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Abstract: Advances in developed and developing countries are more attributable to growth in
industrial activities that directly impact increasing energy demand. Energy availability has been
inconsistent globally, necessitating energy storage (ES) for use as per requirement. Various energy
storage technologies (ESTs) are available in mechanical, electrochemical, electrical, chemical, and
thermal forms to fulfil the energy demand of a user as and when required. The factors responsible
for making a commercially viable energy storage product are further being researched for an eco-
friendly and optimal solution to store energy for a longer duration. Researchers are employing
different strategies to evaluate the energy efficiency of storage technologies. This paper uses the
VIKOR technique to analyze ESTs while assigning objective weights with the entropy weights
method based on identified energy performance indicators and ranking them according to their
commercialization viability. The method helps a consumer choose better ESTs as per their requirement
while manufacturers compete with each other to enhance the commercial value of their energy storage
products. Sensitivity analysis has been performed to understand the uncertainties, pros, and cons
with the limitations and scope of using the decision model and thus taking an informed decision.
The analysis of different energy storage technologies has indicated Hydrogen Fuel Cells (HFC) to be
impressive and promising for the future.

Keywords: energy storage technologies; energy efficiency; energy performance indicators; entropy
and VIKOR; Multi Criteria Decision Making (MCDM)

1. Introduction

Energy can be attributed as one of the primary driving forces for the economic devel-
opment of a country. The industrial sector is dependent on a continuous supply of energy to
work efficiently. Primary energy consumption worldwide has reached over 634 exajoules
as of 2020 and is expected to increase to 935 exajoules by 2050, an average annual per-
centage change of around 1.3% [1]. The electricity generation in 2020 was 24,993 billion
kilowatt-hours which are expected to be 41,953 billion kilowatt-hours by 2050, showing an
average annual percentage change of around 1.7% [2].
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Primary energy sources are gradually changing from non-renewable to renewable,
resulting in smaller carbon footprints. However, the obtainability of continuous energy
from renewable sources for consumers is a major concern. The problem that is being faced
is the availability of energy as per demand. The energy demand can be fulfilled by storing it
in bulk, using it whenever required, and restoring utilized energy in a shorter period. This
will balance the energy demand and supply continuously [3]. The International Energy
Agency (IEA) has presented a hypothetical scenario of Net Zero Emissions by 2050 (NZE).
This hypothetical IEA scenario illustrates a constrained but attainable path for net zero
emissions by 2050 [4].

The creation and use of renewable energy sources, such as solar and wind power, have
significantly increased in recent years. While clean and plentiful, these sources are also
sporadic and unpredictable, which can present problems for the stability and dependability
of the electricity system [5]. By storing surplus energy generated during low demand and
releasing it during high demand, energy storage devices can address these issues. Thus,
several energy storage systems have been developed due to the rising global energy demand
and the requirement to minimize carbon emissions. These technologies offer a way to store
and release energy when needed, which is essential for incorporating renewable energy
sources into the electrical grid [6]. With so many energy storage alternatives available,
assessing and contrasting them based on their sustainability and financial viability is
crucial [7].

Nevertheless, there is not a single EST that works for everyone. Each technology has
advantages and disadvantages; some are better suited to particular conditions or uses.
For instance, pumped hydro storage is suitable for large-scale energy storage, whereas
lithium-ion batteries are suitable for handheld gadgets and electric cars. Several factors
must be considered, including each technology’s environmental impact, cost-effectiveness,
and scalability, to identify the most sustainable and economically feasible ESTs [8].

Multi-Criteria Decision Making (MCDM) models can be used in this situation. MCDM
is a powerful analytical technique that ranks and assesses several possibilities based on
several distinct criteria or aspects. MCDM can evaluate and compare the viability and
commercial viability of various energy storage systems [9]. Based on the chosen criteria,
the MCDM model may evaluate and compare the available energy storage technologies,
thoroughly evaluating their sustainability and commercial viability [10]. The MCDM model
is an effective tool for evaluating these criteria and making informed decisions [11]. The
MCDM model considers multiple criteria simultaneously, using mathematical algorithms
to assign weights and scores to each criterion [12]. The model then ranks the energy
storage technologies based on performance, allowing for an objective and comprehensive
assessment [13]. Policymakers, investors, and energy firms can utilize the MCDM model’s
findings to guide their decisions on deploying ESTs in the future. This, in turn, can direct
investment choices and encourage the use of ESTs, which can assist in overcoming the
difficulties of integrating renewable energy sources and lowering greenhouse gas emissions.
This study uses MCDM models to examine the sustainability of various energy storage
systems. This paper has been written to find the most promising EST in terms of sustainable
energy and eco-friendly for their commercial viability on a long-term basis.

2. Related Work: Review of Literature

Saaty introduced the Analytic Hierarchy Process (AHP), which is a widely used
MCDM method for structuring decision problems into a hierarchy of criteria and alterna-
tives, and then using pairwise comparisons to derive weights for each criterion and alterna-
tive [14]. Keeney & Raiffa [15] provided a comprehensive overview of MCDM methods
and techniques and emphasized the importance of considering trade-offs and preferences
when making decisions with multiple objectives. Roy [16] presented a systematic and com-
prehensive approach to MCDM, including an overview of different MCDM methods, their
applications, and their limitations. Zavadskas et al. [17] provided an overview of different
MCDM methods and their applications in economics [18,19] and included a discussion of
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the strengths and weaknesses of each technique. MCDM is a complex and diverse field
that requires careful consideration of multiple criteria and objectives. There are many
different MCDM methods and techniques available, and the choice of method depends
on the specific needs of the decision problem. VIKOR (VIseKriterijumska Optimizacija i
Kompromisno Resenje) is a popular multi-criteria decision-making (MCDM) method for
ranking alternatives based on multiple criteria.

Opricovic & Tzeng [20] introduced the VIKOR method and applied it to post-earthquake
reconstruction planning. The authors demonstrate the effectiveness of the VIKOR method
in balancing conflicting criteria and producing compromise solutions. Yang et al. [21]
proposed a modified VIKOR method for supplier selection incorporating weights for the
decision criteria. The authors demonstrate the effectiveness of the modified VIKOR method
in selecting the best supplier among multiple alternatives. Shemshadi et al. [22] proposed a
fuzzy VIKOR method for supplier selection incorporating entropy weight. The authors
demonstrate the effectiveness of the fuzzy VIKOR method in selecting the best supplier
among multiple alternatives. The VIKOR method was applied to the problem of employee
selection. The authors demonstrate the effectiveness of the VIKOR method in selecting the
best employee among multiple candidates [23].

Mardani et al. [24] reviewed the VIKOR method’s methodology, applications, and
performance comprehensively. The authors demonstrate the effectiveness of the VIKOR
method in various fields, including engineering, management, and environmental sciences.
Kahraman et al. [25] applied VIKOR to the problem of comparing catering service compa-
nies based on multiple criteria. The authors demonstrate that VIKOR is an effective method
for ranking alternatives based on multiple criteria. Zhang et al. [26] proposed an extension
of VIKOR that uses intuitionistic fuzzy sets to handle uncertainty in decision-making
problems. The authors demonstrated the effectiveness of the proposed method through a
numerical example.

Zhao et al. [27] suggested a united fuzzy-MCDM with 15 sub-criteria for thoroughly
evaluating battery ES systems. Streimikiene et al. [28] established the MCDM methodology
for choosing the utmost sustainable power generation technology, encompassing several
sustainability perspectives. The study demonstrates that renewable electricity strategy
should prioritize sustainable energy options such as water and solar thermal. Li et al. [29]
evaluated electrochemical ES using MCDM for optimal program choosing out of five
options and gave provisions related to stakeholders and decision-makers. Colak and
Kaya [8] analyzed ESTs for Turkey by considering 9 alternatives, 4 attributes, and 19 sub-
attributes. The economic and technical factors were decided to be the greatest and least
essential major criteria, respectively, and the option of Compressed Air was judged to be
the most suited. Albawab et al. [30] proposed a sustainability measurement model to rate
ESTs. To assess the efficiency and efficacy of the suggested hybrid technique, 5 primary
sustainability criteria and 17 sub-criteria were utilized, along with 7 ESTs. The results
suggest that thermal ES and compressed air alternated between first and second place,
and the MCDM approach is an effective tool for determining sustainability indicators for
evaluating ESTs. lbahar et al. [31] used VIKOR and DEMATEL to evaluate the best hydrogen
ES solution based on economic, technological, environmental, and social variables. The
results suggested that storage capacity and response time were the most and least essential
criteria, respectively, and that carbon nanotubes were the best option for Turkey. It is a
useful pathway for academics and politicians interested in hydrogen storage. Kizielewicz
et al. [32] introduced the MCDM method for selecting the most beneficial ES version from
numerous accessible options. With the increased popularity of solar systems, there is a
surge in interest in ES. Since of the numerous technical aspects of ES systems, the MCDM
technique is preferred because it allows for quality rating while considering several factors,
despite the absence of specialist knowledge of these equipment. The adoption of renewable
storage technologies is critical for preserving sustainable electricity supply and demand
balance, lowering the implementation cost of newly developed energy, and speeding the
tempo of the new energy transition. In Jiangsu Province, China, Liu and Du [33] suggested
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a MCDM architecture for renewable ES technology assortment from the standpoint of
collective decision-making. It aided managers in making more scientific decisions on
renewable EST alternatives.

One of the key criteria used in evaluating ESTs is energy density and other important
criteria include power density, round-trip efficiency, life cycle cost, and environmental
impact. Some studies have also considered criteria such as scalability, safety, and ease of
maintenance. Several studies have used MCDM methods to evaluate and compare different
ESTs. The results of these studies have varied, depending on the specific methods used, the
criteria considered, and the weighting of the criteria.

There is a need to apply MCDM to analyze different ESTs as the complex and dynamic
nature of the ES sector drives them. ESTs are diverse, and each technology has its own set
of strengths and weaknesses, making it difficult to compare and evaluate them based on
a single criterion, such as cost or efficiency. MCDM provides a systematic and rigorous
approach to analyzing and comparing different ESTs based on multiple criteria, allowing
decision-makers to make informed choices about which technology to adopt. MCDM
considers multiple criteria such as cost, energy efficiency, safety, environmental impact,
scalability, etc., and uses mathematical models to rank the technologies based on their
performance against these criteria. This provides a comprehensive and objective evaluation
of the different ESTs and helps identify the technology most suitable for a specific appli-
cation or context. MCDM in ES analysis is essential in today’s rapidly changing energy
landscape, where the need for more sustainable and efficient ES solutions proliferates.
MCDM provides a valuable option for decision-makers to assess the potential of different
ES technologies and identify the best path forward for developing and deploying sustain-
able ES solutions. So, in the present work, the VIKOR method is applied to assign ranks to
different ES technologies while considering 16 ESTs against 11 parameters and conducting
sensitivity analysis.

3. Materials and Methods
3.1. Description of the Problem

The workflow chart of the present decision-making work to rank different ETS is
shown in Figure 1. It consists of an exhaustive literature review of EST, and decision-making
techniques applied in EST are discussed in Sections 1 and 2, respectively. After review,
16 ESTs were identified for decision-making, and details are described in Section 3.1.1 while
considering 11 criteria described in Section 3.1.2. The VIKOR method is applied to rank ESTs
(Section 3.2.1), the Entropy method to assign objective weights to 11 criteria (Section 3.2.2)
and the Delhi method to attain expert opinion (Section 3.2.3). The implementation of
decision-making to assign ranks to ESTs is presented in Section 4. Sensitivity analysis and
implications of the study are presented in Section 5, and finally, conclusions are in Section 6.

3.1.1. Energy Storage Technologies

Several energy storage technologies are available today, each with advantages and
limitations. Various methods have been employed to store the energy long-term, though
a plausible solution is yet to be successfully employed and commercially exploited. To
get insight into promising ESTs, they have been classified and shown in Figure 2 [34,35].
Various ESTs are being researched for their commercial viability on a long-term basis. A
few promising ES technologies are outlined in Figure 2 and are discussed here.

Pumped Hydro Energy Storage (PHES): PHES works by using excess electricity gen-
erated during periods of low demand to pump water from a lower reservoir to an upper
reservoir. PHES remains an important technology for ES and is expected to play a notewor-
thy part in the upcoming transition to a more sustainable energy [36].
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Figure 1. Decision making to rank ESTs: Present workflow.

Compressed Air Energy Storage (CAES): CAES compresses air and stocks it in under-
ground grottos. To produce power during peak hours, this air is released into a gas turbine
combustor [37].

Flywheel Energy Storage (FES): High-speed mechanical devices called flywheels store
electrical energy as rotational energy. The flywheel’s rotor is decelerated to issue this energy
later in brief energy bursts [38].

Lead-acid: Lead-acid batteries typically have lead (Pb) anodes and lead oxide (PbO,)
cathodes that are submerged in sulfuric acid (H,SO,). Each cell is connected in series. The
energy density is quite low, though a large current can lead to many applications. The
battery emits lead (toxic heavy metal), posing potential risks to human health with severe
impacts on global bioaccumulation. However, lead-acid batteries can be recycled and
disposed of successfully, making them economically and environmentally viable [39].

Lithium—ion batteries (Li-ion): In their most prevalent configuration, lithium-ion
batteries (Li-ion) are made up of a negative electrode (anode) made of graphite, a positive
electrode (cathode) made of lithium oxides, and an electrolyte made of a lithium salt and
an organic solvent [39].

Sodium-sulfur batteries (NaS): Molten sodium (Na) serves as the negative electrode
in sodium sulphur batteries (NaS), while molten sulfur (S) serves as the positive electrode.
Sodium alumina (solid ceramic) is used as an electrolyte. Both sodium and sulphur are
cheap and have low densities. Compared to many other batteries, the NaS battery has a
high specific energy, a long cycle lifetime, and a high charge efficiency [39]. NaS batteries
are a desirable contender for large-scale ES applications because of these benefits [40].
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Figure 2. Energy Storage Technologies.

Nickel-cadmium batteries (NiCd): NiCd batteries are a type of rechargeable battery
and, a reliable power source for portable electronic devices, power tools, and uninterrupt-
ible power supplies [6].

Vanadium Redox flow battery (VRB): a VRB is a flow battery that uses a vanadium
electrolyte solution to store and release energy. In a VRB, energy is stored in two separate
tanks, one containing a positive vanadium electrolyte solution and the other containing
a negative vanadium electrolyte solution. When energy is needed, the two solutions
are pumped into a battery cell where they interact, generating electricity through an
electrochemical reaction. They have a large energy capacity and can store energy for
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extended periods, making them appropriate for long-duration ES applications. VRBs have
a relatively long life cycle, which can be recharged and used repeatedly for years [6].

Zinc Bromine flow battery (ZnBr): These flow batteries use a zinc-bromine electrolyte
solution to store and release energy. In a ZnBr, energy is stored in two separate tanks, one
containing a zinc-based positive electrolyte solution and the other containing a bromine-
based negative electrolyte solution. When energy is needed, the two solutions are pumped
into a battery cell where they interact, generating electricity through an electrochemical
reaction. They have a large energy capacity and can store energy for extended periods,
making them suitable for use in long-duration ES applications [41].

Polysulfide Bromine flow battery (PSBr): Sodium bromide and sodium polysulphide
are used as salt solution electrolytes in a PSBr system. The components utilized in the
PSBr system electrolytes are readily available, highly soluble as aqueous electrolytes, and
reasonably priced [41].

Super-capacitor Energy Storage (SCES): It stores electrical energy in an electrostatic
field. Unlike batteries, which store energy through chemical reactions, supercapacitors
store energy by accumulating electric charge on the surface of electrodes. They have higher
power density than batteries and can quickly charge and discharge, making them suitable
for high-power delivery applications, such as regenerative braking in electric vehicles,
backup power, and pulse power applications. However, they have lower energy density
than batteries, meaning they cannot store as much energy as batteries of the same size [41].

Superconducting Magnetic Energy Storage (SMES): SMES systems can provide high
power output over a short period, making them well-suited for applications such as grid
stabilization, frequency regulation, and peak shaving. They also have high energy efficiency,
meaning they lose very little energy during storage and release. However, SMES systems
require cryogenic cooling to maintain the coils” superconductivity, making them more
complex and expensive to maintain compared to other ES systems [42,43].

Hydrogen Fuel cell (HFC): A fuel cell can convert the chemical energy stored in
hydrogen and oxygen to electrical energy using the reaction 2H; + O, — 2H,0 + energy.
The energy generated varies from a few kW to hundreds of MW. The enormous energy
generation capacity of HFC is promising; however, disposal/recycling of materials used in
fuel cells is a challenge [42,43].

Sensible Thermal Energy Storage (STES): STES is a proven technology that involves
cooling or heating a liquid or solid storage medium to store thermal energy. The storage
is determined by the material’s temperature differential. The capacity of the technique is
constrained by the storage medium’s specific heat [44].

Latent Thermal Energy Storage (LTES): LTES is the method of stowing thermal energy
in a phase-change substance (PCM). The phase change temperature is the temperature at
which PCM changes phase (PCT). Technically speaking, the PCM’s chemical bonds will
begin to disintegrate as the temperature rises above the PCT. The material also transforms
from solid to liquid at that time as a result of the material’s endothermic reaction to heat.
The material will transform back into a solid when the temperature drops because the PCM
desorbs heat in an exothermic reaction. It is feasible to store the energy required to change
the phase of the material by regulating the temperature within a predetermined rate [45].

Liquid Air Energy Storage (LAES): LAES uses the principles of cryogenics to store and
release electrical energy. The system works by compressing air to a liquid state and storing
it in a low-pressure container. When electrical energy is needed, the liquid air is vaporized
and expanded through a turbine, generating electricity. The resulting high-pressure air
can then be recompressed and stored for later use. LAES systems have several advantages
over other ES systems, including low cost and widespread availability of the air. However,
they are still in the early stages of development and commercial deployment, and their
efficiency can be limited by the efficiency of the air compression and expansion process [46].
Table 1 depicts ESTs and their properties [41,47,48].
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Table 1. ESTs and their properties.

Rated

Energy Specific Power Ener Daily Self- Lifetime Cvdle . Discharge Annualized Annualized
Technology Density Energy Rating (MW) Capa Eﬁ] Discharge (Years) E fﬁcieync %) Suitable Storage Time at Power Cost Energy Cost
(W h/L) (W h/kg) 8 pey i (%) y Duration Power Rating ($/ kW) ($/KW h)
s PHES 05-2 05-15 100-5000 500-8000 Very small 4060 70-85 H"l‘;fg‘rt‘;‘;;‘fhs 1-24 h+ 2500-4300 5-100
k=
£ CAES 3-6 30-60 Up to 300 ~<1000 Small 2040 42-54 H"l‘;f‘g‘rg‘;;ths 1-24 h+ 400-800 2-50
U .
= FES 1000-2000 10-30 <0.25 upto5 100 ~15 90-95 Seconds-minutes, Upto8s 250-350 1000-5000
p P
short-term
Lead-acid 50-80 30-50 0-20 [4], 0.001-40 0.1-0.3 5-15 70-80 Minutes-days, upto10h 300-600 200-400
short-to-med. term
Li-ion batteries 200-500 75-200 0-0.1 0.004-10 0.1-0.3 5-15 ~90-97 Minutes—days [4], 1-8h 1200-4000 600-2500
— short-to-med. term
8 NasS batteries 150-250 150-240 <8 0.4-244.8 Almost zero 10-15 ~75-90 Long term ~1h 1000-3000 300-500
E) NiCd batteries 60-150 50-75 0-40 6.75 0.2-0.6 10-20 ~60-70 S}I\I/Im“tes*days 4 ~1-8h 500-1500 800-1500
5 ort and long term
e} ]
£ VRB 16-33 10-30 ~0.03-3 <60,2,3.6 Small 5-10 75-85 H"L‘“S months, g4 conds-24 h+ 600-1500 150-1000
] ong term
= ZnBr flow battery 30-60 30-50 0.05-2 0.1-3 Small 5-10 ~65-75 H‘)I‘;fg‘fg‘r’gfhs Seconds—10 h+ 700-2500 150-1000
PSB ~20-30 ~15-30 1-15 Potential up Small 10-15 ~60-75 Hours-months, g, 3¢ 10 hs 700-2500 150-1000
to 120 long term
g Super-capacitor 10-30 25-15 0-0.3 0.0005 20-40 10-30 ~90-97 Se‘;ﬁgfts;;‘r’;‘rs’ Milliseconds—1 h 100-300 300-2000
g .
k) SMES 02-25 0.5-5 0.1-10 0.0008 10-15 20-30 ~95-97 Minutes-hours, Milliseconds—8 s 200-300 1000-10,000
- short-term
g
g Hydrogen Fuel cell 500-3000 800-10,000 <50 0.312 Almost zero 5-15 ~20-50 Hours-months Seconds—24 h+ 500 15
3
E STES 80-120 80-120 0.001-10 0.01-0.05 0.05-1 10-20 ~30-60 Minutes-days 1-8h 200-300 20-50
£ LTES 0-200 10-250 0.001-1 0.05-0.15 0.05-1 10-30+ 75-90 hours-weeks 1-8h
= LAES 18-36 214 10-200 2.5 Small 25+ 55-80 Long-term Several hours 900-1900 260-530
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3.1.2. Description of EST Properties

The properties have been identified through a literature review as these are valuable

for consideration of any EST towards its commercial viability. The description of properties
of EST are as follows [41,47,48]:

Energy density (Wh/L): Energy density measures the amount of energy that can be
stored in a given volume of an energy storage system, usually expressed in watt-hours
per litre (Wh/L). A higher energy density means that more energy can be stored in a
smaller space, which is important for applications where space is limited.

Specific energy (Wh/kg): Specific energy measures the amount of energy that can be
stored in a given mass of an energy storage system, usually expressed in watt-hours
per kilogram (Wh/kg). Higher specific energy means more energy can be stored in a
smaller mass, which is important for applications where weight is a concern.

Power rating (MW): Power rating measures the maximum power an energy storage
system can deliver at any given time, usually expressed in megawatts (MW). This is
important for high-power output applications like grid-scale energy storage systems.
Rated energy capacity (MWh): Rated energy capacity measures the maximum amount
of energy an energy storage system can store, usually expressed in megawatt-hours
(MWh). This is important for large energy storage applications, such as grid-scale
energy storage systems.

Daily self-discharge (%): Daily self-discharge measures the rate at which an energy
storage system loses energy over time, expressed as a percentage of its total energy
capacity. A lower self-discharge rate means an energy storage system can retain more
stored energy over time.

Lifetime (years): Lifetime is a measure of the expected lifespan of an energy storage
system, usually expressed in years. This is an important consideration for applications
where the cost of replacing or maintaining an energy storage system is high.

Cycle efficiency (%): Cycle efficiency measures the efficiency with which an energy
storage system can convert stored energy into usable energy and back again, expressed
as a percentage. A higher cycle efficiency means less energy is lost during charging
and discharging.

Suitable storage duration: Suitable storage duration measures how long an energy
storage system can store energy before recharging. This is an important consideration
for applications where energy needs to be stored for an extended period, such as in
off-grid energy systems.

Discharge time at power rating: Discharge time at power rating measures how long
an energy storage system can deliver power at its maximum power rating before
recharging. This is an important consideration for applications requiring a high power
output for a sustained period.

Annualized Power cost ($/kW): Annualized power cost is a measure of the cost of
the energy storage system per unit of power output per year, expressed in dollars per
kilowatt (kW). This is an important consideration for applications where the cost of
the energy storage system needs to be amortized over its expected lifespan.
Annualized Energy cost ($/kWh): Annualized energy cost is a measure of the cost of
the energy storage system per unit of energy stored per year, expressed in dollars per
kilowatt-hour (kWh). This is an important consideration for applications where the
cost of the energy storage system needs to be amortized over its expected lifespan.

ESTs play a critical role in achieving a sustainable energy future. They enable energy

to be stored and dispatched when it is needed, improving the reliability, resilience, and
efficiency of energy systems. MCDM methods have been developed to help assess and
compare the different ESTs.
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3.2. Methods Used
3.2.1. VIKOR Technique

The basic idea of the VIKOR technique for providing a compromise solution to a
problem having conflicting criteria was given by S. Opricovic in his PhD dissertation in
1979 with a related paper published in 1980 [49]. The name VIKOR (Serbian: VIseKriter-
ijumska Optimizacija i Kompromisno Resenje, meaning Multicriteria Optimization and
Compromise Solution) appeared in 1990 [50]. Recognition of the VIKOR technique came
with its comparative analysis to other existing techniques [51].

The VIKOR method involves identifying the alternatives, defining the criteria, deter-
mining the weights, and normalizing the criteria values. Hence, they are on a common
scale, typically between 0 and 1, then selecting the best and worst values for each criterion
among all alternatives. Calculate the S-values for each alternative, which measure its
relative performance concerning the best and worst values. Calculate the R-values for each
choice, which measure its relative performance concerning the other options. Calculate the
Q-values for each alternative, which measure its overall performance based on its S-values
and R-values [52]. Rank the alternatives based on their Q-values, with the highest being the
best alternative. The VIKOR method is beneficial when conflicting criteria or compromise
solutions are needed. It allows decision-makers to identify the best compromise solution
that minimizes the distance to the ideal solution while considering the trade-offs between
the criteria [53]. The VIKOR technique has the main steps to attain the final ranks of the
alternatives as below [54].

Step 1: Identification of the conflicting criteria’s Cj wherej=1, 2, 3, ..., n; and the
alternatives A; wherei=1, 2, 3, ... , m for analysis and ranking. Create the decision matrix
X with I as respective values based on Cj and A;; refer to Equation (1).

C G ... Cy
Aq Iy Ly ... Iy
X = A Iy Inp ... Iy 1)
Am Lin Lip ... Ly

Identify each criterion (C) as beneficial (B) or non-beneficial (NB). A criterion is
beneficial if an increment in its value is sought, while a criterion is non-beneficial if a
decrement in its value is sought.

Step 2: Evaluate the importance of each criterion (Cj). There are several methods
for calculating weights, including the Pairwise Comparison method of the AHP [55], the
entropy method [56], the Best-Worst method [57], and the Full Consistency method [58,59].

Step 3: Regulate the normalized decision matrix where each element can be calculated
per Equation (2).

fij = ——— )

wherei=1,2,3,... , mandj=1,2,3,... ,n
Step 4: Determine the best j?* and the worst ﬁ-’ values of all criterion,j=1,2,...,n;
fj+ = max (f],] =1,2,3,...,n) for each criterion.
f]-’ = min (f]-, i=1,2,3,...,n) for each criterion.
Based on the above best (f;") and worst (f; ™) value of each criterion, calculate the maximum gap
of improvement for beneficial and non-beneficial criteria as per Equations (3) and (4), respectively.

e
Sij = w; J{+ ]{li 3)
Sij = w ?];J; @)
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Step 5: Calculate the Utility measure (S;) Equation (5) and Regret measure (R;)
Equation (6) for each alternative.

Si=1)Sij ©)
=1
R; = max|[S;] forj=1,2,...n (6)

Step 6: Calculate the VIKOR index (Q;) for each alternative as per Equation (7).

Sl‘—S;
Bt 1_
S| va-w

1

Ri—R;
RS —R;

1

Qi=v )

where, S;* is the maximum value of S; and S; ™ is the minimum value of S;

R;* is the maximum value of R; and R;~ is the minimum value of R;

v is the weight for the strategy of decision-making group utility. The value of v ranges
from 0 to 1, though it is usually set to 0.5 by consensus.

Step 7: Rank the alternatives, in order of lowest to highest values of S;, R;, and
based on fulfilling the following two conditions.

Condition 1—Acceptable advantage: Q (rank2) — Q Rank1) = (1/(n — 1)), where
Q Rank2) and Q (Rank1) are the value of alternatives occupying the second and first po-
sition, respectively, in the ranking list by Q; n is the number of alternatives.

Condition 2—Acceptable stability in decision making: The alternative ranked first by
Qj must also be ranked best by {S; or/and R; 1i=1,2,...,m}.

If one of the conditions is not satisfied, then a set of compromise solutions is proposed:

Alternatives ranked first and second if only condition 2 is not satisfied.
Alternatives ranked 1 to k, if condition 1 is not satisfied. The relation of condition 1
determines rank k.

3.2.2. Entropy Method

The entropy method is used in decision-making to determine the weight or importance
of different criteria or attributes. It is based on information theory and the idea that the
more uncertain or unpredictable a criterion is, the more information it provides. It involves
calculating the entropy value for each criterion, representing the degree of uncertainty
or diversity in the data. A criterion with a high entropy value indicates a wide range of
values or options, while a low entropy value means that the data is more concentrated or
uniform. Once the entropy values are calculated, they are used to determine the weight
or importance of each criterion. The weight of each criterion is proportional to its entropy
value, with the criterion having the highest entropy value assigned the highest weight [56].

S1: Normalize the decision matrix using Equation (8).

SRy

- (8)
1
wherei =1,...,n;j =1,...,m. This normalization technique converts various scales and

units into common measurable units to enable comparisons between multiple criteria.
S2: Compute entropy e; for each criterion as per Equation (9).

ej = —ep Z;n:l pij-In pij ©)
where, ¢ is the entropy constant and is equal to (In 7)1 and pij- Inp;; =0if p;; = 0.
Here, ¢y = (In 16) 1.

S3: Calculate the degree of diversification according to Equation (10).

di=1-e¢,i=1,...,n (10)
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S4: Calculate the weightage of each criterion according to Equation (11).

,i=1,...,n (11)

3.2.3. Delphi Method

The Delphi method is a structured process to obtain and refine expert opinions on a
particular topic or issue. It typically involves three rounds of questioning, with feedback
provided to the experts after each round. In the first round, the experts are asked to
provide their opinions on questions related to the topic or issue. These questions may be
open-ended or closed-ended, designed to elicit various opinions and perspectives. In the
second round, the experts are provided with a summary of the responses from the first
round, along with any statistical analysis or other feedback that may be relevant. They are
then asked to revise their initial responses in light of this feedback. In the third round, the
experts are again provided with a summary of the responses from the second round, along
with any additional feedback that may be relevant. They are then asked to provide their
final responses [60].

4. Ranking of Energy Storage Technologies
Step 1: Identified criteria are shown in Table 2, and ESTs are shown in Table 3.

Table 2. Criteria for analysis of ESTs.

Designation Criteria (Unit of Measurement)
G Energy density (Wh/L)
G Specific energy (Wh/kg)
Cs Power rating (MW)
Cy Rated energy capacity (MWh)
Cs Daily self-discharge (score)
Cq Lifetime (years)
Cy Cycle efficiency (%)
Cs Suitable storage duration (score)
Gy Discharge time at power rating (score)
Cio Annualized Power Cost ($/Kw)
Ci1 Annualized Energy Cost ($/Kwh)

Table 3. Alternatives of ESTs.

Designation Alternatives
Aq PHES
A; CAES
Az FES
Ay Lead-acid
Ag Lithium-ion batteries
Ag NaS batteries
Ay NiCd batteries
Ag VRB
Ag ZnBr
AlO PSBr
Aqq SCES
Aqp SMES
Az HFC
Ay STES
Ais LTES

A LAES
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Decision Matrix (X) is created by considering data available from Table 1 and using
the Delphi method [61]. The final data are agreed by five academic experts on EST and is
compiled in Table 4.

Table 4. Decision matrix.

G C Cs Cy Cs Ce Cy Cs Co Cio Cu
Aq 2 1.5 4000 500 1 60 85 4 2 308 19
Ay 6 60 300 580 1 40 50 4 2 203 13
Az 2000 30 20 0.75 5 15 95 1 1 293 3069
Ay 80 50 20 0.001 1 15 80 2 2 866 216
Asg 500 200 50 0.024 1 15 90 2 2 312 78
Ag 250 240 8 0.4 1 15 90 5 2 490 123
Ay 150 75 40 6.75 1 20 70 2 2 1500 2400
Ag 33 30 3 2 1 10 85 4 2 464 116
Ag 60 50 2 3 1 10 75 4 2 365 91
Aqg 30 30 15 0.06 1 15 75 4 2 700 150
A1 30 15 0.3 0.0005 3 10 90 1 1 109 14,880
Aqp 25 5 10 0.015 3 20 95 1 1 300 10,000
Aqs 3000 10,000 50 0.3 1 15 50 4 2 500 20
Aqy 500 250 10 0.05 1 20 60 2 2 300 150
A1z 200 250 1 0.15 1 20 80 3 2 400 180
Aqg 30 214 200 2.5 1 25 70 5 2 1900 530

B B B B B B B B B NB NB

Wherein, the last row of the decision matrix represents the criteria as beneficial (B) or
non-beneficial (NB).

Step 2: The weightage of each criterion is calculated using the entropy method consist-
ing of steps S1 to S4.

Based on the above entropy calculations, the weightage of each criterion is shown in
Table 5.

Table 5. Weightage of the criteria.

G C Cs Cy Cs Ce Cy Cg Cy Cro Cu
0.069 0.148 0.137 0.12 0.075 0.066 0.061 0.061 0.06 0.071 0.132

Step 3: The decision matrix in Table 4 is normalized as shown in Table 6.

Table 6. Normalized Decision matrix.

C C; GCs Cy Cs Cs Cy Cs Cy Cio Cn
Aq 0.0005 0.0001 0.9957 0.6529 0.1336 0.6298 0.2698 0.3032 0.2697 0.1050 0.0010
A 0.0016 0.0060 0.0747 0.7574 0.1336 0.4199 0.1587 0.3032 0.2697 0.0692 0.0007
Aj 0.5416 0.0030 0.0050 0.0010 0.6682 0.1575 0.3015 0.0758 0.1348 0.0999 0.1672
Ay 0.0217 0.0050 0.0050 0.0000 0.1336 0.1575 0.2539 0.1516 0.2697 0.2951 0.0118
As 0.1354 0.0200 0.0124 0.0000 0.1336 0.1575 0.2857 0.1516 0.2697 0.1063 0.0042
Ag 0.0677 0.0240 0.0020 0.0005 0.1336 0.1575 0.2857 0.3790 0.2697 0.1670 0.0067
Az 0.0406 0.0075 0.0100 0.0088 0.1336 0.2099 0.2222 0.1516 0.2697 0.5112 0.1307
Ag 0.0089 0.0030 0.0007 0.0026 0.1336 0.1050 0.2698 0.3032 0.2697 0.1581 0.0063
Ay 0.0162 0.0050 0.0005 0.0039 0.1336 0.1050 0.2381 0.3032 0.2697 0.1244 0.0050
Aqo 0.0081 0.0030 0.0037 0.0001 0.1336 0.1575 0.2381 0.3032 0.2697 0.2386 0.0082
An 0.0081 0.0015 0.0001 0.0000 0.4009 0.1050 0.2857 0.0758 0.1348 0.0371 0.8105
A 0.0007 0.0005 0.0025 0.0000 0.4009 0.2099 0.3015 0.0758 0.1348 0.1022 0.5447
Az 0.8123 0.9986 0.0124 0.0004 0.1336 0.1575 0.1587 0.3032 0.2697 0.1704 0.0011
Ay 0.1354 0.0250 0.0025 0.0001 0.1336 0.2099 0.1905 0.1516 0.2697 0.1022 0.0082
Asgs 0.0542 0.0250 0.0002 0.0002 0.1336 0.2099 0.2539 0.2274 0.2697 0.1363 0.0098

Ase 0.0081 0.0214 0.0498 0.0033 0.1336 0.2624 0.2222 0.3790 0.2697 0.6475 0.0289
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Step 4: Best and worst value of each criterion is determined as shown in Table 7.

Table 7. Best and worst value of each criterion.

C &) G Cy Cs Cs (& Cs Co Cio Cn
gfft 0.8123 0.9986 0.9957 0.7574 0.6682 0.6298 0.3015 0.3790 0.2697 0.6475 0.8105
j
‘/(‘]ff’fjt 0.0005  0.0001 00001  0.0000 0.133 01050 01587  0.0758 01348 00371  0.0007
j
Based on the above best and worst values of each criterion, the calculation of the

maximum gap of improvement for beneficial and non-beneficial criteria has been done as

shown in Table 8.

Table 8. Improvement gap matrix.

C G Cs Cy Cs Cs Cy Cs Co Cio Cn

Aq 0.0690 0.1480 0.0000 0.0166 0.0750 0.0000 0.0136 0.0153 0.0000 0.0079 0.0001
As 0.0689 0.1471 0.1267 0.0000 0.0750 0.0264 0.0610 0.0153 0.0000 0.0037 0.0000
Az 0.0230 0.1476 0.1363 0.1198 0.0000 0.0594 0.0000 0.0610 0.0600 0.0073 0.0271
Ay 0.0672 0.1473 0.1363 0.1200 0.0750 0.0594 0.0203 0.0458 0.0000 0.0300 0.0018
Ajg 0.0575 0.1451 0.1353 0.1200 0.0750 0.0594 0.0068 0.0458 0.0000 0.0080 0.0006
Ag 0.0633 0.1445 0.1367 0.1199 0.0750 0.0594 0.0068 0.0000 0.0000 0.0151 0.0010
Ay 0.0656 0.1469 0.1356 0.1186 0.0750 0.0528 0.0339 0.0458 0.0000 0.0551 0.0212
Ag 0.0683 0.1476 0.1369 0.1196 0.0750 0.0660 0.0136 0.0153 0.0000 0.0141 0.0009
Ag 0.0677 0.1473 0.1369 0.1194 0.0750 0.0660 0.0271 0.0153 0.0000 0.0101 0.0007
Aqp 0.0684 0.1476 0.1365 0.1200 0.0750 0.0594 0.0271 0.0153 0.0000 0.0234 0.0012
A 0.0684 0.1478 0.1370 0.1200 0.0375 0.0660 0.0068 0.0610 0.0600 0.0000 0.1320
Aqp 0.0690 0.1479 0.1367 0.1200 0.0375 0.0528 0.0000 0.0610 0.0600 0.0076 0.0887
Aqs 0.0000 0.0000 0.1353 0.1199 0.0750 0.0594 0.0610 0.0153 0.0000 0.0155 0.0001
Ay 0.0575 0.1443 0.1367 0.1200 0.0750 0.0528 0.0474 0.0458 0.0000 0.0076 0.0012
A1z 0.0644 0.1443 0.1370 0.1200 0.0750 0.0528 0.0203 0.0305 0.0000 0.0115 0.0015
Aqg 0.0684 0.1449 0.1302 0.1195 0.0750 0.0462 0.0339 0.0000 0.0000 0.0710 0.0046

Step 5: Utility measure (5;) and regret measure (R;) can be easily calculated using the
improvement gap matrix which is shown in Table 9.

Table 9. Utility and Regret Measure.

Utility Measure (S;)

Regret Measure (R;)

Al
A2
A3
A4
A5
A6
A7
A8
A9
A10
All
Al12
Al13
Al4
Al5
Al6

0.3453
0.5242
0.6416
0.7031
0.6534
0.6217
0.7505
0.6572
0.6655
0.6738
0.8364
0.7811
0.4814
0.6883
0.6574
0.6935

0.148
0.1471
0.1476
0.1473
0.1451
0.1445
0.1469
0.1476
0.1473
0.1476
0.1478
0.1479
0.1353
0.1443
0.1443
0.1449
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Step 6: VIKOR index (Qi) can be calculated using v = 0.5 and is shown in Table 10.

Table 10. VIKOR Index (Q;).

VIKOR Index (Q;)

Aq 0.5

Ay 0.648
Az 0.785
Ay 0.836
Ag 0.6981
Ag 0.6424
Ay 0.8697
Ag 0.8009
Ag 0.7977
Aqp 0.8178
A1 0.9921
Aqp 0.9417
A1z 0.1386
Aqy 0.7044
A1z 0.6729
Aqg 0.7307

Step 7. Ranking based on decreasing values of S;, R; and Qj is shown in Table 11.

Table 11. Ranking of alternatives.

Sl Ri Ql
Al 1 16 2
A2 3 8 4
A3 5 11 9
A4 13 9 13
A5 6 6 6
Ab 4 4 3
A7 14 7 14
A8 7 11 11
A9 9 9 10
A10 10 11 12
All 16 14 16
Al2 15 15 15
Al3 2 1 1
Al4 11 2 7
Al5 8 2 5
Al6 12 5 8

Checking for Condition 1—Acceptable advantage: Q (rank2) — Q (Rank1) > (1/(n —1)),
where Q (Rank2) and Q (rank1) are the value of alternatives occupying the second and first
position respectively in the ranking list by Q; n is the number of alternatives. From Table 10:

0.5000 — 0.1386 > 1/15 or 0.3614 > 0.0667, which is true. Hence, condition 1 is satisfied.

Checking for Condition 2—Acceptable stability in decision making: alternative ranked
first by Q; must also be the best ranked by {S; or/and Rjli=1,2,..., m}.

As we can see from Table 11, alternative A3 is ranked 1st by R;. Although, alternative
Aj3 is ranked 2nd by S;; condition 2 is satisfied as the alternative should be ranked first
either by S; or R;.

Thus, Alternative A3 (Hydrogen Fuel cell (HFC)) of the considered ESTs is the most
viable option for commercialization. HFC is a clean and efficient source of energy, with the
potential to reduce greenhouse gas emissions and contribute to a low-carbon economy. The
commercial viability of hydrogen fuel cells is driven by several factors. Firstly, HFCs have
high energy density and long-life cycles, making them suitable for an extensive variety
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of applications, from transportation to stationary power. Secondly, the technology has
advanced significantly in recent years, resulting in reduced costs and increased reliability,
making them more accessible to a wider range of customers. Furthermore, the growing de-
mand for clean energy and the need for sustainable ES solutions is driving the development
and commercialization of hydrogen fuel cells. Governments and businesses around the
world are investing in hydrogen fuel cell research and development, and the infrastructure
needed to support hydrogen fuel cell use, such as hydrogen production and distribution, is
also being developed.

The VIKOR method has assigned a first rank to Hydrogen Fuel Cells, second to
PHES, third to Sodium-Sulfur Batteries, and fourth to Lead—Acid batteries. This ranking
reflects the relative strengths and weaknesses of these ESTs, as evaluated against a set
of pre-determined criteria such as cost, energy efficiency, safety, environmental impact,
scalability, etc. Hydrogen fuel cells have been assigned the first rank due to their high
energy density, long life cycle, and clean and efficient operation. Additionally, the expansion
of hydrogen fuel cell technology and the infrastructure needed to support it are advancing
rapidly, making hydrogen fuel cells an attractive option for commercialization. PHES
has been assigned the second rank due to its low cost, high energy density, and proven
reliability. However, the construction of PHES systems requires a significant amount of
infrastructure, including reservoirs and pipelines, and their deployment is limited by
geographical constraints. Sodium-Sulfur batteries have been assigned the third rank due to
their high energy density and efficiency. However, the high cost of sodium-sulfur batteries
and their relatively short life cycle compared to other ES technologies have limited their
commercial viability. Lead—Acid batteries have been assigned the fourth rank due to their
low cost, proven reliability, and widespread availability. However, lead—acid batteries have
relatively low energy density and short life cycles, and the production of lead and sulfuric
acid used in the batteries can have negative environmental impacts. The implementation
of MCDM has provided valuable insights into the strengths and weaknesses of different
ES technologies, and the ranking assigned to each technology can help decision-makers to
make informed choices about which technology to adopt.

5. Sensitivity Analysis

This can provide insights into the results’ stability and help decision-makers identify
which criteria have the greatest impact on the final rankings. Two types of sensitivity
analysis exist: a one-at-a-time and a global sensitivity analysis. In one-at-a-time sensitivity
analysis, the impact of a change in each criterion weight is evaluated individually, while in
global sensitivity analysis, the impact of simultaneous changes in multiple criteria weights
is evaluated.

In calculating the VIKOR Index (Q;), v is the weight for the decision-making strategy,
whose value ranges from 0 to 1. The weight for the decision-making strategy by consensus
is taken as 0.5. However, v > 0.5 is considered using “voting by majority rule”, while v < 0.5
is taken with “veto”.

Sensitivity analysis was done to ascertain the position of targeted alternative A3
(HFC) and other alternatives against different values of v. The values of v have been taken
from 0 to 1 with a gap of 0.1. The values have been plotted to visualize their position, as
shown in Figure 3.

5.1. Implications of the Study

MCDM is crucial in analyzing different ESTs based on identified energy recital in-
dicators. MCDM is a systematic process that considers multiple criteria, such as cost,
performance, sustainability, and commercial viability, to evaluate and rank ES technologies.
It enables decision-makers to identify the best option among alternatives by considering
the trade-offs between the different criteria. Applying the VIKOR method provided a
structured and systematic approach to evaluating and ranking ESTs, reducing the chances
of suboptimal or irrational decisions. It helped to ensure transparency in the decision-
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making process, which can increase stakeholder confidence in the results and decisions.
MCDM enables decision-makers to consider and understand the trade-offs between energy
performance indicators, such as cost, performance, and sustainability. By evaluating ES
technologies based on multiple criteria, MCDM can help to identify the best option for
a given situation, potentially improving competitiveness in the ES industry. MCDM can
increase stakeholder engagement by involving them in decision-making, leading to better
alignment and more informed decision-making. Sensitivity analysis helped regulate the
stability and robustness of the results and reduced the chances of reaching suboptimal
decisions. The decision-makers can better understand the alternatives’” strengths and
weaknesses and make more informed decisions.

1.200 —o— PHES

—m— CAES
1.000

et FES

Lead-acid

0.800 Li-ion
@ NaS

e N1Cd

0.600

VRB

VIKOR Index

0.400 ZnBr

PSBr

0.200 —#— SCES

et SMES

0.000 +— - HFC

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 STES
LTES

LAES

Figure 3. Sensitivity analysis plot—-VIKOR index vs. v.

5.2. Theoretical Contributions

The study comprehensively analyses various energy ESTs based on their commercial-
ization viability. ESTs are essential for ensuring that energy is available when required, and
many different technologies are available, including mechanical, electrochemical, electrical,
chemical, and thermal. However, not all ESTs are commercially viable, and this study aims
to identify which technologies are most likely to be successful in the market. It uses the
VIKOR technique to analyze ESTs, ranks them according to their commercialization poten-
tial, and highlights the importance of commercialization viability in making an eco-friendly
and optimal solution for storing energy for a longer duration. This study integrates the
Entropy weights method with the VIKOR technique to assign objective weights to the
identified energy performance indicators. The procedure helps a consumer choose better
ESTs as per their requirement while manufacturers compete with each other to enhance
the commercial value of their energy storage products. The sensitivity analysis helps to
understand the uncertainties, pros, and cons, along with the limitations and scope of using
the decision model. The study of different ESTs indicates that HFCs are impressive and
promising for the future. This study identifies HFC as a technology with high commercial-
ization viability, making it an attractive option for energy storage. The findings provide
insights into the potential of HFCs and could help policymakers and industry leaders make
informed decisions regarding energy storage technologies.



Sustainability 2023, 15, 4707

18 of 21

6. Conclusions

Energy Storage Technologies (EST) are required to fulfil the ever-increasing demand
for reliable power sources by industries, households, and others. A few ESTs are already
matured ones with extensive use, like PHES, Lead—Acid, VRB, etc. Though, there are certain
limitations. They do not fit in every power usage scenario. Newer ESTs are being invented
and developed wherein Hydrogen Fuel Cell (HFC) seems impressive and promising for the
future as the VIKOR method assigned its first rank. It fits almost all types of power usage,
like commercial, industrial, residential, or remote areas. The best future energy answer may
be hydrogen, but getting there will take political will and financial commitment. However,
when fossil fuels become scarce, hydrogen might be a significant answer to our world’s
energy problems.

The evaluation model of EST has been developed, keeping in view their commercial
viability. Entropy and VIKOR techniques have helped make an informed decision on
choosing the better EST.

Hydrogen fuel cells are a highly viable option for commercialization among ESTs, with
a combination of high energy density, long life cycles, reduced costs, and growing demand
for clean energy, all contributing to their commercial viability. By continuing to invest in
research and development, the hydrogen fuel cell industry can significantly contribute to a
low-carbon, sustainable future.

Hydrogen fuel cells are a viable option for commercialization for several reasons:

e  Environmentally Friendly: Hydrogen fuel cells emit only water and heat, making
them a clean and renewable energy source. This makes them a promising alterna-
tive to traditional fossil fuels emitting harmful greenhouse gases and contribute to
climate change.

e  High Efficiency: Fuel cells have a higher efficiency rate than traditional combustion
engines, which can convert more fuel energy into usable power. This can result in
greater fuel economy and reduced operating costs.

e  Versatile Applications: Hydrogen fuel cells can be used in various applications, in-
cluding transportation, power generation, and energy storage. This versatility makes
them an attractive option for commercialization.

e  Decreasing Costs: The cost of producing hydrogen fuel cells has steadily declined over
the years, making them more affordable and accessible commercially.

e  Government Support: Many governments worldwide are investing in developing
and commercializing hydrogen fuel cells to reduce greenhouse gas emissions and
transition to a cleaner energy future. This support can help to drive innovation and
accelerate the adoption of fuel cells in commercial applications.

The commercial viability of hydrogen fuel cells is still a work in progress, but the
potential benefits of this technology make it an attractive option for commercialization.
With continued investment and collaboration, overcoming the challenges and creating a
sustainable and healthy power source for a wide range of applications is possible. Despite
hydrogen fuel cells being one of the best renewable energy sources, some challenges
must be overcome before hydrogen can completely fulfil its possibilities as a solution by
providing a prospective carbon-free energy system.

Limitations of the research are the values of criteria taken through different research
papers and the data are not concurrent. In future, concurrent experimental data may be
collected, and techniques may be used for a more realistic result.

Overall, the combination of their environmental benefits, high efficiency, versatility,
decreasing costs, and government support make hydrogen fuel cells a viable option for
commercialization. As research and development continue, we may see more widespread
adoption of this promising technology.



Sustainability 2023, 15, 4707 19 of 21

Author Contributions: Conceptualization, X.S., RK., RK.S.,N.D,, 7.8.and SS.; methodology, RK.S,,
N.D., Z.S.,S.S. and M.R,; software, RK.S., N.D., Z.S. and S.S.; validation, X.S., RK., RK.S., S.S. and
M.R,; formal analysis, X.S., RK., RK.S., N.D. and 7.S.; investigation, X.S., RK., RK.S.,, N.D., 7.S.,88.
and M.R; resources, R.K., RK.S., N.D. and M.R; data curation, R.K.S. and N.D.; writing—original
draft preparation, R.K.S., N.D. and S.S.; writing—review and editing, R.K,, 7.S.,S.S. and M.R;;
visualization, X.S., RK,, RKS., N.D., Z.S.,S.S. and M.R;; supervision, X.S., 7.S.,85. and M.R;; project
administration, X.S., RK. and Z.S.; funding acquisition, X.S. and 7.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are within this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, G, Li, Y,; Bick, M.; Chen, J. Smart Textiles for Electricity Generation. Chem. Rev. 2020, 120, 3668-3720. [CrossRef]

2. Administration, U.E.I. How Much Carbon Dioxide Is Produced Per Kilowatthour of US Electricity Generation? Frequently Asked
Questions (FAQ). 2020. Available online: https:/ /www.eia.gov/tools/faqs/faq.php?id=77&t=11 (accessed on 15 December 2022).

3.  Holechek, J.L.; Geli, HM.E.; Sawalhah, M.N.; Valdez, R. A Global Assessment: Can Renewable Energy Replace Fossil Fuels by
2050? Sustainability 2022, 14, 4792. [CrossRef]

4. Handayani, K.; Anugrah, P; Goembira, F; Overland, I.; Suryadi, B.; Swandaru, A. Moving beyond the NDCs: ASEAN pathways
to a net-zero emissions power sector in 2050. Appl. Energy 2022, 311, 118580. [CrossRef]

5. Rahman, M.M.; Oni, A.O.; Gemechu, E.; Kumar, A. Assessment of energy storage technologies: A review. Energy Convers. Manag.
2020, 223, 113295. [CrossRef]

6.  Giir, TM. Review of electrical energy storage technologies, materials and systems: Challenges and prospects for large-scale grid
storage. Energy Environ. Sci. 2018, 11, 2696-2767. [CrossRef]

7. Cho, Y.; Gabbar, H.A. Review of energy storage technologies in harsh environment. Saf. Extrem. Environ. 2019, 1, 11-25. [CrossRef]

8. Colak, M,; Kaya, I. Multi-criteria evaluation of energy storage technologies based on hesitant fuzzy information: A case study for
Turkey. |. Energy Storage 2020, 28, 101211. [CrossRef]

9. Zubiria, A.; Menéndez, A.; Grande, H.-J.; Meneses, P.; Fernandez, G. Multi-Criteria Decision-Making Problem for Energy Storage
Technology Selection for Different Grid Applications. Energies 2022, 15, 7612. [CrossRef]

10. Bali, V; Bali, S.; Gaur, D.; Rani, S.; Kumar, R. Commercial-off-the Shelf Vendor Selection: A Multi-Criteria Decision-Making
Approach Using Intuitionistic Fuzzy Sets and TOPSIS. Oper. Res. Eng. Sci. Theory Appl. 2023. [CrossRef]

11. Kumar, R.; Goel, P,; Zavadskas, E.K; Stevi¢, Z.; Vujovi¢, V. A New Joint Strategy for Multi-Criteria Decision-Making: A Case
Study for Prioritizing Solid-State Drive. Int. . Comput. Commun. Control 2022, 17, 5010. [CrossRef]

12. Puska, A.; Stili¢, A.; Stojanovi¢, I. Approach for multi-criteria ranking of Balkan countries based on the index of economic freedom.
J. Decis. Anal. Intell. Comput. 2023, 3, 1-14. [CrossRef]

13.  Baumann, M.; Weil, M.; Peters, ].E,; Chibeles-Martins, N.; Moniz, A.B. A review of multi-criteria decision making approaches for
evaluating energy storage systems for grid applications. Renew. Sustain. Energy Rev. 2019, 107, 516-534. [CrossRef]

14. Liberatore, M.]. Book review of the analytic hierarchy process: Planning, priority setting, resource allocation by Thomas L. Saaty.
Am. J. Math. Manag. Sci. 1982, 2, 165-172. [CrossRef]

15. Keeney, R.; Raiffa, H.; Rajala, D. Decisions with Multiple Objectives: Preferences and Value Trade-Offs. Syst. Man Cybern. IEEE
Trans. 1979, 9, 403. [CrossRef]

16. Roy, B. Multicriteria Methodology for Decision Aiding; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1996;
Volume 12.

17.  Zavadskas, E.K.; Turskis, Z. Multiple criteria decision making (MCDM) methods in economics: An overview. Technol. Econ. Dev.
Econ. 2011, 17, 397-427. [CrossRef]

18.  Boga, S.; Topcu, M. Creative economy: A literature review on relational dimensions, challanges, and policy implications. Economics
2020, 8, 149-169. [CrossRef]

19. Kolluru, M.; Suresh, V. A Cluster Analysis on Sustained Global Competitiveness for European Countries. Economics 2020, 8, 7-22.
[CrossRef]

20. Opricovic, S.; Tzeng, G.H. Multicriteria planning of post-earthquake sustainable reconstruction. Comput.-Aided Civ. Infrastruct.
Eng. 2002, 17, 211-220. [CrossRef]

21. Ou Yang, Y.-P; Shieh, H.-M,; Leu, J.-D.; Tzeng, G.-H. A vikor-based multiple criteria decision method for improving information

security risk. Int. . Inf. Technol. Decis. Mak. (I[ITDM) 2009, 8, 267-287. [CrossRef]


http://doi.org/10.1021/acs.chemrev.9b00821
https://www.eia.gov/tools/faqs/faq.php?id=77&t=11
http://doi.org/10.3390/su14084792
http://doi.org/10.1016/j.apenergy.2022.118580
http://doi.org/10.1016/j.enconman.2020.113295
http://doi.org/10.1039/C8EE01419A
http://doi.org/10.1007/s42797-019-00002-9
http://doi.org/10.1016/j.est.2020.101211
http://doi.org/10.3390/en15207612
http://doi.org/10.31181/oresta010223001b
http://doi.org/10.15837/ijccc.2022.6.5010
http://doi.org/10.31181/jdaic10017022023p
http://doi.org/10.1016/j.rser.2019.02.016
http://doi.org/10.1080/01966324.1982.10737095
http://doi.org/10.1109/TSMC.1979.4310245
http://doi.org/10.3846/20294913.2011.593291
http://doi.org/10.2478/eoik-2020-0014
http://doi.org/10.2478/eoik-2020-0006
http://doi.org/10.1111/1467-8667.00269
http://doi.org/10.1142/S0219622009003375

Sustainability 2023, 15, 4707 20 of 21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Shemshadi, A.; Shirazi, H.; Toreihi, M.; Tarokh, M.]. A fuzzy VIKOR method for supplier selection based on entropy measure for
objective weighting. Expert Sys. Appl. 2011, 38, 12160-12167. [CrossRef]

Alguliyev, RM.; Aliguliyev, R.M.; Mahmudova, R.S. Multicriteria personnel selection by the modified fuzzy VIKOR method. Sci.
World J. 2015, 2015, 612767. [CrossRef]

Mardani, A.; Zavadskas, E.K.; Govindan, K.; Amat Senin, A.; Jusoh, A. VIKOR Technique: A Systematic Review of the State of the
Art Literature on Methodologies and Applications. Sustainability 2016, 8, 37. [CrossRef]

Kahraman, C.; Cebeci, U.; Ruan, D. Multi-attribute comparison of catering service companies using fuzzy AHP: The case of
Turkey. Int. ]. Prod. Econ. 2004, 87, 171-184. [CrossRef]

Zhang, N.; Wei, G. Extension of VIKOR method for decision making problem based on hesitant fuzzy set. Appl. Math. Model.
2013, 37, 4938-4947. [CrossRef]

Zhao, H.; Guo, S.; Zhao, H. Comprehensive assessment for battery energy storage systems based on fuzzy-MCDM considering
risk preferences. Energy 2019, 168, 450-461. [CrossRef]

Streimikiene, D.; Balezentis, T.; Krisciukaitieng, I.; Balezentis, A. Prioritizing sustainable electricity production technologies:
MCDM approach. Renew. Sustain. Energy Rev. 2012, 16, 3302-3311. [CrossRef]

Li, N.; Zhang, H.; Zhang, X.; Ma, X.; Guo, S. How to Select the Optimal Electrochemical Energy Storage Planning Program? A
Hybrid MCDM Method. Energies 2020, 13, 931. [CrossRef]

Albawab, M.; Ghenai, C.; Bettayeb, M.; Janajreh, I. Sustainability Performance Index for Ranking Energy Storage Technologies
using Multi-Criteria Decision-Making Model and Hybrid Computational Method. . Energy Storage 2020, 32, 101820. [CrossRef]
Ilbahar, E.; Colak, M.; Karasan, A.; Kaya, I. A combined methodology based on Z-fuzzy numbers for sustainability assessment of
hydrogen energy storage systems. Int. J. Hydrog. Energy 2022, 47, 15528-15546. [CrossRef]

Kizielewicz, B.; Baczkiewicz, A.; Shekhovtsov, A.; Watrébski, J.; Satabun, W. Towards the RES Development: Multi-Criteria
Assessment of Energy Storage Devices. In Proceedings of the 2021 International Conference on Decision Aid Sciences and
Application (DASA), Sakheer, Bahrain, 7-8 December 2021; pp. 766-771.

Liu, Y,; Du, J.-L. A multi criteria decision support framework for renewable energy storage technology selection. J. Clean. Prod.
2020, 277,122183. [CrossRef]

Kebede, A.A.; Kalogiannis, T.; Van Mierlo, J.; Berecibar, M. A comprehensive review of stationary energy storage devices for large
scale renewable energy sources grid integration. Renew. Sustain. Energy Rev. 2022, 159, 112213. [CrossRef]

Yue, M.; Lambert, H.; Pahon, E.; Roche, R.; Jemei, S.; Hissel, D. Hydrogen energy systems: A critical review of technologies,
applications, trends and challenges. Renew. Sustain. Energy Rev. 2021, 146, 111180. [CrossRef]

Blakers, A.; Stocks, M.; Lu, B.; Cheng, C. A review of pumped hydro energy storage. Prog. Energy 2021, 3, 022003. [CrossRef]
Breeze, P. Compressed Air Energy Storage. In Power System Energy Storage Technologies; Breeze, P., Ed.; Academic Press: Cambridge,
MA, USA, 2018; Chapter 3; pp. 23-31. [CrossRef]

Pullen, K.R. 11-Flywheel energy storage. In Storing Energy, 2nd ed.; Letcher, TM., Ed.; Elsevier: Amsterdam, The Netherlands,
2022; pp. 207-242. [CrossRef]

Andrews, J.; Jelley, N.A; Jelley, N. Energy Science: Principles, Technologies, and Impacts; Oxford University Press: Oxford, UK, 2022.
Cho, J.; Jeong, S.; Kim, Y. Commercial and research battery technologies for electrical energy storage applications. Prog. Energy
Combust. Sci. 2015, 48, 84-101. [CrossRef]

Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of current development in electrical energy storage technologies and the
application potential in power system operation. Appl. Energy 2015, 137, 511-536. [CrossRef]

Ali, M.H.; Wu, B.; Dougal, R.A. An Overview of SMES Applications in Power and Energy Systems. IEEE Trans. Sustain. Energy
2010, 1, 38-47. [CrossRef]

Diaz-Gonzalez, F.; Sumper, A.; Gomis-Bellmunt, O.; Villafafila-Robles, R. A review of energy storage technologies for wind power
applications. Renew. Sustain. Energy Rev. 2012, 16, 2154-2171. [CrossRef]

Kousksou, T.; Bruel, P,; Jamil, A.; El Rhafiki, T.; Zeraouli, Y. Energy storage: Applications and challenges. Sol. Energy Mater. Sol.
Cells 2014, 120, 59-80. [CrossRef]

Kalnees, S.E.; Jelle, B.P. Phase change materials and products for building applications: A state-of-the-art review and future
research opportunities. Energy Build. 2015, 94, 150-176. [CrossRef]

O’Callaghan, O.; Donnellan, P. Liquid air energy storage systems: A review. Renew. Sustain. Energy Rev. 2021, 146, 111113.
[CrossRef]

Soimosan, T.M.; Felseghi, R.A. Influence of the thermal energy storage on the hybrid heating systems’energy profile. Prog. Cryog.
Isot. Sep. 2016, 19, 5-17.

Storage, T.E. Technology Brief. EA-ETSAP and IRENA® Technology Brief E17-January. 2013. Available online: https://www.
irena.org/publications /2013 /jan/irena-iea-etsap-technology-briefs (accessed on 15 December 2022).

Duckstein, L.; Opricovic, S. Multiobjective optimization in river basin development. Water Resour. Res. 1980, 16, 14-20. [CrossRef]
Opricovic, S. Programski paket VIKOR za visekriterijjumsko kompromisno rangiranje. In Proceedings of the 17th International
Symposium on Operational Research SYM-OP-IS, Dubrovnik-Kupari, Croatia, 9-12 October 1990.

Opricovic, S.; Tzeng, G.-H. Extended VIKOR method in comparison with outranking methods. Eur. |. Oper. Res. 2007, 178,
514-529. [CrossRef]


http://doi.org/10.1016/j.eswa.2011.03.027
http://doi.org/10.1155/2015/612767
http://doi.org/10.3390/su8010037
http://doi.org/10.1016/S0925-5273(03)00099-9
http://doi.org/10.1016/j.apm.2012.10.002
http://doi.org/10.1016/j.energy.2018.11.129
http://doi.org/10.1016/j.rser.2012.02.067
http://doi.org/10.3390/en13040931
http://doi.org/10.1016/j.est.2020.101820
http://doi.org/10.1016/j.ijhydene.2022.01.010
http://doi.org/10.1016/j.jclepro.2020.122183
http://doi.org/10.1016/j.rser.2022.112213
http://doi.org/10.1016/j.rser.2021.111180
http://doi.org/10.1088/2516-1083/abeb5b
http://doi.org/10.1016/B978-0-12-812902-9.00003-1
http://doi.org/10.1016/B978-0-12-824510-1.00035-0
http://doi.org/10.1016/j.pecs.2015.01.002
http://doi.org/10.1016/j.apenergy.2014.09.081
http://doi.org/10.1109/TSTE.2010.2044901
http://doi.org/10.1016/j.rser.2012.01.029
http://doi.org/10.1016/j.solmat.2013.08.015
http://doi.org/10.1016/j.enbuild.2015.02.023
http://doi.org/10.1016/j.rser.2021.111113
https://www.irena.org/publications/2013/jan/irena-iea-etsap-technology-briefs
https://www.irena.org/publications/2013/jan/irena-iea-etsap-technology-briefs
http://doi.org/10.1029/WR016i001p00014
http://doi.org/10.1016/j.ejor.2006.01.020

Sustainability 2023, 15, 4707 21 of 21

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Yildirim, B.; Kuzu Yildirim, S. Evaluating the satisfaction level of citizens in municipality services by using picture fuzzy VIKOR
method: 2014-2019 period analysis. Decis. Mak. Appl. Manag. Eng. 2022, 5, 50-66. [CrossRef]

Vaid, S.K,; Vaid, G.; Kaur, S.; Kumar, R.; Sidhu, M.S. Application of multi-criteria decision-making theory with VIKOR-WASPAS-
Entropy methods: A case study of silent Genset. Mater. Today Proc. 2022, 50, 2416-2423. [CrossRef]

Anvari, A.; Zulkifli, N.; Arghish, O. Application of a modified VIKOR method for decision-making problems in lean tool selection.
Int. ]. Adv. Manuf. Technol. 2014, 71, 829-841. [CrossRef]

Singh, S.; Kumar, R.; Kumar, R.; Chohan, ].S.; Ranjan, N.; Kumar, R. Aluminum metal composites primed by fused deposition
modeling-assisted investment casting: Hardness, surface, wear, and dimensional properties. Proc. Inst. Mech. Eng. Part L ]. Mat.
Des. Appl. 2022, 236, 674-691. [CrossRef]

Kumar, R.; Singh, S.; Bilga, P.S.; Jatin; Singh, J.; Singh, S.; Scutaru, M.L.; Pruncu, C.I. Revealing the benefits of entropy weights
method for multi-objective optimization in machining operations: A critical review. J. Mater. Res. Technol. 2021, 10, 1471-1492.
[CrossRef]

Kar, B.; Mohapatra, B.; Kar, S.; Tripathy, S. Small and Medium Enterprise Debt Decision: A Best-Worst Method Framework. Oper.
Res. Eng. Sci. Theory Appl. 2022. [CrossRef]

Pamuéar, D.; Stevié, Z.; Sremac, S. A new model for determiningweight coefficients of criteria in MCDM models: Full Consistency
Method (FUCOM). Symmetry 2018, 10, 393. [CrossRef]

Badi, L; Jibril, M.; Bakir, M. A Composite Approach For Site Optimization Of Fire Stations. J. Intell. Manag. Decis. 2022, 1, 28-35.
[CrossRef]

Nasa, P; Jain, R.; Juneja, D. Delphi methodology in healthcare research: How to decide its appropriateness. World ]. Methodol.
2021, 11, 116. [CrossRef] [PubMed]

Profillidis, V.A.; Botzoris, G.N. Executive Judgment, Delphi, Scenario Writing, and Survey Methods. In Modeling of Transport
Demand; Profillidis, V.A., Botzoris, G.N., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; Chapter 4; pp. 125-161. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.31181/dmame181221001y
http://doi.org/10.1016/j.matpr.2021.10.259
http://doi.org/10.1007/s00170-013-5520-x
http://doi.org/10.1177/14644207211054143
http://doi.org/10.1016/j.jmrt.2020.12.114
http://doi.org/10.31181/oresta280922001k
http://doi.org/10.3390/sym10090393
http://doi.org/10.56578/jimd010104
http://doi.org/10.5662/wjm.v11.i4.116
http://www.ncbi.nlm.nih.gov/pubmed/34322364
http://doi.org/10.1016/B978-0-12-811513-8.00004-2

	Introduction 
	Related Work: Review of Literature 
	Materials and Methods 
	Description of the Problem 
	Energy Storage Technologies 
	Description of EST Properties 

	Methods Used 
	VIKOR Technique 
	Entropy Method 
	Delphi Method 


	Ranking of Energy Storage Technologies 
	Sensitivity Analysis 
	Implications of the Study 
	Theoretical Contributions 

	Conclusions 
	References

