) [ ]: 0,1 , 0,1x X x X xβ βυ υ→ ∈ → ∈  is the degree of 136 

non-membership of the element x X∈  to the set β . 137 

  βµ  and ( )xβυ  usually satisfies  ( ) ( )0 1x xβ βµ υ≤ + ≤  for all x X∈ .Besides the degree of 138 

membership and non-membership, an indeterminacy degree, so-called “hesitancy degree” of x to 139 

the set β  which is different from the numbers ( )xβµ  and ( )xβυ  representing the degree of 140 

membership and the degree of non-membership of the element x X∈  to the set β , can measure 141 
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the degree of indeterminacy of x X∈  to the set β  is defined as: 142 

( ) ( ) ( )1 ,x x x x Xβ β βπ µ υ= − − ∈      (3) 143 

 Accordingly, an intuitionistic fuzzy number β  can usually be represented by ( ), ,β β ββ µ υ π=  144 

which included the degree of membership, non-membership, and indeterminacy degree. 145 

 Definition 3. Arithmetic operations (Xu and Yager, 2006) 146 

  Let ( ), ,γ γ γγ µ υ π=  and ( ), ,β β ββ µ υ π=  be two intuitionistic fuzzy numbers, and the 147 

arithmetic operations between these two intuitionistic fuzzy numbers were presented as follows: 148 

Addition 149 

( ) ( ) ( ), , , , , ,1γ γ γ β β β γ β γ β γ β γ β γ β γ βγ β µ υ π µ υ π µ µ µ µ υ υ µ µ µ µ υ υ⊕ = ⊕ = + − + − − −150 

(4) 151 

( ) ( ) ( )
1 1 1 1 1 1

, , 1 1 , , 1
j j j j j j j

n n n nn n

jj j j j j j
γ γ γ γ γ γ γγ µ υ π µ υ µ υ

= =
= = = =

 
⊕ = ⊕ = − − − − 

 
∏ ∏ ∏ ∏   (5) 152 

Multiplication 153 

( ) ( ) ( ), , , , , ,1γ γ γ β β β γ β γ β γ β γ β γ β γ βγ β µ υ π µ υ π µ µ υ υ υ υ υ υ µ µ υ υ⊗ = ⊗ = + − + − − − (6) 154 

( ) ( ) ( )
1 1 1 1 1 1

, , , 1 ,1 1
j j j j j j j

n n n nn n

jj j j j j j
γ γ γ γ γ γ γγ µ υ π µ υ µ υ

= =
= = = =

 
⊗ = ⊗ = − − − − 

 
∏ ∏ ∏ ∏   (7) 155 

Scale multiplication 156 

( ) ( ) ( ) ( )( )1 1 , , 1
λ λ λ λ

γ γ γ γλγ µ υ µ υ= − − − −     (8) 157 

where λ  is a crisp number. 158 

Definition 4. Geometric distance (Szmidt and Kacprzyk, 2000). 159 

   The distance between two intuitionistic fuzzy sets ( ), ,γ γ γγ µ υ π=  and ( ), ,β β ββ µ υ π=  can 160 
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be determined by Eqs.9-10. 161 

   The Hamming distance: 162 

( ) ( ) ( ) ( ) ( ) ( ) ( )( )
1

1,
2

n

j j j j j j
j

d x x x x x xγ β γ β γ βγ β µ µ υ υ π π
=

= − + − + −∑  (9) 163 

The Euclidean distance: 164 

( ) ( ) ( )( ) ( ) ( )( ) ( ) ( )( )2 2 2

1

1,
2

n

j j j j j j
j

d x x x x x xγ β γ β γ βγ β µ µ υ υ π π
=

 = − + − + −  ∑  (10) 165 

Definition 5.  Score and accuracy degree of an intuitionistic fuzzy set (Hong and Choi, 2000). The 166 

score and the accuracy degree of the intuitionistic fuzzy set ( ), ,γ γ γγ µ υ π=  can be determined by 167 

Eq.11 and Eq.12, respectively. 168 

Sγ γ γµ υ= −       (11) 169 

Hγ γ γµ υ= +       (12) 170 

 where Sγ  and Hγ  are the score and  the accuracy degree of the intuitionistic fuzzy set171 

( ), ,γ γ γγ µ υ π= . 172 

2.3  Intuitionistic fuzzy Multi-criteria decision making method 173 

     A novel multi-criteria decision making (MCDM) method was developed for sustainability 174 

ranking of the alternative energy storage technologies by combining the IAHP and IFCODAS, the 175 

framework of the developed MCDM method was proposed in Figure 1. The IAHP which allows the 176 

decision-makers to use interval numbers rather than the crisp numbers to determine the comparison 177 

matrix was employed to determine the weights of the criteria for sustainability assessment of energy 178 

storage technologies. The IFCODAS method by combining the Intuitionistic Fuzzy Set (IFS) theory 179 

and the Combinative Distance-based Assessment Method (CODAS) method which allows the 180 

decision-makers/stakeholders using intuitionistic fuzzy numbers to rate the alternative energy 181 



9 
 

storage technologies with respect to each criterion was used to prioritize the alternative energy 182 

storage technologies. 183 

2.3.1 Interval Analytic Hierarchy Process 184 

   The interval Analytic Hierarchy Process (IAHP) consists of four steps (Xu and Da,2003): 185 

Step 1: Determining the interval pair-wise comparison matrix. 186 

Assuming that there a total of n metrics ( )1 2, , , nM M M  which need the decision-makers to 187 

determine the relative weights, the decision-makers were asked to use the nine-scale system 188 

developed by Saaty (2008) to establish the pair-wise comparison matrix (see Table 1). The 189 

traditional AHP method usually used the numbers from 1 to 9 and their reciprocals for comparing 190 

each pair of factors for establishing the pair-wise comparison matrix; however, a single number 191 

sometime cannot depict the relative weight/priority of each pair metrics accurately. For example, 192 

there is not any single number can depict the relative weight/priority of a metric over another when 193 

the decision-makers held the view that the relative importance of a metric over another is between 194 

‘equal importance’ (corresponding to number a) and ‘moderate importance’ (corresponding to 195 

number 3). Accordingly, the interval number [1, 3] can be used to depict this situation. In this way, 196 

the interval comparison matrix for the n  metrics can be determined: 197 

1 2

1 12 12 1 1

2 21 21 2 2

1 1 2 2

1 [ , ] [ , ]
[ , ] 1 [ , ]

[ , ] [ , ] 1

n
L U L U

n n
L U L U

n n

L U L U
n n n n n

M M M
M q q q q

Q M q q q q

M q q q q

± =







    



    (13) 198 

where Q±  represents the interval pair-wise matrix,  [ , ]L U
ij ijq q  is an interval number and denotes the 199 

relative importance of the i-th metric over the j-th metric, and L
ija  and U

ija are the lower and upper 200 

boundary of the interval number [ , ]L U
ij ijq q . 201 

The relative importance of the j-th metric comparing to i-th metric can be determiend by Eq.14. 202 
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1 1 1[ , ], , 1, 2, ,
[ , ]L U U L

ij ij ij ij

i j n
q q q q

= =       (14) 203 

Step 2: Decomposing the interval pair-wise comparison matrix into two crisp nonnegative matrices. 204 

  The interval pair-wise comparison matrix in Eq. 14 can be decomposed into two crisp nonnegative 205 

matrices, as presented in Eqs. 15-16.  206 

12 1

21 2

1 2

1
1 / 1

1 / 1 / 1

L L
n

U L
n

L

U U
n n

q q
q q

Q

q q

=





   



     (15) 207 

12 1

21 2

1 2

1
1 / 1

1 / 1 / 1

U U
n

L U
n

U

L L
n n

q q
q q

Q

q q

=





   



     (16) 208 

  The geometric mean method (Ren et al., 2017) can be used to determine the weights according to 209 

the matrices presented in Eqs.15-16, and the weight vectors determined by these two matrices were 210 

presented in Eq.17 and Eq.18, respectively. 211 

1 2
L L L

L nW ω ω ω =        (17) 212 

1 2
U U U

U nW ω ω ω =        (18) 213 

where LW  and UW  represent the weight vectors determined by the matrices presented in Eq.15 and 214 

Eq.16, respectively. L
jω  and U

jω  are the weights of the j-th metric in LW  and UW , respectively. 215 

Step 3: Determining the interval weights. The interval weights of each metric can be determined by 216 

Eqs.19-21. 217 
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1

1

1n

n
j

ij
i

k
q+=

=

= ∑
∑

      (19) 218 

1

1

1n

n
j

ij
i

m
q−=

=

= ∑
∑

      (20) 219 

    It is worth pointing out that if k and m satisfy 0 1k m< ≤ ≤ , then, the users can use Eq.21 to 220 

determine the interval weight of the j-th metric, or the users should modify the interval pair-wise 221 

comparison matrix to make k and m satisfy this condition. 222 

L U
j j jk mω ω ω±  =         (21) 223 

where jω±  represents the interval weight of the j-th metric. 224 

Step 4: Determining the crisp weights of the metrics. The possibility of jω±  be greater than rω
±  can 225 

be determined by Eq.22 according to Xu and Da (2003). 226 

( ) max 1 max ,0
U L
r j

jr j r U L U L
r r j j

m k
p p

m k m k
ω ω

ω ω
ω ω ω ω

± ±
  − = ≥ = −   − + −    

  (22) 227 

where ( )jr j rp P ω ω± ±= ≥  represents the possibility of jω±  be greater than rω
± . 228 

   After comparing each pair of weights, the possibility matrix can be determined by Eq.23. 229 

11 12 1

21 22 2

1 2

n

n

n n nn

p p p
p p p

P

p p p

=





   



     (23) 230 

  Then, the crisp of each metric can be determined by Eq.24. 231 

1
1

2
( 1)

n

jr
r

j

np

n n
ω =

+ −
=

−

∑
      (24) 232 
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where jω  represents the crisp weight of the j-th metric. 233 

2.3.2 Intuitionistic Fuzzy Combinative Distance-based Assessment Method  234 

The Combinative Distance-based Assessment Method (CODAS) developed by Keshavarz 235 

Ghorabaee et al. (2016) which can measure the overall performances of the alternatives by the 236 

Euclidean and Taxicab distance from the native-ideal solutions. However, the traditional CODAS 237 

method cannot address the vagueness and ambiguity existing human judgements. Accordingly, the 238 

IFCODAS was developed by combining the intuitionistic fuzzy set theory and CODAS method. 239 

The IFCODAS developed in this study was specified as follows: 240 

Step 1: Determining the intuitionistic fuzzy decision-making matrix. Assuming that there are m 241 

alternatives ( )1 2, , , mA A A to be evaluated by n metrics ( )1 2, , , nM M M , the decision-makers 242 

were firstly asked to rate the alternatives with respect to each metric by using the linguistic 243 

variables including extreme good (EG), very good (VG), good (G), medium good (MG), fair (F), 244 

medium poor (MP), poor (P), very poor (VP), and extreme poor (EP). In other words, these 245 

linguistic terms were used to describe the relative performances of the m alternatives with respect to 246 

each of the m metrics. Subsequently, these linguistic variables can be transformed into intuitionistic 247 

fuzzy numbers according to Table 2. Then, the intuitionistic fuzzy decision-making matrix can be 248 

determined, as presented in Eq.13. 249 

1 2

1 11 11 11 12 12 12 1 1 1

2 21 21 21 22 22 22 2 2 2

1 1 1 2 2 2

( , , ) ( , , ) ( , , )
( , , ) ( , , ) ( , , )

( , , ) ( , , ) ( , , )

n
x x x x x x x x x

n n n
x x x x x x x x x

n n n

x x x x x x x x x
m m m m m m m mn mn mn

M M M
A

D A

A

µ υ π µ υ π µ υ π
µ υ π µ υ π µ υ π

µ υ π µ υ π µ υ π

=




    



  (13) 250 

where D  is the decision-making matrix, and ( , , )x x x
ij ij ijµ υ π  represents the relative performance of 251 

the i-th alternative with respect to the j-th metric. 252 
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Step 2: Determining the weighted intuitionistic fuzzy decision-making matrix. The weighted 253 

intuitionistic fuzzy decision-making matrix can be determined by Eqs.14-15. Note that the weights 254 

of the metrics in this study will be obtained by the IAHP method. 255 

1 2

1 1 11 11 11 2 12 12 12 1 1 1

2 1 21 21 21 2 22 22 22 2 2 2

1 1 1 1 2 2 2 2

1 2

1 11

( , , ) ( , , ) ( , , )
( , , ) ( , , ) ( , , )

( , , ) ( , , ) ( , , )

( ,

n
x x x x x x x x x

n n n n
x x x x x x x x x

n n n n

x x x x x x x x x
m m m m m m m n mn mn mn

n

M M M
A

WD A

A
M M M

A

ω µ υ π ω µ υ π ω µ υ π
ω µ υ π ω µ υ π ω µ υ π

ω µ υ π ω µ υ π ω µ υ π

µ υ

=

=





    



11 11 12 12 12 1 1 1

2 21 21 21 22 22 22 2 2 2

1 1 1 2 2 2

, ) ( , , ) ( , , )
( , , ) ( , , ) ( , , )

( , , ) ( , , ) ( , , )

n n n
x x x
n n n

m m m m m m m mn mn mn

A

A

π µ υ π µ υ π
µ υ π µ υ π µ υ π

µ υ π µ υ π µ υ π





    



  (14) 256 

( ) ( ) ( ) ( )( , , ) ( , , ) (1 1 , , 1 )j j j jx x x x x x x
ij ij ij ij j ij ij ij ij ij ij ijwd

ω ω ω ω
µ υ π ω µ υ π µ υ µ υ= = = − − − −  (15) 257 

where WD  represents the weighted intuitionistic fuzzy decision-making matrix, jω  represents the 258 

weight of the j-th criterion, and ( , , )ij ij ij ijwd µ υ π=  is the element of cell (i, j) in the weighted 259 

intuitionistic fuzzy decision-making matrix. 260 

Step 3: Determining the negative-ideal solutions (NIS). The negative-ideal solutions can be 261 

determined by Eqs.16-20. 262 

( , , ), 1, 2, ,j j j jNIS j nµ υ π= =       (16) 263 

arg min( )ij
i

t µ=       (17) 264 

j tjµ µ=        (18) 265 

j tjυ υ=        (19) 266 

1j tj tjπ µ υ= − −       (20) 267 
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 Step 4: Determining the Euclidean distance and the Hamming distances of the alternatives to the  268 

negative-ideal solutions. 269 

The Euclidean distance: 270 

( ) ( ) ( ) ( )2 2 2

1

1,
2

n

ij j ij j ij j ij j
j

E wd NIS µ µ υ υ π π
=

 = − + − + −  ∑   (21) 271 

The Hamming distance: 272 

( ) ( )
1

1,
2

n

ij j ij j ij j ij j
j

H wd NIS µ µ υ υ π π
=

= − + − + −∑    (22) 273 

Step 5: Establishing the relative assessment matrix. The relative assessment matrix can be 274 

determined by Eqs.23-24. 275 

{ }ik m mR r ×=        (23) 276 

( ) ( ) ( ) ( ) ( ) ( ), , , , , ,ik ij j kj j ij j kj j ij j kj jr E wd NIS E wd NIS E wd NIS E wd NIS H wd NIS H wd NIS     = − +Φ − × −     277 

(22) 278 

( ) ( ) ( ) ( )1 , ,
, ,

0
ij j kj j

ij j kj j

if E wd NIS E wd NIS
E wd NIS E wd NIS

if others

τ τ − ≤ − ≤ Φ − =   
 (24) 279 

where Φ  represents the threshold function to recognize the equality of the Euclidean distance of 280 

two alternatives, τ is the threshold value set by the users according to their judgments, and ikr  281 

represent the priority difference of the i-th alternative to the k-th alternative. 282 

Step 6: Determining the final assessment score of each alternative and ranking the alternatives. The 283 

final score of each alternative can be determined by Eq.25. 284 

1

m

i ik
k

F r
=

=∑        (25) 285 

where iF  represent the final assessment score of the i-th alternative. 286 

   After determining the final assessment score of each alternative, the alternatives can be ranked 287 



15 
 

according to the rule that the greater the value of the final assessment score, the more superior the 288 

alternative will be. 289 

 290 

3. Case study 291 

Four energy storage technologies including pumped hydro storage (A1), compressed air energy 292 

storage (A2), Lithium-ion battery (A3), and flywheel energy storage system (A4) were studied by the 293 

proposed intuitionistic fuzzy multi-criteria decision making method. These four energy storage 294 

technologies have been specified as follows: 295 

Pumped hydro: pumped hydro storage is a kind of large scale system for energy storage by 296 

controlling the gravitational potential energy of water. The water will be pumped from a lower 297 

reservoir to an upper reservoir when the power demand is low, and it will flow from the upper 298 

reservoir to the lower reservoir to activate the turbines to generate electricity during the periods of 299 

higher energy demand (Díaz-González et al., 2012); 300 

Compressed air: compressed air energy storage system is based on the conventional gas turbine 301 

technology in which the energy is stored in form of compressed air in an underground storage 302 

cavern. The energy in the form of compressed air will be transformed into rotational kinetic energy 303 

through a set of high and low pressure turbines(Díaz-González et al., 2012); 304 

Lithium-ion: Li-ion batteries is one of the battery energy storage systems, which can store the 305 

energy in the form of electrochemical energy, and Li-ion batteries is based on the electrochemical 306 

reactions between positive lithium ions (Li+) with anolytic and catholytic active materials 307 

(Wakihara, 2011). 308 

Flywheel: The flywheel energy storage system is an electromechanical system that stores energy in 309 

form of kinetic energy. Energy is transferred to the flywheel through the flywheel accelerates, and 310 

the system is discharged when the electric machine regenerates through the drive (slowing the 311 
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flywheel) (Díaz-González et al., 2012). 312 

A total of nine criteria in four categories (economic, environmental, technological and social 313 

aspects) have been employed for sustainability assessment , and there are capital cost (EC1), life 314 

(EC2), and operating cost (EC3) in economic aspect (EC), CO2 density (EN1) and integrated 315 

environmental impact (EN2) in environmental aspect (EN), energy efficiency (T1), energy density 316 

(T2), and technology maturity (T3) in technological aspect (T) , and social acceptability (S1) in 317 

social aspect (S). The IAHP was firstly used to determine the weights of the four categories and the 318 

weights of the criteria in each aspect. Taking the calculation of the weights of the four categories as 319 

an example, the four steps of  IAHP were specified as follows: 320 

Step 1: The interval pair-wise comparison matrix (see Table 3) can be firstly determined for 321 

determining the weights of the four categories. 322 

Step 2: The two crisp nonnegative matrices can be then determined according to Table 1, and the 323 

results were presented in Eq.26 and Eq.27, respectively. 324 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

1 1 1 / 3 5
1 / 2 1 1 / 5 3

1 3 1 7
1/ 7 1 / 5 1 / 9 1

L

q q q q
q q q q

Q
q q q q
q q q q

− − − −

− − − −

− − − −

− − − −

= =    (26) 325 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

1 2 1 7
1 1 1/ 3 5
3 5 1 9

1/ 5 1 / 3 1 / 7 1

U

q q q q
q q q q

Q
q q q q
q q q q

+ + + +

+ + + +

+ + + +

+ + + +

= =    (27) 326 

Then, LW  and UW  can be determined by the geometric-method, and the result were presented in 327 

Eq.28 and Eq.29, respectively. 328 

[ ]0.2671 0.1740 0.5032 0.0558LW =     (28) 329 
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[ ]0.2848 0.1673 0.5019 0.0460UW =     (29) 330 

Step 3: The parameters k and m can be determined by Eq.30 and Eq.31, respectively. 331 

4

4
1

1

1 0.8727
j

ij
i

k
q+=

=

= =∑
∑

      (30) 332 

4

4
1

1

1 1.1141
j

ij
i

m
q−=

=

= =∑
∑

      (31) 333 

  According to Eq.21, the interval weights of the four categories for sustainability assessment of 334 

energy storage technologies can be determined, and the results were presented in  Eqs.32-35. 335 

[ ] [ ]0.8727 0.2671 1.1141 0.2848 0.2331 0.3173ECω± = × × =   (32) 336 

[ ] [ ]0.8727 0.1740 1.1141 0.1673 0.1518 0.1864ENω± = × × =   (33) 337 

[ ] [ ]0.8727 0.5032 1.1141 0.5019 0.4391 0.5592Tω
± = × × =   (34) 338 

[ ] [ ]0.8727 0.0558 1.1141 0.0.0460 0.0487 0.0512Sω
± = × × =   (35) 339 

Step 4: The elements in the possibility matrix can be determined by comparing the weights of each 340 

pair of categories according to Eq.22.  Taking the possibility of  ECω±  be greater than ENω±  as an 341 

example: 342 

( ) max 1 max ,0 ,0

0.1864 0.2331max 1 max ,0 ,0
0.1864 0.1518 0.3173 0.2331

1.0000

U L
EN EC

EC EN U L U L
EN EN EC EC

P ω ωω ω
ω ω ω ω

± ±   − ≥ = −  − + −   
 −  = −  − + −  

=

 (36) 343 

  In a similar way, all the elements in the possibility matrix can be determined, and the results were 344 

presented in Eq.37. 345 
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0.5000 1.0000 0 1.0000
0 0.5000 0 1.0000
1.0000 1.0000 0.5000 1.0000
0 0 0 0.5000

EC EN T S
EC

P EN
T
S

=     (37) 346 

  Then, the crisp weight of each metric can be determined according to Eq.38, and the results were 347 

presented in Eqs.38-41. 348 

4

1
1

4 41 0.5000 1.0000 0 1.0000 12 2 0.2917
4(4 1) 4(4 1)

r
r

EC

p
ω =

+ − + + + + −
= = =

− −

∑
   (38) 349 

4

2
1

4 41 0 0.5000 0 1.0000 12 2 0.2083
4(4 1) 4(4 1)

r
r

EN

p
ω =

+ − + + + + −
= = =

− −

∑
   (39) 350 

4

3
1

4 41 1.0000 1.0000 0.5000 1.0000 12 2 0.3750
4(4 1) 4(4 1)

r
r

T

p
ω =

+ − + + + + −
= = =

− −

∑
  (40) 351 

4

4
1

4 41 0 0 0 0.5000 12 2 0.1250
4(4 1) 4(4 1)

r
r

S

p
ω =

+ − + + + + −
= = =

− −

∑
   (41) 352 

  Therefore, the weights of the economic, environmental, technological and social categories are 353 

0.2917, 0.2083, 0.3750, and 0.1250, respectively. 354 

   In a similar way, the weights of the criteria in each category for sustainability assessment of 355 

energy storage technologies can also be determined, and the results were presented in Tables 4-6. 356 

   After determining the weights of the four categories and that of the metrics in each category, and 357 

the global weights of the nine metrics can be determined, and the results were presented in Table 7. 358 

   Then, the linguistic variables were firstly used by the decision-makers to rate the four alternative 359 

energy storage technologies with respect to each of the metrics for sustainability assessment, and 360 

there are eight experts including two professor who focuses on energy storage technologies, three 361 
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senior researchers of renewable energy, and two PhD students from Chinese universities who 362 

majored in power system engineering participating in rating the four energy storage technologies. 363 

The results were summarized in Table 8. 364 

  The linguistic variables can be transformed into intuitionistic fuzzy numbers according to Table 1. 365 

For instance, “VG” in Table 7 can be transformed into (0.85, 0.10, 0.05). In a similar way, all the 366 

elements in Table 1 can be transformed into intuitionistic fuzzy numbers, and the results were 367 

summarized in Table 9. 368 

  According to Eq.15, the element in the weighted intuitionistic fuzzy decision-making matrix can 369 

be determined. Taking the element “(0.65, 0.25, 0.10)” in cell (1,1) which represents the value of 370 

pumped hydro (A1) with respect to capital cost (EC1) as an example: 371 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 1 1 1

11 11 11 11 1 11 11 11 11 11 11 11

0.0972 0.0972 0.0972 0.0972

( , , ) ( , , ) (1 1 , , 1 )

(1 1 0.65 , 0.25 , 1 0.65 0.25 )
(0.0970,0.8739,0.0291)

x x x x x x xwd
ω ω ω ω

µ υ π ω µ υ π µ υ µ υ= = = − − − −

= − − − −

=

 (42) 372 

where 11wd  represents the value of the element in cell (1,1) of the weighted intuitionistic fuzzy 373 

decision-making matrix. 374 

  In a similar way, all the elements in the weighted intuitionistic fuzzy decision-making matrix can 375 

be then determined, and the results were summarized in Table 10. 376 

   According to Eqs.16-20, the negative-ideal solutions can be determined. Taking the  negative-377 

ideal solution with respect to EC1 as an example: 378 

  The relative performances of these four alternatives (A1, A2, A3, and A4) with respect to EC1 are 379 

(0.0970, 0.8739, 0.0291), (0.1684, 0.7995, 0.0321), (0.0276, 0.9590, 0.0134), and (0.0410, 0.9435, 380 

0.0154), respectively.  According to Eq.16, it could be obtained that 381 

1,2,3,4
arg min(0.0970,0.1684,0.0276,0.0410) 3

i
t

=
= =          (43) 382 

  Then, the three elements in the negative-ideal solution with respect to EC1 can be determined: 383 
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3 0.0276j jµ µ= =       (44) 384 

3 0.9590j jυ υ= =       (45) 385 

3 31 1 0.0276 0.9590 0.0134j j jπ µ υ= − − = − − =     (46) 386 

  In a similar way, all the negative-ideal solutions can be determined, and the results were presented 387 

in Table 11. 388 

The Euclidean and Hamming distance from each energy storage technology to the negative-ideal 389 

solutions can be determined according to Eq.21 and Eq.22, respectively, and the results were 390 

presented in Table 12. 391 

The threshold value setτ  was set as 0.05, and the relative assessment matrix can be determined 392 

according to Eqs.23-24, and the results were presented in Eq.47. 393 

1 2 3 4

1

2

3

4

0 0.0973 0.0514 0
0.0973 0 0.0459 0.0841
0.0514 0.0459 0 0.0382

0 0.0841 0.0382 0

A A A A
A

R A
A
A

= − − −
− −

    (47) 394 

Then, the final assessment score of each alternative energy storage technology can be determined 395 

by Eq.25. For instance, the final assessment score of the four alternative energy storage 396 

technologies can be determined by Eqs.48-51respectively. 397 

1 0 0.0973 0.0514 0 0.1487F = + + + =      (48) 398 

( ) ( )2 0.0973 0 0.0459 0.0841 0.2272F = − + + − + − = −     (49) 399 

( )3 0.0514 0.0459 0 0.0382 0.0437F = − + + + − = −     (50) 400 

4 0 0.0841 0.0382 0 0.1223F = + + + =      (51) 401 

According to the final assessment scores of the four energy storage technologies, pumped hydro 402 

(A1) was recognized as the most sustainable one, followed by flywheel (A4), lithium-ion (A3), and 403 
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compressed air (A2) from the most sustainable to the least. The result of recognizing pumped hydro 404 

as the most sustainable was reasonable, because this technology has the longest life, lowest CO2 405 

emission, relatively lower capital cost and higher technology maturity. However, it is worth 406 

pointing out that the sustainability order of the four energy storage technologies may change when 407 

the weights of the metrics change.  408 

 409 

4. Discussions 410 

    The single-criterion analysis method was also employed to rank these four alternative energy 411 

storage technologies according to the relative performances on each of the nine metrics. The single-412 

criterion analysis method was specified as follows: 413 

    Suppose ( ), ,γ γ γγ µ υ π=  and ( ), ,β β ββ µ υ π= are two intuitionistic fuzzy numbers to 414 

describe the relative performances of two alternative energy storage technologies A and B on an 415 

evaluation criterion, respectively. The more superior energy storage technology between these two 416 

alternatives can be determined according to the following rules (Xu, 2007): 417 

(1) If S Sγ γ γ β β βµ υ µ υ= − < = − , then, ( ), ,γ γ γγ µ υ π=  is smaller than 418 

( ), ,β β ββ µ υ π= , and A is inferior to B; 419 

(2) If S Sγ γ γ β β βµ υ µ υ= − < = − , then: 420 

I. H Hγ γ γ β β βµ υ µ υ= + = = + , then, ( ), ,γ γ γγ µ υ π=  is equal to421 

( ), ,β β ββ µ υ π= , and A is indifferent to B; 422 

II. H Hγ γ γ β β βµ υ µ υ= + < = + , then, ( ), ,γ γ γγ µ υ π=  is smaller than423 

( ), ,β β ββ µ υ π= , and A is inferior to B; 424 
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III. H Hγ γ γ β β βµ υ µ υ= + > = + , then, ( ), ,γ γ γγ µ υ π=  is bigger than425 

( ), ,β β ββ µ υ π= , and A is superior to B; 426 

where Sγ  and Sβ  represent the scores of the intuitionistic fuzzy sets ( ), ,γ γ γγ µ υ π=  and 427 

( ), ,β β ββ µ υ π= , respectively.  Hγ  and Hβ  are the accuracy degrees of the intuitionistic fuzzy 428 

sets ( ), ,γ γ γγ µ υ π=  and ( ), ,β β ββ µ υ π= , respectively. 429 

  The results of using the single-criterion analysis method to rank these four alternative energy 430 

storage technologies were presented in Table 13. It is apparent that the rankings of these four 431 

alternative energy storage technologies based on different criteria are different. Thus, the decision-432 

makers/stakeholders need a unique sustainability order of these four alternative energy storage 433 

technologies by aggregating the performances of each alternative on the nine evaluation criteria into 434 

a generic index.  The developed intuitionistic fuzzy multi-criteria decision making model facilitate 435 

the decision-makers/stakeholders to achieve this objective. 436 

   In order to analyze the influences of the threshold value τ  on the final ranking, the value of τ  has 437 

been altered to investigate the change of the sustainability ranking of the four alternative energy 438 

storage technologies, and the results were presented in Table 14. 439 

  The results reveal the results were robust to the threshold value in this case, but it is worth pointing 440 

out that the threshold value may have significant effects on the final priority ranking of the 441 

alternatives in some other cases. 442 

In order to investigate the weights of the nine metrics for sustainability assessment of energy 443 

storage technologies (set 0.05τ = ), the following cases have been studied: 444 

Case 0: the weights determined by the IAHP method; 445 

Case 1: equal weights-all the nine metrics was assigned to be equal 
1 2 1

1
9EC EC Sω ω ω= = = = ; 446 
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Case 2-10: a dominant weight 0.36 was assigned to each of the nine metrics (capital cost (EC1), life 447 

(EC2), and operating cost (EC3), CO2 density (EN1) and integrated environmental impact (EN2), 448 

energy efficiency (T1), energy density (T2), and technology maturity (T3), and social acceptability 449 

(S1) in social aspect (S)) one by one, and the other metrics were assigned an equal weight 0.08. For 450 

instance, 0.36 was assigned to capital cost (EC1), and 0.08 was assigned to the other eight metrics.  451 

    The rankings of the four alternative energy storage technologies when changing the weights of 452 

the evaluation criteria were presented in Figure 2. It is apparent that the final assessment scores of 453 

the four energy storage technologies which represent their relative priorities vary with the change of 454 

the weights of the metrics for sustainability assessment. The energy storage technology-flywheel 455 

(A4) was ranked as the most sustainable energy storage technology in most of the cases，pumped 456 

hydro (A1) and lithium-ion (A3) located in the middle, and compressed air (A2) was recognized as 457 

the worst according to its sustainability. The results of sensitivity analysis reveal that the 458 

sustainability ranking is highly sensitive to the weights of the metrics for sustainability assessment 459 

of energy storage technologies. Therefore, the accurate determination of the weights of the metrics 460 

for sustainability assessment of energy storage technologies is critical for determining the 461 

sustainability order. 462 

    Moreover, it is worth pointing out that the final sustainability rankings of these four alternative 463 

energy storage technologies may change with the progress in technological aspects, because the 464 

factors in technological aspects usually have significant effects on the criteria in economic, 465 

environmental and social aspects (Ren et al., 2016a). 466 

 467 

5. Conclusion  468 

This objective of this study is to develop an intuitionistic fuzzy multi-criteria decision making 469 

model for sustainability assessment of energy storage technologies, an intuitionistic fuzzy multi-470 
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criteria decision making model was developed by combing the interval analytic hierarchy 471 

process method and  the intuitionistic fuzzy combinative distance-based assessment method. 472 

The interval analytic hierarchy process which allows the decision-makers/stakeholders to use 473 

interval numbers which can address the vagueness and ambiguity in human judgments to 474 

establish the pair-wise comparison matrices for determining the weights of the metrics. The 475 

intuitionistic fuzzy combinative distance-based assessment method which allows the decision-476 

makers/stakeholders to use the intuitionistic fuzzy numbers to rate the alternative energy storage 477 

technologies with respect to each metric for sustainability assessment was developed to 478 

determine the sustainability order of the alternative energy storage technologies. Four 479 

alternative energy storage technologies including pumped hydro, compressed air, lithium-ion, 480 

and flywheel were studied by the proposed method, the sustainability order of the four 481 

technologies from the most sustainable to the least is pumped hydro, flywheel, lithium-ion, and 482 

compressed air according to the weights determined by the decision-makers; however, the 483 

weights of the metrics have significant impacts on the final sustainability ranking of the 484 

alternative energy storage technologies according to the results of sensitivity analysis. All in all, 485 

the developed intuitionistic fuzzy multi-criteria decision making model for sustainability 486 

assessment of energy storage technologies has the following advantages: 487 

(1) Interval numbers which are more suitable for the decision-makers/stakeholders to express 488 

the opinions on the relative importance of one metric over another were adopted to establish 489 

the pair-wise comparison matrices for determining the weights of the metrics; 490 

(2) Linguistic terms corresponding to intuitionistic fuzzy numbers were used to rate the energy 491 

storage technologies, and the decision-makers/stakeholders do not need to know the exact 492 

data of the alternative energy storage technologies when selecting the most sustainable 493 

energy storage technology among multiple alternatives. 494 
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The developed intuitionistic fuzzy multi-criteria decision making method can not only be used 495 

for selecting the most sustainable energy storage technology, but also for determining the best or the 496 

most sustainable energy scenario among multiple alternatives in some other cases. In other words, 497 

the developed intuitionistic fuzzy multi-criteria decision making method can be popularized to some 498 

other cases in energy sector. 499 

Besides the advantages of the proposed intuitionistic fuzzy multi-criteria decision making 500 

method, there is also a severe weak point-it cannot effectively use the known data even the data of 501 

some alternatives with respect to some evaluation criteria can be described with units 502 

quantitatively., and the performances of all the alternatives were described subjectively by using the  503 

intuitionistic fuzzy numbers in the proposed method. The future work of the authors is to develop a  504 

multi-criteria decision making method which can handle the decision-making matrix composed by 505 

the  hybrid numbers (i.e. the mixture of intuitionistic fuzzy numbers, crisp numbers and interval 506 

numbers) to help the decision-makers/stakeholders to select the most sustainable energy storage 507 

technology. 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 
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Figure captions 592 

Figure 1: The framework of the MCDM method based on the interval analytic hierarchy process 593 

and the CODAS method 594 

Figure 2: The results of sensitivity analysis 595 
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Figure 1: The framework of the MCDM method based on the interval analytic hierarchy process 603 

and the CODAS method 604 
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Figure 2: The rankings of the four alternative energy storage technologies when changing the 613 

weights of the evaluation criteria 614 
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Tables 628 
 629 

Table 1: Saaty scales for establishing the pair-wise comparison matrix 630 

Scales Definition Explanation 

1 Equal importance Two elements perform equally 

3 Moderate importance Experience and judgement slightly favour one element over 

another 

5 Essential importance Experience and judgement strongly favour one element 

over another 

7 Very Strong importance An element is favoured very strongly over another; its 

dominance demonstrated in practice 

9 Absolute importance The evidence favouring one element over another is of the 

highest possible order of affirmation 

2,4,6,8 Intermediate value Intermediate value 

Reference: Saaty (2008) 631 

 632 
 633 
 634 
 635 
 636 
 637 
 638 
 639 
 640 
 641 
 642 
 643 
 644 
 645 
 646 
 647 
 648 
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 650 
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Table 2: Linguistic variables and their corresponding intuitionistic fuzzy numbers 652 

Linguistic variables Abbreviation Intuitionistic fuzzy numbers 

Extreme good EG (0.95, 0.05, 0) 

Very good VG (0.85, 0.10, 0.05) 

Good G (0.75, 0.15, 0.10) 

Medium good MG (0.65, 0.25, 0.10) 

Fair F (0.50, 0.40, 0.10) 

Medium poor MP (0.35, 0.55, 0.10) 

Poor P (0.25, 0.65, 0.10) 

Very Poor VP (0.15, 0.80, 0.05) 

Extreme poor EP (0.05, 0.95, 0) 

 Reference: Pramanik and Mukhopadhyaya, 2011 653 

 654 
Table 3: The interval pair-wise comparison matrix for determining the weights of the four 655 

categories 656 

 Economic Environmental Technological Social 

Economic (EC) 1 [1 2] [1/3 1] [5 7] 

Environmental (EN) [1/2 1] 1 [1/5 1/3] [3 5] 

Technological (T) [1 3] [3 5] 1 [7 9] 

Social (S) [1/7 1/5] [1/5 1/3] [1/9 1/7] 1 

 657 

 658 
 659 
 660 
 661 
 662 
 663 
 664 
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Table 4: The interval pair-wise comparison matrix for determining the weights of the three criteria 665 

in economic category 666 

 Capital cost (EC1) Life (EC2) Operating cost (EC3) 

Capital cost (EC1) 1 [1 3] [1/2 1] 

Life (EC2) [1/3 1] 1 [1/4 1/2] 

Operating cost (EC3) [1 2] [2 4] 1 

Weights 0.3333 0.1667 0.5000 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 
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Table 5: The interval pair-wise comparison matrix for determining the weights of the three criteria 684 

in environmental category 685 

 CO2 density (EN1) Integrated environmental 

impact (EN2) 

CO2 density (EN1) 1 [1/4 1/2] 

Integrated environmental impact (EN2) [2 4] 1 

Weights 0.2500 0.7500 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 
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Table 6: The interval pair-wise comparison matrix for determining the weights of the three criteria 703 

in technological category 704 

 Energy efficiency (T1) Energy density (T2) Technology 

maturity(T3) 

Energy efficiency  (T1) 1 [1/3 1] [1/4 1/2] 

Energy density (T2) [1 3] 1 [1/4 1] 

Technology maturity (T3) [2 4] [1 4] 1 

Weights 0.1667 0.3333 0.5000 

 705 

 706 
 707 
 708 
 709 
 710 
 711 
 712 
 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 

Table 7: The global weights of the nine metrics 721 

Metrics EC1 EC2 EC3 EN1 EN2 T1 T2 T3 S1 

Weights 0.0972 0.0486 0.1459 0.0521 0.1562 0.0625 0.1250 0.1875 0.1250 

 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
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Table 8: The performances of the four energy storage technologies using linguistic variables  731 

 A1 A2 A3 A4 

EC1 MG VG P MP 

EC2 VG G VP F 

EC3 P F MG VP 

EN1 G EG F EP 

EN2 VP MP F G 

T1 MG MP G VG 

T2 VP F VG MP 

T3 MG G P F 

S1 MP G VG MG 

 732 

 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 
 754 
 755 
 756 
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Table 9: The performances of the four energy storage technologies using intuitionistic fuzzy 757 

numbers  758 

 A1 A2 A3 A4 

EC1 (0.65, 0.25, 0.10) (0.85, 0.10, 0.05) (0.25, 0.65, 0.10) (0.35, 0.55, 0.10) 

EC2 (0.85, 0.10, 0.05) (0.75, 0.15, 0.10) (0.15, 0.80, 0.05) (0.50, 0.40, 0.10) 

EC3 (0.25, 0.65, 0.10) (0.50, 0.40, 0.10) (0.65, 0.25, 0.10) (0.15, 0.80, 0.05) 

EN1 (0.75, 0.15, 0.10) (0.95, 0.05, 0) (0.50, 0.40, 0.10) (0.05, 0.95, 0) 

EN2 (0.15, 0.80, 0.05) (0.35, 0.55, 0.10) (0.50, 0.40, 0.10) (0.75, 0.15, 0.10) 

T1 (0.65, 0.25, 0.10) (0.35, 0.55, 0.10) (0.75, 0.15, 0.10) (0.85, 0.10, 0.05) 

T2 (0.15, 0.80, 0.05) (0.50, 0.40, 0.10) (0.85, 0.10, 0.05) (0.35, 0.55, 0.10) 

T3 (0.65, 0.25, 0.10) (0.75, 0.15, 0.10) (0.25, 0.65, 0.10) (0.50, 0.40, 0.10) 

S1 (0.35, 0.55, 0.10) (0.75, 0.15, 0.10) (0.85, 0.10, 0.05) (0.65, 0.25, 0.10) 

 759 

 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
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 782 
Table 10: The weighted intuitionistic fuzzy decision-making matrix 783 

 A1 A2 A3 A4 

EC1 (0.0970, 0.8739, 0.0291) (0.1684, 0.7995, 0.0321) (0.0276, 0.9590, 0.0134) (0.0410, 0.9435, 0.0154) 

EC2 (0.0881, 0.8941, 0.0178) (0.0652, 0.9119, 0.0229) (0.0079, 0.9892, 0.0029) (0.0331, 0.9564, 0.0104) 

EC3 (0.0411, 0.9391, 0.0198) (0.0962, 0.8749, 0.0290) (0.1420, 0.8169, 0.0411) (0.0234, 0.9680, 0.0086) 

EN1 (0.0697, 0.9059, 0.0244) (0.1445, 0.8555, 0) (0.0355, 0.9534, 0.0111) (0.0027, 0.9973, 0) 

EN2 (0.0251, 0.9657, 0.0092) (0.0651, 0.9108, 0.0241) (0.1026, 0.8666, 0.0307) (0.1947, 0.7435, 0.0618) 

T1 (0.0635, 0.9170, 0.0195) (0.0266, 0.9633, 0.0101) (0.0830, 0.8882, 0.0288) (0.1118, 0.8660, 0.0222) 

T2 (0.0201, 0.9725, 0.0074) (0.0830, 0.8918, 0.0252) (0.2111, 0.7499, 0.0390) (0.0524, 0.9280, 0.0196) 

T3 (0.1787, 0.7711, 0.0502) (0.2289, 0.7007, 0.0704) (0.0525, 0.9224, 0.0251) (0.1219, 0.8421, 0.0360) 

S1 (0.0524, 0.9280, 0.0196) (0.1591, 0.7889, 0.0520) (0.2111, 0.7499, 0.0390) (0.1230, 0.8409, 0.0361) 

 784 

 785 
 786 
 787 
 788 
 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 
 804 
 805 
 806 
 807 
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 808 
Table 11: The negative-ideal solutions 809 

Metrics NIS 

EC1 (0.0276, 0.9590, 0.0134) 

EC2 (0.0079, 0.9892, 0.0029) 

EC3 (0.0234, 0.9680, 0.0086) 

EN1 (0.0027, 0.9973, 0) 

EN2 (0.0251, 0.9657, 0.0092) 

T1 (0.0266, 0.9633, 0.0101) 

T2 (0.0201, 0.9725, 0.0074) 

T3 (0.0525, 0.9224, 0.0251) 

S1 (0.0524, 0.9280, 0.0196) 

 810 

 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 821 
 822 
 823 

Table 12: The Euclidean and Hamming distance from each energy storage technology to the 824 

negative-ideal solutions 825 

 A1 A2 A3 A4 

Euclidean distance 1.8787 1.7814 1.8273 1.8655 

Hamming distance 4.2170 4.1632 4.2026 4.2099 
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 826 
Table 13: The ranking of the four energy storage technologies using the single-criterion analysis 827 

method   828 

 A1 A2 A3 A4 

EC1 2 1 4 3 

EC2 1 2 4 3 

EC3 3 2 1 4 

EN1 2 1 3 4 

EN2 4 3 2 1 

T1 3 4 2 1 

T2 4 2 1 3 

T3 2 1 4 3 

S1 4 2 1 3 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 
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Table 14: The results of the analysis of the threshold value on the sustainability ranking of the four 841 

energy storage technologies 842 

 A1 A2 A3 A4 

Final assessment score 

( 0.01,0.02,0.03,0.04τ = ) 

0.1618 -0.2272 -0.0437 0.1091 

Ranking 1 4 3 2 

 843 
 844 
 845 
 846 
 847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
 855 
 856 

 857 

 858 

 859 




