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Abstract: With the increasing development of renewable resources-based electricity generation
and the construction of wind-photovoltaic-energy storage combination exemplary projects, the
intermittent and fluctuating nature of renewable resources exert great challenges for the power
grid to supply electricity reliably and stably. An energy storage system (ESS) is deemed to be
the most valid solution to deal with these challenges. Considering the various types of ESSs, it
is necessary to develop a comprehensive assessment framework for selecting appropriate energy
storage techniques in establishing exemplary projects combining renewable resources-based electricity
generation and an ESS. This paper proposes a multi-criteria decision making (MCDM) model
combining a fuzzy-Delphi approach to establish the comprehensive assessment indicator system, the
entropy weight determination method, and the best-worst method (BWM) to calculate weights of all
sub-criteria, and a Vlsekriterijumska Optimizacija I Kompromisno Resenje (VIKOR) comprehensive
evaluation model to choose the optimal battery ESS. In accordance with the comprehensive evaluation
results, the Li-ion battery is the optimal battery ESS to apply to wind-photovoltaic-energy storage
combination exemplary projects. Based on the discussion on the comprehensive evaluation results,
policy implications are suggested to improve the applicability of battery ESSs and provide some
references for decision makers in related fields.

Keywords: battery energy storage system; multi-criteria decision-making model; BWM; VIKOR;
comprehensive performance evaluation

1. Introduction

With the rapid process of urbanization and speeding-up development of the global economy, the
growth of electricity consumption is accelerating and is expected to increase by a third by 2040 [1].
Searching for the solution to satisfy the increasing need for electricity has become an urgent mission
in the development of the energy economy all over the world. Simultaneously, the problems of
environmental pollution and climate deterioration brought by traditional thermal power generation
and the depletion of fossil fuel resources are becoming increasingly serious, which have posed
great threats on the sustainable development of human beings [2,3]. Towards the aim of handling
the problems mentioned above, all countries are shifting to generate electricity using clean and
inexhaustible renewable energy, containing tidal power, wind power, biomass power, solar power, and
some others [4]. According to the British Petroleum (BP) World Energy Statistics Yearbook in 2017,
by the end of 2016, renewable energy accounted for approximately a quarter of the total electricity
generation, and the growth rate of renewable energy generation capacity in 2016 reached 14.1%, half of
which originated from wind power generation [5]. Although wind power generation is one of the most
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technically mature electricity generation patterns [6-8], it can be impacted by lots of uncontrollable
factors, including humidity, temperature, and wind speed. Therefore, wind power generation can be
intermittent and fluctuating. In the process of grid-connected generation and the increasing penetration
of renewable resources-based power production, this will put a power grid into high risk, such as
reducing the stability of the power grid system, increasing the difficulty of system dispatching, and
decreasing the economic benefits of the system operation [9,10]. In order to solve the risks above, great
efforts have been made to explore various solutions, such as electrical ESSs, connection external grids,
and demand-side management. Among all the potential solutions, an ESS has been deemed as one of
the most effective solutions [11].

An energy storage technique indicates the process of transferring energy from one form (primarily
electricity) to a storable form and then the storable energy will be transferred back to electricity
energy when needed [12]. ESS has various precious functions to the electricity grid system operation
and balance load, for instance: (1) it can help satisfy peak load requirements and reduce the import
of electricity during a peak period, (2) it can provide time-varying electricity management, (3) it
can mitigate the intermittent nature of renewable resources based electricity generation, (4) it can
improve the reliability and stability of the power grid, and (5) it can help to realize smart grids. Based
on the advantages of ESSs, the National Power Grid Corporation in China proposed to construct
the demonstration project, combining wind and photovoltaic power generation, an ESS as well as
electricity transmission together, to eliminate the fluctuation and intermittent problems of renewable
resources-based electricity generation and reducing the abandoning rate of wind and photovoltaic
power generation.

Considering the critical role of an ESS in the power grid, many studies focused on studying the
technical features and applications of ESSs. For example, References [13-18] investigated and reviewed
the technical features of different ESSs. Ibrahim et al. [16] provided features of various ESSs and
emphasized the necessities of storing electricity to improve the stability of a power grid. Some literature
researched the operational characteristics of energy storage techniques, i.e., physical energy storage
including compressed air energy storage [19], pumped hydroelectricity storage [20], flywheel energy
storage [21,22], chemical energy storage containing various kinds of batteries [23-25], electromagnetic
energy storage embodying superconducting magnetic energy storage [26], and supercapacitor energy
storage [27]. Additionally, tremendous research has focused on modeling and optimizing ESSs of real or
exemplary electricity systems [28-33]. However, there are few studies researching the comprehensive
evaluation of the application of ESSs. Zhang [34] analyzed the economic profit and investment cost
of an ESS participating in the peak load adjustment in accordance with the actual situation of the
battery ESS applied to the distribution network. Das et al. [35] proposed a generic bulk energy
storage dispatch method for generation cost imitation and evaluated the performance and economic
profit of storage under different system scenarios. Ren et al. [36] developed a criteria system for
sustainability evaluation of ESSs employing non-linear fuzzy prioritization. The existing studies on the
comprehensive evaluation of ESSs are on the basis of the economic benefits of ESSs in a distribution
network application, which cannot comprehensively and systematically evaluate the application
performance of ESSs [37].

In accordance with the three types of ESSs classified by operational characteristics mentioned
above, physical energy storage is limited by water resources and the geographical environment, the
application cost of electromagnetic energy storage is relatively high, and hence, the chemical energy
storage technique is widely used due to its safe, economic, and environmentally friendly characteristics.
Moreover, it contains various kinds of battery energy storage techniques, such as lithium-ion (Li-ion)
battery, sodium-sulfur (NaS) battery, nickel-metal hydride (NiMH) battery, as well as vanadium
redox-flow (VRF) battery [12]. The selection of an ESS of various battery types is a rigorous issue for
decision-makers. Hence, it is necessary to develop a comprehensive assessment system for selecting
an appropriate battery energy storage technique in establishing an exemplary project combining
renewable resources-based electricity generation and an ESS.
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The critical devotion of this investigation is that a comprehensive and systematic evaluation
system is established based on multi-criteria decision making (MCDM) model to select an appropriate
battery type ESS for constructing demonstration projects combining renewable resources-based
electricity generation and an ESS. This research conducts a novel integrated and comprehensive
evaluation on battery ESS application. The established comprehensive evaluation system of battery
ESS selection contains a relatively complete assessment index system on the basis of a fuzzy-Delphi
approach from the perspectives of technological performance, economic costs and benefits, as well
as social effects, a set of accurate weights determination method comprehensively considering
the opinions of experts employing the best-worst method (BWM) and the actual data of objective
sub-criteria utilizing an entropy method, and a mature evaluation model based on Vlsekriterijumska
Optimizacija I Kompromisno Resenje (VIKOR) to select the optimal battery ESS. Based on the
discussion of comprehensive evaluation results, policy implications will be given to improve the
applicability of battery ESSs.

The rest of this research are organized as follows. The basic theory of the integrated comprehensive
evaluation framework is elaborated in the next section. Section 3 illustrates the conceptual framework
of this research. Section 4 gives a general description on the five selected battery ESSs. Section 5
presents the comprehensive assessment. The comprehensive assessment results and some policy
implications are discussed in Section 6. Section 7 draws the conclusions.

2. Basic Theory of the Integrated Comprehensive Evaluation System

The fundamental methodology of the established comprehensive evaluation system consists of
three parts: (1) a fuzzy-Delphi model used to choose evaluation sub-criteria; (2) a BWM and entropy
weight determination method utilized to compute weights of the sub-criteria; and (3) a VIKOR model
applied to select the optimal battery ESS.

2.1. Fuzzy-Delphi Methodology

A Delphi approach, put forward by Dalky and Helmer, was employed to get the most dependable
common view among several experts and was diffusely applied to make a strategic decision as well
as forecasting [38]. The traditional Delphi method provides a chance for experts to obtain replies
and revise their views using four rounds of consultations [39], which is time-consuming and hard
to obtain consensus via redundant surveys. Then, a fuzzy-Delphi approach was put forward to
alleviate these disadvantages, which integrated the traditional Delphi method with fuzzy theory. For
the fuzzy-Delphi method, experts are required to offer three-point estimates employing triangular
fuzzy numbers (TFNs) [40]. The functions of membership degree are utilized to indicate the views of
experts so that experts do not need to improve their opinions again and again. The membership degree
functions can take all opinions into account, which will not lose any useful information. Owing to the
superiorities of the fuzzy-Delphi method, various studies have employed it to establish an evaluation
index system [41]. The procedure of the fuzzy-Delphi methodology is illustrated as follow.

Step 1: Consulting and determining the upper limit and lower limit of importance scope ranging
from 0 to 10 for every sub-criterion according to the opinions of several experts. The larger the value is,
the more important the sub-criterion becomes. The upper limit represents the most optimistic value
and the lower limit indicates the most conservative value.

Step 2: Calculating th¢ conseyvative TFN (CZ, CjW Clu) and optimistic TFN (OiL, Oﬁ\/{r O’u) of
each sub-criterion, where C} and O} are the minimum values of the conservative and the optimistic
values according to the opinions of experts, Ci; and O}, are the geometric mean values of the most
conservative and the most optimistic values, and Ci; and O}, are the maximum values of the most
conservative and optimistic values.

Step 3: Examine the coincidence of experts’ preferences and computing the consistent value G; of
indicator i [41,42].
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1) If C{l < Oi, the opinions on sub-criterion i are consistent, and the consistent value G; can be
calculated by
Ciy + Oly
= M 1
_ M
(2) For Ci, > O1, if the data of the gray zone Z' = Ci; — O} is less than M' = O}, — C,, then the
consistent value G; can be calculated by

Gi

(Gl X Oly) — (0} x Ciy)]
“ = (i —Ch) 7 (O}, —O)) @

For Ci; > O}, if the value of the gray zone Z' = Ci; — O} is larger than the value M’ = O}, — C};,
the opinions of experts are not consistent. The steps 1 and 2 should be conducted again until the
opinions are consistent. G; indicates the degree of consensus achieved by experts with regard to the
importance of every sub-criterion. The more the G,; is, the more important the sub-criterion becomes. In
order to find a reasonable critical value for examining the importance of every indicator, the geometric
average value of the upper and lower limits of all evaluation sub-criteria needs to be calculated, which
is taken as the threshold value to select significant sub-criteria.

The procedure of the fuzzy-Delphi methodology is shown in Figure 1.

Consulting and determining the upper limit and
lower limit of importance scope ranging from 0 to 10
for every sub-criterion

v

Calculating the conservative TFN (C,,C;,,C,,) and

optimistic TEN(0;,0,,,0;,) of each sub-criterion

Examining the coincidence of
experts’ preferences and

& G x0)~0xG))
’ [(C; _ql)+(0.-\-f _01)]

4

< Output the values of G; )

Figure 1. The procedure of the fuzzy-Delphi methodology.
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2.2. Weights Determination Methods

In this research, weights of all indicators are integrated using subjective and objective weights.
Subjective weights of indicators are determined by the BWM based on the opinions of experts. Objective
weights of indicators are determined by the entropy weighting methodology on the basis of the
actual data.

2.2.1. The BWM

The BWM is established based on a comparison that is similar to an analytic hierarchy process
(AHP). The difference between BWM and AHP is that AHP obtains the optimal weights based on
an inter-comparison between two arbitrary indicators that needs @ comparisons (n implies the
amount of indicators), while BWM established a structural comparison model that first compares
the best sub-criterion to others and then compares others to the worst one, which needs 2n — 3
comparisons [43]. The phases of BWM are as follows.

Step 1: Find the best and worst sub-criteria from the decision sub-criteria set {Cy,C, ..., Cy} to
be utilized in the decision procedure. The best sub-criterion should be the most critical, while the
worst sub-criterion is the opposite. It should be emphasized that the selection of the best and worst
ones only considered the sub-criteria, but not the data of them.

Step 2: Identify the comparing results of the best one to others using the number ranging from 1
to 9. The higher the value is, the more significant the best one over others is. Comparison results can
be written as a vector:

AB = (aBllaBZI‘ . '/aBVl) (3)
where ap; indicates the value of the best one B to sub-criterion i. Obviously, agp = 1.

Step 3: Identify the comparison value of others to the worst one utilizing the data ranging from 1
to 9. Results can be written as

Aw = (ayw, aaw, - -, apw) " 4)

where a; indicates the value of sub-criterion i to the worst one W. Obviously, awyw = 1.

Step 4: Calculate the weights (w}, w3, ..., w;). Aiming at obtaining the weights of all indicators,
the maximum absolute discrepancies {|wp — ag;w;|, |w; — ajwww|} for all sub-criteria ought to be a
minimum, which is expressed as [43]:

min miax{|w3 — apjwil, [w; — awww|}

s.t.

a1, ©)

1
w; > 0, for all i.

Equation (5) can be calculated simply through converting it into Equation (6) shown as below [44]:

min ¢
s.t.
\wB — aBiwi| < (:,fOI‘ all i
|w; — ajwww| < &, for all i (6)
Ywi=1,

1
w; > 0, for all i.

Then we can calculate the optimal weights (w7}, w3, ..., w}).

Step 5: Carry out a consistency examination to test for the comparison consistency. The value of ¢
can be obtained after solving Equation (6). Then, we can test for the comparison consistency through
calculating the consistency ratio. According to References [43,44], the value of apy (representing the
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important degree of the best one to the worst one) ranging from 1 to 9 determines the value of the
consistency indicator that needs to be used in calculating the consistency ratio. The values of the
consistency indicator determined by the values of apyy are listed in Table 1. The consistency ratio can
be calculated using Equation (7).

é’*

Consistency ratio = - —
Consistency indicator

@)

Table 1. Consistency Indicator (CI).

apw 1 2 3 4 5 6 7 8 9
CI (max ¢*) 0.00 0.44 1.00 1.63 2.30 3.00 3.73 4.47 523

It is noted that the lower the ¢* is, the more coherent the comparisons are.

For lots of MCDM studies, the value a;; of evaluated object j with respect to sub-criterion i may not
have actual data, and therefore the BWM can be employed to make comparisons between alternatives
to get performance values.

2.2.2. Entropy Weight Determination Method

An entropy weight methodology is usually used to compute the objective weights of
sub-criteria [45,46]. The detailed process of this approach is depicted as below.

Step 1: Normalize the performance values. The value of alternative j for sub-criterion i should be
normalized, and the projection value p;; should be calculated as:

xij

Pij = ®)
Y X
j=1
where m implies the number of evaluated alternatives.
Step 2: The entropy value e; can be computed as:
m 1 m
e; = —k)_ pijIn(p;) = —172 piiIn(pij) )
=1 nm;=

Step 3: Compute the divergence degree. The divergence degree g; of every sub-criterion can be
computed as:
gi=1—e¢ (10)

The larger the g; becomes, the more important the sub-criterion is.
Step 4: Obtain weights of each sub-criterion. After obtaining the value of g;, the objective weights
A; of every sub-criterion are obtained using:

A= (11)
L 8i
i=1
where n implies the amount of the sub-criteria.
The entropy weight determination approach is used as the objective weight determination method
to compute the objective weights of all indicators on the basis of the actual data of indicators with
regard to alternatives.
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2.3. VIKOR Comprehensive Evaluation Model

VIKOR method was designed for the multi-criteria optimization of complicated systems. The
VIKOR model can identify the compromise solution and the compromise rankings. It ranks the
alternatives in accordance with the special evaluation of “closeness” to the “ideal” solution [47,48].
The evaluation principles of VIKOR can be originated from the Lp-metric employed as an aggregate
function, which is described as the following form:

1/p

[wi(fi = fi)/ (fF = )1} (12)

-

Il
—_

Lpj=1

1
where L, ; represents the distance between the ideal solution and alternative j, w; demonstrates the
weight of each sub-criterion, f;; implies the rating of alternative j for sub-criterion 7, f;" indicates the
optimal values of all alternatives for sub-criterion i, f;” means the worst values of all alternatives for
sub-criterion i,and 1 < p < oo.

Steps of VIKOR employed for comprehensive evaluation are illustrated as:

Step 1: Normalize values of all alternatives of all sub-criteria. Aiming at eliminating the attribute
and dimension influences on evaluation, the initial values ajj of alternative j for sub-criterion i should
be standardized. For maximum type sub-criteria, the normalized value x;; is obtained via Equation
(13). For minimum type sub-criteria, the normalized value x;; is calculated via Equation (14).

aj — mjin(ﬂij)
= 13
"1 max(a;j) — min(a;)) (19
j j

max(a;;) — a;j

j

J— 14

Y11 max(a;j) — min(a;)) (9
j j

Step 2: Search the positive and negative ideal data. Suppose X* and X~ indicate the positive and
negative ideal solutions, respectively, and they can be obtained using:

xt = () = { (maxxi e 1 ), (minsyli e 1 ) | (15)

X" =(x)= {(minxij|i € Il>, (maxxi]-i € I2>}
] ]

where I; and I, are the maximum and minimum attribute sub-criteria set, respectively.
Step 3: Compute the group benefit value S; and the individual regret value R; of alternative j
utilizing Equations (16) and (17).

Si=1Y, (16)
] —
Y
wi(x — x;;
Rj = m.ax(“) (17)
1 X —X;

Step 4: Calculate the compromise sorting indicator Q; for alternative j. The Q; are the critical
indicators for ranking the alternatives precisely and discreetly, which can be calculated using:

v(S;—S*)  (1-0v)(R;—R*)
Q= sfj—s+ + R*—]RJF

(18)



Energies 2018, 11, 2841 8 of 26

where S~ = max{S;}, S* = min{S;}, R~ = max{R;}, R = min{R;}, and v indicates the weight of
] J ] )

the maximal group benefit. Normally, v = 0.5, representing that all evaluated objects are measured in a
consistent method.

Step 5: Obtaining the optimal alternative via comparing S;, R; and Q;. If the below two
requirements are met, the one with the least value of Qj is the optimal alternative.

(1) Q(A®) = Q(AM) >1/(m —1)
where Q(A®) and Q(AM) indicates the second and the first alternatives based on the Q value.

(2) AW should also be the top alternative based on the values of Sjand R;.

If the above two requirements are met, A1) is the optimal alternative. If one of the requirements
is not met, several compromise solutions are given as below:

o If A and A® only satisfy the first requirement, both of them are the optimal alternatives.

e If the nexus between A(Y) and others only satisfies the second requirement and it is difficult to
satisfy the first one, alternatives that disobey the first one are treated as the compromise solutions.

3. Conceptual Framework

The integrated MCDM methodology is put forward to assess the performance of various battery
ESSs. The elaborated evaluation phases are as follows.

Phase 1: Choose critical sub-criteria and construct the performance assessment index system
utilizing fuzzy-Delphi. Experts in different fields are selected as the consultation group. According to
the characteristics of different types of battery ESSs, 23 sub-criteria are identified. Then the fuzzy-Delphi
method is used to choose the critical sub-criteria based on the experts’ views on the important degree
of every original sub-criterion. The terminal assessment index system is established from technological,
economic, and social aspects.

Phase 2: Identify the values of the subjective sub-criteria of each battery ESS. Considering the
existence of qualitative sub-criteria, which are difficult to find the data for, BWM is utilized to identify
the performance values of them through conducting pair comparisons between the best battery ESS
and others and between others and the worst battery ESS of the qualitative sub-criteria.

Phase 3: Compute the integrated weights of subjective and objective weights. For the purpose of
comprehensively considering the opinions of experts and the objective data, the subjective weights
are computed by BWM based on experts preferences through comparing the best sub-criterion with
others and others with the worst sub-criterion, and the objective weights are obtained via an entropy
weight determination approach utilizing the actual value of the quantitative sub-criteria and values of
qualitative sub-criteria determined by BWM. The integrated weights are computed via setting equal
significance to the objective and subjective weights.

Phase 4: Evaluate the comprehensive performance of various battery ESSs based on the VIKOR
model. First, the decision matrix needs to be determined through normalizing the initial data to avoid
the influences of sub-criteria types as well as dimensions. Second, the positive and negative ideal
values need to be found. Then the VIKOR approach is used to assess and rank the different types of
battery ESSs in terms of S;, R; and Q;.

The proposed integrated MCDM model for the comprehensive evaluation of various battery ESSs
is structured as in Figure 2.
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Obtain the final evaluation index system

Identify the performance values of Collect actual data of the quantitative

qualitative sub-criteria with regard to each sub-criteria from battery energy storage
battery energy storage system systems description literatures

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | Establish the comprehensive
. Weights evaluation model
' determination

Normalize the initial decision matrix to

obtain the standardized evaluation
Calculate the subjective Calculate the objective decision matrix
weights of all sub-criteria weights of all sub-criteria l

Determine the positive and negative
ideal solution

l Calculate the group benefit value, the
Obtain the integrated individual regret value, and the
weights of all sub-criteria compromise sorting index for all
battery energy storage systems

Rank the battery energy storage systems
through comparing the group benefit
value, the individual regret value, and

the compromise sorting index

Figure 2. The framework of the proposed integrated MCDM model for the comprehensive evaluation
of battery ESSs.

4. Description of the Evaluated Battery Energy Storage Technologies

A battery ESS is the extensively used energy storage technique in the construction of
demonstration projects, combining wind power and photovoltaic power generation, as well as ESS.
This paper selects a lead-acid battery, NaS battery, Li-ion battery, NiMH battery, and VRF battery as
research objects and evaluates the comprehensive performance of these five battery ESSs to provide
references for decision-makers of wind-photovoltaic-energy storage combination exemplary projects.
The description of these five selected battery ESSs is elaborated as below.

4.1. Lead-Acid Battery

A lead-acid battery is an extensively applied battery ESS [16]. The negative electrode is PbO,, the
positive electrode is Pb, and the electrolyte is sulfuric acid. The response time of a lead-acid battery is
extremely short, the daily self-discharge rates are small, cycle efficiencies is relatively high, and costs
of it are relatively low [49]. A lead-acid battery can act as back-up electricity supply utilized in static
devices for telecommunication systems and energy management systems, especially in micro-grids
and isolated electricity systems. Additionally, lead-acid batteries also provides power for electric
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vehicles. However, there also exist some limitations of lead-acid battery, such as low cycling times,
particular energy, energy density, and poor performance in low temperatures [17].

4.2. Li-lon Battery

For Li-ion batteries, the cathode material is the oxide of lithium metal, including lithium
cobalate (LiCoO,) and spinel lithium manganese oxide (LiMn,Oy), and the anode material is usually
graphitic [18]. A Li-ion battery operates based on the reactions between positive lithium ions with
the anode and cathode active materials. The cells of the Li-ion battery consist of anode and cathode
plates as well as liquid electrolyte material. It can be used for the systems which regard the response
time, equipment weights, and small dimension as significant, such as telephones as well as portable
electronic equipment. Li-ion batteries also attract interests in material technique fields to make high
power equipment for applications, such as electric vehicles and stable energy storage technologies.
Additionally, the cycle efficiencies of Li-ion battery are relatively high, which can reach 97% [11]. The
primary disadvantages of a Li-ion battery are that the lifetime may be influenced by the depth of
discharge, and the operation of the battery pack need to be managed by an on-board computer, which
will increase its cost.

4.3. NaS Battery

The electrodes of a NaS battery are molten sodium and sulfur, and beta alumina is utilized as
the solid electrolyte. The operation of a NaS battery needs a 574-624 K temperature to guarantee the
liquid condition of the electrodes. A NaS battery has high energy densities, extremely high capacity,
and nearly zero daily self-discharge [50]. The recyclability of a NaS battery is relatively high owing to
the use of cheap and innocuous materials. However, it has some demerits, such as a high operation
cost and additional systems to guarantee the operation temperature.

4.4. NiMH Battery

A NiMH battery uses nickel hydroxide and a hydrogen-absorbing alloy (such as LaNis and
Mg, Ni) to be the two electrodes and aqueous alkali liquor to be the electrolyte. The merits of NiMH
battery are high energy density, moderate particular energy, and much more environmental protection
compared with a NiCd battery [51]. It can be applied to portable products, electric vehicles, and
industrial spare devices. However, the critical demerit of a NiMH battery is the high self-discharge
rate ranging from 5% to 20%.

4.5. VRF Battery

A VREF battery stores power through vanadium redox couples (V2% /V3* and V4 /V>%) in two
electrolyte slots. It has quick responses and high efficiencies reaching 85% [52]. A VRF battery can be
used for improving power quality, increasing load leveling and electricity security, and mitigating the
intermittent power generation based on renewable energy. However, the defects of a VRF battery are a
low energy density, low electrolyte stability, and high operation cost [53].

5. Empirical Analysis

This section evaluates the performance of the Li-ion battery, lead-acid battery, NaS battery, NiMH
battery, and VRF battery employing the established integrated MCDM model, and the evaluation
results can provide convincing reference for decision-makers of wind-photovoltaic-energy storage
combination exemplary projects. The detailed process of empirical analysis is illustrated below.

5.1. Constructing the Assessment Index System

Towards the aim of comprehensively evaluating the performance of these battery ESSs,
establishing the comprehensive assessment index system is of great significance. According to the
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features of battery ESSs, 23 original sub-criteria were identified from the perspectives of technology,
economy, and sociality. To obtain the final indicator system, a fuzzy-Delphi model was employed
to choose vital indicators. Five experts were selected from different fields to make up the expert
decision-making group, containing distinguished scholars from the ESS researching field, as well as
primary investors, governors, and decision-makers of wind-photovoltaic-energy storage combination
exemplary projects. We also provided assistance for five experts, especially for primary investors and
governors, in understanding the technical terms, such as capacity, power, efficiency, and others to
make appropriate decisions, when consulting their opinions.

First, experts were required to give their preferences on the critical degree of every original
sub-criterion, during the process of which we could obtain the most optimistic value and the most
conservative value of each sub-criterion. Second, the values of the conservative TEN ( i, }'\4, Clu)
and optimistic TFN ( 2, 5\4, Olu) of each sub-criterion could be calculated. Third, the consistency of
experts’ opinions could be examined using the value of G; through comparing the value of Ci; and O}
according to Equations (1) and (2). Finally, the critical sub-criteria could be selected through comparing
the values of G; with the threshold value (which was 5.2 according to the geometric average value
of the upper and lower limits of all assessment sub-criteria considering experts’ preferences in this
research). Results are listed in Table 2, from which we could obtain that 16 critical sub-criteria were
selected to evaluate the performance of the Li-ion battery, lead-acid battery, NiMH battery, NaS battery,
and VRF battery from the perspectives of technology, economy, and sociality.

Table 2. Results of the fuzzy-Delphi method.

Perspectives Original Sub-Criteria Conservative Value Optimistic Value M~ Co‘l}:li‘s::nt
c ciy ci o} 0i, (ot G;
Cell voltage 4 5.45 7 6 8.34 10 3.55 6.60 >5.2
Storage capacity 1 2.26 4 5 5.02 7 5.74 3.64<52
Charge and discharge frequency 2 3.16 5 5 5.97 8 4.84 4.57 <52
Discharge time 1 3.33 6 6 6.16 9 5.67 475<52
Normal temperature cycle life 5 6.24 8 7 8.66 10 2.76 7.49>52
Technology ~ Maximum charge and discharge 4 6.02 8 7 8.79 10 2.98 747552
efficiency
Specific capacity 5 7.03 9 8 9.05 10 1.97 8.35>52
Specific power 3 6.34 9 6 7.68 20 10.66 716>52
Self-discharge rate 4 712 8 7 8.23 10 1.88 7.58>5.2
Specific energy 1 2.56 4 4 5.48 7 4.44 4.02<52
Safety 5 6.74 8 8 9.33 10 3.26 8.04>52
Investment cost 4 6.02 8 7 8.23 10 2.98 7.38>5.2
Battery capacity cost 2 3.21 5 7 7.16 8 6.79 519<52
Battery power cost 2 243 4 5 6.32 8 6.57 438<5.2
Operation and maintenance cost 4 5.68 7 7 7.89 10 4.32 6.79>52
Economy Cost recovery time 1 2.72 4 5 5.79 7 5.28 426<52
ESS profit 5 6.58 8 8 8.14 10 3.42 7.36>5.2
Eﬂf:;i’i;ﬁ;’:;“;gfp fﬁgﬁ’ 1 5.79 6 8 8.22 10 621 7.01>5.2
Benefit of terminal recovery 1 4.66 8 8 9.64 10 5.34 715>52
Delay of power grid construction 4 5.79 7 7 8.31 10 421 7.05>52
Reduction of system reserve 4 458 7 7 8.14 9 142 636> 52
capacity
Sociality Reduction of power grid loss 1 425 6 8 8.61 10 7.75 643552
Energy saving and emission 2 555 8 7 8.73 10 345 7.4155.2

reduction effectiveness

According to Figure 3, the sub-criteria contains 13 quantitative ones and 3 qualitative ones, the
qualitative ones being safety, delay of power grid construction, and energy saving and emission
reduction effectiveness. Moreover, there were 13 maximum type sub-criteria and 3 minimum type
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ones, where the minimum type ones were self-discharge rate, investment cost, and operation and
maintenance cost.

Perspective - Criteria Sub-criteria * Sub-criteria attribute Sub-criteria type
— Cell voltage =~ r===---=t quantitative ----=-------- maximum
= Specific capacity =~ r------os quantitative ------------- maximum
— Self performance — Specific power ~ r-------- quantitative ------------- maximum
- Self discharge rate ~ --------- quantitative ------------- minimum
Technology — Maximum charge and or e :
- — di T R | quantitative  r--====--==-- maximum
ischarge efficiency
— Normal temperature cycle life --------- quantitative ------------- maximum
— Environment effect —
— Safety = e qualitative  ------------- maximum
~ Investment cost ~ ~-------- quantitative ------------- minimum ‘
Cost I . :
Operation and maintenance G o
et poemmeem quantitative  ------------- minimum
cost |
Economy — Energy storage system profit -------- quantitative r------------ maximum

Increase revenue of combining G .
Benefit | il L quantitative ------------- maximum
wind plants to the power grid

Benefit of terminal recovery -------- quantitative ------------- maximum

Delay of power grid

constiuction T qualitative  ------------- maximum
. Reduction of system reserve Lo .

Power grid - capacity [T quantitative ------------- maximum

Sociality — Reduction of power grid loss ~------- quantitative ------------- maximum
. Energy saving and emission g 3

Environment reduction-effecliveness qualitative maximum

Figure 3. Comprehensive assessment index system utilizing the fuzzy-Delphi model.
5.1.1. Technology Perspective

Since the research and application of energy storage technique is not mature at present, evaluation
of ESSs from the technology perspective is of significant theoretical value for ESS applications. The
technological performance is influenced by its own performance and environmental factors. In this
research, the self-performance criterion contains the cell voltage, specific capacity, specific power,
self-discharge rate, and maximum charge and discharge efficiency, and the environment effect criterion
includes normal temperature cycle life and safety. Among these seven sub-criteria, safety was a
qualitative sub-criterion, and self-discharge rate was a minimum type sub-criterion, which means the
smaller, the better.

Cell voltage represents the nominal voltage of each battery monomer, which will have critical
influence on the composition and cost of the battery ESS. Specific capacity, also known as capacity
density, refers to the effective storage capacity of a unit mass of material. Specific power, also known
as power density, indicates the effective storage power of a unit mass of material. The self-discharge
rate, also known as the charge holding capacity, demonstrates the ability to maintain the amount of
electricity stored in a battery when the battery is in an open circuit. The self-discharge rate is primarily
related to the manufacturing process and materials. The maximum charge and discharge efficiency
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represents the ratio of the released energy after charging to the initial storage energy of the ESS, and
higher charge and discharge efficiency can bring economic benefits for an ESS.

The normal temperature cycle life demonstrates the amount of cycles that the system can support
before the ESS operates at a specified value of a certain capacity under some discharge condition at a
normal temperature. Safety implies the ability of an ESS to keep safe and stable operation under the
influence of an exterior environment, such as changes in temperature, pressure, and other conditions.

5.1.2. Economy Perspective

Economic assessment sub-criteria are the most intuitive evaluation sub-criteria for the cost and
benefit of ESSs. In this research, the cost criterion is made up of the investment cost as well as the
operation and maintenance cost, and the benefit criterion consists of the ESS profit, increased revenue
of combining wind plants to the power grid, and the benefit of terminal recovery. All these sub-criteria
are quantitative, and two sub-criteria in the cost level were minimum type.

The investment cost means the cost of constructing a battery ESS, including the battery system
construction cost, energy conversion devices cost, and site construction cost. The operation and
maintenance cost is highly bound up with the capacity of the battery ESS. There exists a significant
difference between the annual operation and maintenance costs of different battery ESSs with
various capacities.

The ESS profit primarily originates from the price difference, for which electricity is stored during
the valley period at a low price and released during the peak period at a high electricity price. For
the increased revenue of combining wind plants to the power grid, the application of the ESS plays
a critical role in smoothing the wind power generation, thus increasing the grid-connected power
generation of wind plants that brings the increased revenue of combining wind plants to the power
grid. The benefit of terminal recovery refers to the recoverable value of different components in battery
ESSs after the lifetime of the ESS, including electrodes, metal materials, and carbon materials.

5.1.3. Sociality Perspective

The social benefits of the application of ESS are mainly related to the electricity grid as well as
the environment. The power grid criterion is composed of the delay of the power grid construction,
the reduction of system reserve capacity, and the reduction of power grid loss. The environment
criterion includes energy saving and emission reduction effectiveness. Considering the limitation of
objective data, the delay of power grid construction as well as energy saving and emission reduction
effectiveness are qualitative sub-criteria.

For the delay of power grid construction, the battery ESS can release electrical energy to satisfy
the peak load demand during the period of day load concentration due to the fast charging and
discharging features of battery ESSs, thus it takes a significant role in delaying the construction of
the power grid. For the reduction of the system reserve capacity, previously the power grid needed
to be equipped with a large reserve capacity owing to the randomness and volatility of wind power
generation, while the use of a battery ESS can reduce the use of reserve capacity. For the reduction
of power grid loss, during the peak load period, a battery ESS is used as a power discharge that will
reduce the load and electrical current, therefore it can decrease the network loss. Energy saving and
emission reduction effectiveness in the application of battery ESS is manifested in environmental
benefits of promoting wind power grid connected power generation and ESS self-charging.

5.2. Identifying the Performance Values of Battery ESSs of Qualitative Sub-Criteria

Before evaluating the comprehensive performance of a lead-acid battery (ES1), Li-ion battery
(ES2), NaS battery (ES3), NiMH battery (ES4), and VRF battery (ES5), the evaluated values of subjective
sub-criteria of these five battery ESSs needed to be identified. In this research, BWM was not only
employed to identify the subjective weights, but also employed to determine the values of qualitative
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sub-criteria, including safety, delay of power grid construction, and energy saving and emission
reduction effectiveness with regard to five battery ESSs.

First, the best and worst battery ESSs needed to be identified. The best battery ESS represents the
one that performs the best over others, while the worst battery ESS was the opposite. The best and
worst battery ESSs of every subjective sub-criterion were identified on the basis of the opinions of five
experts, and are listed in Table 3.

Table 3. The best and worst battery ESSs of each qualitative sub-criterion considering the views of
five experts.

Subjective Sub-Criteria Expert Number 1 2 3 4 5
Safet The best battery ESS ES5 ES5 ES5 ES5 ES5
y The worst battery ESS ~ ES1 ES1 ES1 ES1 ES1
Delay of power grid The best battery ESS ES2 ES2 ES5 ES2 ES5
construction The worst battery ESS ES4 ES4 ES4 ES1 ES1
Energy saving and emission The best battery ESS ES2 ES2 ES2 ES2 ES2
reduction effectiveness The worst battery ESS ES1 ES1 ES4 ES1 ES4

Second, we needed to determine the comparison values between the best battery ESS and others
and between others and the worst battery ESS employing the values ranging from 1 to 9 based on the
experts’ views. The detailed comparison opinions of five experts can be found in Tables A1 and A2 in
the Appendix A.

Thirdly, the comparison values needed to be substituted into Equation (6) to compute the
performance values of each battery ESS of corresponding qualitative sub-criterion due to five
experts’ views.

Finally, the average performance values of each battery ESS of every qualitative sub-criterion
were obtained, and are shown in Table 4. The consistency ratios were all close to 0 representing the
results were reliable and consistent. Therefore, the performance values of each evaluated battery ESS
of the corresponding qualitative sub-criterion could be determined.

Table 4. Average performance values of selected battery ESSs of corresponding qualitative sub-criterion.

. Energy Saving and
Battery lsinergy Storage Safety Delay of Pow.er Grid Emissgi)(,)n Re dgc tion
ystem Construction Effectiveness

Lead-acid battery 0.043 0.112 0.063
Li-ion battery 0.206 0.375 0.497

NaS battery 0.168 0.131 0.211
NiMH battery 0.107 0.058 0.072
VREF battery 0.476 0.323 0.156
Consistency Ratio 0.022 0.019 0.019

5.3. Determining the Weights of Sub-Criteria

Aiming at synthetically considering the preferences of experts and the actual data of each
sub-criterion, we employed the BWM to calculate the subjective weights according to the views
of five experts and the entropy weight determination approach to compute the objective weights
in accordance with the actual data of quantitative sub-criteria. Performance values of qualitative
sub-criteria were determined using the BWM. Then, the weights of all sub-criteria were computed
through integrating the subjective weights and the objective weights.

5.3.1. Subjective Weights of All Sub-Criteria Employing the BWM

First, the best and worst sub-criteria chosen by experts are illustrated in Table 5.
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Table 5. The best and worst sub-criteria determined by experts.

Expert The Best Sub-Criteria The Worst Sub-Criteria
Number
1 Investment cost (C8) Reduction of power grid loss (C15)
2 Normal temperature cycle life (C5) Operation and maintenance cost (C9)
3 Energy saving and emission reduction effectiveness (C16) Specific capacity (C2)
4 Safety (C7) Operation and maintenance cost (C9)
5 Energy saving and emission reduction effectiveness (C16) Self-discharge rate (C4)

Second, experts needed to provide the comparison values via comparing the importance degree
between the best sub-criterion and others, as well as between others and the worst one using the
number ranging from 1 to 9. A larger number represents the best sub-criterion was more critical than
others. Also, the value of 1 implies the equal significance between the best one and others. The results
are presented in Tables 6 and 7.

Table 6. Results of the best sub-criterion over others.

Expert Number 1 2 3 4 5
The best sub-criteria C8 C5 C16 c7 Cl16
Cell voltage 7 3 9 6 9
Specific capacity 6 3 9 6 8
Specific power 7 3 8 5 8
Self-discharge rate 6 3 8 5 9
Normal temperature cycle life 4 1 7 4 7
Maximum charge and discharge efficiency 4 1 7 4 7
Safety 3 1 6 1 2
Investment cost 1 9 5 9 6
Operation and maintenance cost 1 9 5 9 6
ESS profit 2 7 3 7 3
Increase revenue of combining wind plants to the power grid 2 8 4 8 3
Benefit of terminal recovery 2 8 4 8 3
Delay of power grid construction 8 5 2 2 4
Reduction of system reserve capacity 8 5 2 2 4
Reduction of power grid loss 9 6 2 3 5
Energy saving and emission reduction effectiveness 7 4 1 1 1
Table 7. Results of others over the worst sub-criterion.
Expert Number 1 2 3 4 5
The worst sub-criteria C15 C9 C2 9 C4
Cell voltage 3 7 1 4 1
Specific capacity 4 7 1 4 2
Specific power 3 7 2 5 2
Self-discharge rate 4 7 2 5 1
Normal temperature cycle life 6 9 3 6 3
Maximum charge and discharge efficiency 6 9 3 6 3
Safety 7 9 4 9 8
Investment cost 9 1 5 1 4
Operation and maintenance cost 9 1 5 1 4
ESS profit 8 3 7 3 7
Increase revenue of combining wind plants to the power grid 8 2 6 2 7
Benefit of terminal recovery 8 2 6 2 7
Delay of power grid construction 2 5 8 8 6
Reduction of system reserve capacity 2 5 8 8 6
Reduction of power grid loss 1 4 8 7 5
Energy saving and emission reduction effectiveness 3 6 9 9 9
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Third, the comparison values could be substituted into the linear Equation (6) and the weights
were obtained utilizing the BWM. Taking the comparing results of Expert 1 as an example, the formula
was written as below via substituting the concrete comparison data into Equation (6):

|lwg —7w1|< e |wg—6wy|<e |wg—Tws|<e |wg— 6wy <e
lws —dws|< e |ws—4dws|<e |ws—3wr|<e |ws—ws|<e
lwg —wo|< e |ws —2wig|<e [ws—2wn|<e |wsg—2wpl<e
|wg —8wiz|< e |wg—8wiy|<e |wg—9wis|<e |wg—Twig|< e
|wg —3wys|< e |ws—4dwis|<e |ws—3wis|<e [wsg—4dwys[<e
lwg — 6wis|< e |wg —bwis|<e |wg—Twis|<e  |ws —wis[< e
lwg —9wis|< e |wg—8wis|<e |wg—8wis|<e |wg—Bwys[<e
|wg —2wys|< e |ws—2wis|<e [ws—wis|<e |wsg—3ws[<e

(19)

We employed Lingo 9.0 software (Lindo System company, Chicago, IL, USA) to calculate the linear
formula to get the unique weights determined by five experts for all sub-criteria. Then the average
values were computed and the final subjective weights are listed in Table 8. The consistency ratio can
also be obtained using Equation (7) through using the results of ¢* and the consistency indicator listed
in Table 1. The consistency ratios are all close to zero, which means the results were highly consistent.

Table 8. Subjective weights and consistency ratios based on five experts.

Sub-Criteria El E2 E3 E4 E5 vl\\r/.[:;ﬁt

Cell voltage 0.028 0.064 0.025 0.035 0.027 0.036

Specific capacity 0.033 0.064 0.016 0.035 0.019 0.033

Specific power 0.028 0.064 0.028 0.042 0.031 0.039

Self-discharge rate 0.033 0.064 0.028 0.042 0.027 0.039

Nor