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Abstract: Studies have shown that the role of energy storage systems in human life is increasing day
by day. Therefore, this research aims to study the latest progress and technologies used to produce
energy storage systems. It also discusses and compares the most recent methods used by researchers
to model and optimize the size of these tools and evaluates the strengths and weaknesses of each.
Investigations have shown that using energy storage systems in hybrid stand-alone power generation
systems based on renewable energy increases the reliability of the power generation systems and
increases their efficiency. It has also reduced the cost of transmitting the power grid to remote areas.
Furthermore, this study showed that advances in energy storage technology in recent years have led
to the development and promotion of clean microgrids. In addition, this review paper also addresses
energy storage technology issues and proposes practical and applied solutions.
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1. Introduction

Researchers and experts in the fields of energy and the environment believe that envi-
ronmental pollution from fossil fuels is the greatest threat to the future of humanity, and the
world must move towards new and clean technologies. Many industries today will migrate
to zero carbon dioxide technologies. Nowadays, the management and supply of human
power consumption are often provided by generators connected or disconnected from
the grid. The fuel for these generators is often fossil fuels, which produce carbon dioxide
and consequently cause air pollution and damage the environment [1]. Currently, the
policies of governments around the world are moving towards decarbonization. It entails
producing electricity using clean and new technologies to reduce carbon emissions [2]. In
this regard, global policies strongly support renewable energy to produce green and clean
energy. Energy storage devices play a significant role in storing, managing, improving
performance, and transferring clean power generated by renewable sources. Ensuring a
high-reliability energy supply, environmental sustainability, and a cost-effective power
supply are the three main goals of clean microgrids to generate electricity with the least
pollution. Using renewable energy sources instead of fossil fuels to generate electricity to re-
duce greenhouse gas and carbon dioxide emissions cannot be achieved without considering
the economic aspects and evaluating the potential of renewable energy [3]. So, in addition
to the reliability of power systems that use renewable energy sources, the determined size
of each part of the green microgrids is also important.

Many studies have been conducted on the use of new technologies to reduce green-
house gas emissions, and as expected, the rate of carbon dioxide emissions by large power
plants will be close to zero by 2050 [4]. Nowadays, stand-alone hybrid renewable energy
microgrids have received much attention for producing clean electricity. Because renewable
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sources are inherently unpredictable, power generation from these sources is violated at
certain times of the year. Therefore, energy storage systems play an important role in
solving and controlling this problem in these systems [5].

The three scenarios in 2050 were compared to determine the share of renewables in
electricity generation. As shown in Figure 1, offshore wind turbines and photovoltaic panels
play a significant role in all three scenarios for power generation and decarbonization in
the future [6].

Figure 1. Renewable technologies’ contribution to decarbonization in various global scenarios.
RES: renewable energy source, NUC: nuclear energy, CCS: carbon capture and sequestration.
Adapted with permission from Ref. [6]. Copyright 2018, Ecological economics.

In Reference [7], a renewable energy microgrid consisting of wind turbines, photo-
voltaic panels, microturbines, and lead-acid batteries was designed and modeled. The
life cycle of this clean microgrid is estimated at 20 years. Reducing greenhouse gas emis-
sions, reducing emissions taxes, and achieving the minimum cost have been the goals
of developing this green power generation unit. With an increasing share of renewable
energy contributing to the power supply of the world’s total power demand, the amount
of pollutant emissions will also decrease and will be closer to the goal of decarbonization.
Energy stores in green microgrids play an essential role [8].

Figure 2 shows the wind-solar energy-based microgrid; and as mentioned, the pri-
mary role of these units is to store the excess energy produced by the renewable energy
power generation units [9,10]. The size of this energy storage unit should be optimized
to have more stable and efficient performance and be more economically interesting [11].
Factors that affect the size of energy storage units include capital costs, maintenance costs,
replacement costs, and installation costs. As shown in reference [12], the cost of energy
storage increases linearly with the size of this unit. Conventional energy storage devices
used in green microgrids have a variety of types that will be mentioned in the following
sections of this study. The cost of energy storage devices has a tremendous impact on
the development rate of stand-alone renewable energy microgrids. Therefore, finding
the optimal size of these units is significant in achieving the carbonation goals [13,14]. In
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Reference [14], the researchers optimized the size of the battery bank using an optimization
algorithm. These batteries are responsible for storing energy in the microgrid unit and
transmitting the required power into the grid when the power supply system is faced with
a shortage of productive power. This study focuses more on the economic aspects of the
power generation system, and the environmental aspects are not considered.

The authors of the references [15,16], proposed an optimization method that deter-
mines the optimal size of the battery bank by considering the peak load and management of
renewable energy sources. This study has not investigated the competitiveness of electricity
generated by this green microgrid. In reference [17], the energy storage performance of a
clean microgrid was optimized. The aim of this study was to maximize the use of renewable
energy sources, meet the peak load sustainably, and reduce energy costs. However, in this
study, management and regulation of voltage were not examined.

Figure 2. Common configurations for a hybrid renewable-based microgrid. Reprinted with permis-
sion from Ref. [18]. Copyright 2014, Energy Conversion and Management.

In reference [19], a detailed and comprehensive study was performed concerning
different methods of optimizing the battery bank as an energy storage unit. Different
methods of optimizing the battery bank size were compared and assessed in this reference.
However, this study did not evaluate optimization algorithms, multi-objective functions,
and mathematical modeling. The optimal size of energy storage, management, and power
control of these units was evaluated in reference [19,20]. However, the optimization
algorithm used in this study was not evaluated and compared in detail. Renewable energy
components must be optimized to achieve decarbonization goals. One of the essential
components of this system is the production of energy storage power. Limited research has
been reported in the literature on optimizing the size of green microgrids’ energy storage
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units to discuss and evaluate different types of energy storage, mathematical modeling,
economic modeling, and their reliability. The literature of this study first introduces the
common and widely used types of energy storage and evaluates the technologies used in
these devices. The mathematical and economic modeling of these units is then reviewed
in detail. In the next section, the criteria of reliability will be studied. Then different
optimization methods, techniques, and algorithms will be discussed. The limitations,
challenges, advantages, and disadvantages of the various techniques used to optimize these
units will also be reviewed comprehensively. Finally, suggestions for future research will
be provided. The Google Scholar search engine was used for this review, and papers with
the keyword energy storage systems were initially searched. Articles related to reliability,
economic analysis, and environmental problems related to energy storage systems were
also searched and reviewed.

2. Energy Storage Resources
2.1. Conventional Energy

The world’s primary conventional energy source is non-renewable sources such as
fossil fuels. The electricity required by many of the world’s largest power plants, factories,
and industries still depends heavily on this conventional energy source. According to the
reference [21], about 85% of the global energy needs are met by fossil fuels. These fuels have
disadvantages such as damage to the environment and human health due to phenomena
such as climate change. On the other hand, these resources are exhaustible, and the level of
reserves of this fuel is low [22]. Hence, researchers are looking for alternative sources of
fossil fuel that create less environmental burdens to the environment.

2.2. Renewable Energies

Unlike conventional energies, renewable energies are inexhaustible and lead to pol-
luting the environment. In addition, these clean energies are always accessible for free.
These benefits of renewable energy have made this green energy the best and most suit-
able alternative to conventional energy and fossil fuels, and they have also attracted the
attention of many energy investors and governments around the world [23,24]. Since these
renewable sources are unpredictable and intermittent, the presence of energy storage units
in power generation systems from renewable energy sources, such as batteries and fuel
cells, is necessary for the power generation system’s stability [25].

These energy storage units are comprehensively reviewed in the next section. Solar and
wind energy have been extensively studied among all the renewable energies. Researchers
consider using more than one renewable energy source integrated with energy storage to
be the best way to increase the sustainability of power generation systems from renewable
sources [26]. Because renewable energy has very variable amounts at different times, or in
other words, has low reliability, researchers have introduced and used different methods
to determine the reliability of power generation systems from renewable energy sources,
which will be discussed in detail in the following sections. In modeling and designing a
clean power generation system equipped with energy storage and considering its reliability,
the economic aspects of this system should also be considered. A green power generation
system is economical when the size of each of its components is optimized. Researchers
propose and use various techniques and algorithms to optimize the size of this power
generation unit, which will be reviewed in this study [27–30].

3. Energy Storage Technologies

Energy storage systems are essential components of power generation systems from
renewable sources. Most stand-alone power generation systems have an energy storage
unit. In addition to storing the excess energy produced by power generation sources,
these units are responsible for supplying the power required by power consumption units
during peak times or shortages of renewable energy sources. These systems play a vital
role in the power generation system’s stability, control, and management [31]. Energy
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storage devices generally have three states of charge (SOC): charge, discharge, and storage
(Figure 3). A charging state is a mode in which the amount of electrical energy produced
by the units of renewable power is greater than the energy consumed, and the excess
energy is sent to storage units to charge the energy storage. When the energy produced by
renewable sources is equal to the required energy consumption, the energy storage unit is
in storage mode; and in the third case, when the energy produced by renewable energy
production units is less than the amount of power consumption, then an energy storage
unit is in discharge mode and transmits the electrical power stored into the power grid to
compensate for the required energy deficit.

Figure 3. Management of energy production through the use of energy storage. Reprinted with
permission from Ref. [32]. Copyright 2014, Renewable and Sustainable Energy Reviews.

Energy storage devices are generally classified according to two principles: (a) duration
of storage and (b) form of storage. Based on storage time, energy storage systems are
divided into three general categories: short-term, medium-term, and long-term. Also,
according to the storage form criterion, these units are classified into electrical, chemical,
and mechanical (Figure 4) [33,34]. Today, a very diverse and wide range of energy storage
technologies are available that play a role in a particular area according to the needs of
each consumer. These technologies will be discussed in detail in the following sections of
this research.
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Figure 4. The classification of the energy storage system (EES) [35].

3.1. Battery Storage System

Battery storage banks have been one of the oldest human tools for storing chemical
energy. These storage devices are classified into two types: rechargeable and disposable. In
this section, we consider rechargeable batteries. These batteries are used in most off-grid
green microgrids. The easy access, uncomplicated structure, easy application, and high
flexibility of rechargeable battery banks have made them the most widely used type of
energy storage. Batteries do not emit pollutant emissions during operation. Another
advantage of this energy storage is its high response speed for transmitting electrical power
required to power-consuming units. This advantage of batteries means that the power
generation system does not face the problem of not responding to the demand load and
works stably without interruption. According to research, the battery conversion efficiency
is 60–90%. There are various types of battery banks. The most widely used are lead-acid
batteries, lithium-ion batteries, sodium-sulfur batteries, and flow batteries. Each of them
will be introduced in the following section.

3.1.1. Lead-Acid Batteries

Lead-acid batteries have the same structure as other batteries, meaning that they use
two positive and negative electrodes and a separator. The positive electrode consists of
lead dioxide, and sulfuric acid is used as an electrolyte and separator of the two electrodes.
Sulfate ions supplied by this electrolyte are used to react when the battery is discharged.
The following equation shows the chemical reaction of this type of energy storage.

PbO2 + Pb + 2H2SO4→2PbSO4 + 2H2O (1)

As can be seen from this relationship and Figure 5, both electrodes are discharged
to lead sulfate, which is a weak electrolyte, and this electrolyte is diluted over time as
the discharge process continues. In the charging state, this process occurs in reverse and
increases the concentration of electrolyte sulfate while the specific weight of this electrolyte
also increases. This type of battery is used in most off-grid renewable energy-based
microgrids. Lead-acid batteries also have drawbacks. This battery bank has an energy
density of 30 to 50 watts per kilogram, which is low. In addition, their cycle life is about
500 to 1000 cycles, which is a short life. Lead processing and recycling of this type of
battery is another problem associated with their use [36]. A key driver for the prospects
of the lead-acid battery scrap market is the abundant use of lead-acid batteries in a wide
range of applications due to their low cost. Compared to other electrochemical systems,
some advantages of lead-acid batteries are simplicity of design, low cost of manufacture,
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reliability, and relative safety [37]. However, lead-acid batteries suffer poor power and
energy densities and the necessary relatively long recharging times [38]. The uncontrolled
emission of PM2.5 containing lead particulates and SO2 are serious concerns associated with
lead-acid batteries because of irreparable problems for humans and the environment [39].

Figure 5. Components schematic of a lead-acid battery [40].

3.1.2. Lithium-Ion Batteries

Lithium-ion batteries, like other batteries, are responsible for storing energy. The
positive electrode of these batteries is lithium, and the negative electrode is carbon or
graphite. The electrolyte of this type of battery is made of non-aqueous materials such
as propylene with lithium salts because lithium reacts very strongly with water. The
separators used in the cells of this battery are also fine porous plastic films.

Lithium cobaltite (LCO) is often used as a positive electrode component in lithium-ion
batteries. However, other compounds store energy in these batteries in off-grid microgrid
applications because it is expensive. These compounds include a combination of oxides
of nickel, cobalt, and aluminum (NCA), nickel, cobalt, and manganese (NCM), which are
cheaper than lithium cobaltite (LCO). Its negative electrode is mainly composed of carbon
or graphite. Lithium-ion batteries are often used in electric vehicles. Since these batteries
have a high energy density and a flammable electrolyte, cell construction, charging system,
etc., must be done carefully [36]. These batteries’ advantages are long cycle life, wide
operating temperature range, and high energy density [41].

In comparison, they suffer from high costs, safety issues, and environmental pollution
problems [42]. Environmental concerns about these batteries are attributed to the extraction
and processing of lithium sources as well as pollution caused by the careless disposal of
batteries since they contain toxic materials and heavy metals such as nickel and cobalt [43].
From a technical point of view, these batteries tend to overheat, which leads to damage at
high voltages.

3.1.3. Sodium-Sulfur Batteries

A sodium-sulfur battery, like other batteries, consists of two electrodes, in which the
positive electrode is in the liquid sulfur electrolyte, and the negative electrode is in the
liquid sodium electrolyte. A solid beta-aluminum ceramic electrolyte separates the two
electrodes. Positive sodium ions combine with the sulfur in the electrolyte to form sodium
polysulfide. For a more suitable transfer of sodium ions, the cell temperature should be
300–350 degrees Celsius. To provide this high temperature, these batteries use their stored
energy. The efficiency of these batteries is over 90%, and they have no automatic discharge.
The energy density of sodium-sulfur batteries is much higher than the energy density of
lead-acid batteries. The cycle life of this type of battery is also long. Since the thermal
management of these batteries is very important, it needs a more complex and accurate



Clean Technol. 2022, 4 484

design, and the cost of capital and maintenance of these batteries is high, so they are often
used in large industries and power plants (Figure 6) [44–47]. Although they have their high
initial cost and mostly their safety issues since pure sodium is a hazardous material [48],
they include higher specific energy as well as higher energy conversion efficiency [49].
Notably, sodium-ion batteries are more eco-friendly, cheaper, and more sustainable than
lithium-ion batteries.

Figure 6. Components schematic of a sodium-sulfur battery.

3.1.4. Flow Batteries

The flow battery consists of electrolytes, membranes, and positive and negative elec-
trodes. Membranes separate the positive and negative electrodes of the flow energy storage.
This battery has a high capacity for energy storage, and its different types are vanadium
redox battery (VRB), polysulfide bromide battery (PSB), zinc bromide battery (ZnBr), etc.

These batteries are often used in off-grid microgrids, and the most critical issues
to consider when using these batteries are cost, reliability, longevity, and depth of dis-
charge [50,51]. Vanadium redox batteries (VRB) have unlimited capacity and are ex-
pensive. These flow batteries are mainly used for energy storage in large power plants
(Figure 7) [52–54]. Among the advantages of these batteries are the inherent scalability of
their capacity and long-term storage of charge [55]. However, the major disadvantage of
these batteries compared to other technologies is that the power/energy density is relatively
low [56].

Figure 7. Components schematic of a vanadium redox flow battery.
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As Figure 8 shows, zinc-bromide batteries are another type of flow battery. This battery
has a shorter life than VRB batteries, but the cost of ZnBr is less than VRB. Bromine emis-
sions are hazardous to the environment and human health, so controlling and managing
this type of battery should be done more carefully [57,58]. This issue has limited the use of
this type of battery, like other flow batteries [59]. As mentioned, there are other types of
flow batteries, but they are not widely used.

Figure 8. Components schematic of a zinc-bromine battery [40].

Due to the increasing popularity of renewable energy, the use of batteries in the
future is expected to increase sharply in various sectors of energy consumption (Figure 9).
Therefore, the focus should be on the production and use of environmentally friendly
batteries to reduce the environmental consequences of conventional batteries.

Figure 9. Battery demand worldwide by application 2020–2030 [60].

3.2. Supercapacitors Energy Storage

Another type of energy storage is supercapacitors. In this energy storage, two-layer
plates are used to separate the loads from each other. These batteries have a very long
life cycle and are suitable for places that require high power and fast response speed. For
reliability and safety issues, the voltage of the supercapacitor module is considered in the
range of 200–400 volts [61]. The main advantages of supercapacitors over batteries are very
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specific power and their number of charge-discharge cycles [62]. However, supercapacitors’
energy stored per unit weight than batteries is considerably lower [63]. Because its energy
density is very low that can be improved by increasing the capacitance [64].

3.3. Flywheel Energy Storage

This energy storage stores the kinetic energy caused by the rotation of the disks around
an axis. The energy stored in this energy storage is directly proportional to the square
of the moment of inertia of the disk and the wheel’s speed. When the consumer needs
power, the flywheel energy store uses disk or rotor inertia to convert the stored kinetic
energy into electricity and meet the required power [50]. Flywheel energy storage is used
as a backup system for power supply and voltage, transportation, etc. To store higher
powers, it needs larger wheels. Depending on the number of losses in different parts of
this energy storage, its efficiency is set between 95–90% [61]. Relatively high efficiency and
fast response time (milliseconds) are the advantages of this energy storage [65,66]. Despite
these benefits, compared to batteries and supercapacitors, flywheel energy storage systems
have maintenance effort, lower power density, noise, cost, and safety concerns [62].

3.4. Hydrogen Storage

Hydrogen is obtained by the electrolysis of water using electrical energy in a clean
method. Hydrogen is produced at low pressures (30–00 PSI) and stored in tanks at high
pressures (3000 PSI). The efficiency of these energy storage devices is about 40–60%. There
are several ways to produce hydrogen with fuel cell technology, including solid oxide
fuel cell, direct methanol fuel cell, molten carbonate fuel cell, and metal-air battery [61]. It
should be noted that hydrogen storage has many inherent advantages such as potentially
high energy storage densities, ease of disposal, and the absence of toxic components [67].
Nevertheless, based on the storage method, it has various disadvantages listed in Figure 10.

Figure 10. A summary of disadvantages of hydrogen storage methods [68].
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3.5. Potential Energy Storage

Potential energy storage is used in pumped storage hydropower (PSH) and com-
pressed air energy storage (CAES) systems [69]. Briefly, PHS is a technology based on
pumping water to an upstream reservoir during off-peak or the times that there is sur-
plus power electricity by renewable energy. When electricity is needed, it releases energy
through the hydro turbines [70]. Scarcity of available sites for two large reservoirs, long
lead time, high cost for construction, and environmental issues are major drawbacks of
PHS [71]. CAES has been proposed as an alternative to pumped hydro storage for large-
scale. In a CAES, surplus power compress air by a rotary compressor and then store it
in an underground chamber. It is released from the chamber and passed through an air
turbine that generates electricity from the flow of high-pressure air when the power is re-
quired [72]. However, the major disadvantage of CAES is their dependence on geographical
location [73].

3.6. Thermal Energy Storage

It simply dissipates into the environment necessitating fossil fuel combustion if the
thermal energy is not stored. Thermal energy storage (TES) is known as one key function
in thermal energy management [74]. In fact, it is a technology that, by cooling or heating
a storage medium, stocks thermal energy to store energy and is used later for power
generation and cooling and heating applications [75]. A wide variety of materials are
being used for TES that must possess suitable thermophysical properties such as favorable
melting point for the given thermal application, high thermal conductivity, high specific
heat, and high latent heat. The type of TES material being selected for cold or heat storage
classifies TES systems into (1) sensible heat storage systems, (2) latent heat storage systems,
and (3) chemical heat storage systems. Sensible heat storage materials are thermally stable
and thus have most used for high-temperature applications. Moreover, they are usually low-
cost. However, they suffer from temperature stability during the discharge process. Near
the phase change temperature, the energy storage density of latent heat storage materials is
very high. Because latent heat is 50–100 times larger than sensible heat. However, latent
heat storage materials are poor thermal conductivity. Chemical thermal energy storage
has the highest density with low heat losses; however, they are still in the laboratory stage.
Most commonly TES materials are water, inorganic salts, thermal oils, sand, gravel, and
paraffin [74].

4. Energy Storage Modeling

As mentioned in the previous sections, off-grid renewable energy microgrids require
an energy storage unit to generate electricity from renewable energy sources with high
reliability and cost-effectiveness. It should be modeled and analyzed correctly and carefully,
and then its size should be optimized with the proper optimization methods. Therefore, the
following section of this study will discuss common and widely used economic modeling
and analysis systems, reliability determination, and optimization techniques.

4.1. Economic Analysis

The economic criteria of the network-independent power generating system must
be properly modeled and analyzed to produce a cost-effective solution. Energy savers
are a member of this clean power generation system, and their role in modeling and
economic evaluation of these power generation systems is critical. To evaluate and study
the economics of renewable energy power production systems, researchers now employ
effective and generally accepted economic methodologies and criteria such as total life
cycle cost (TLCC), life cost of energy (LCOE), Internal rate-of-return (IRR), Payback period
(PBP), etc., which will be fully described in the following section.



Clean Technol. 2022, 4 488

4.1.1. Total Life Cycle Cost (TLCC)

One of the economic methods for calculating the entire cost of a renewable energy
microgrid equipped with energy storage throughout the course of a project is the net present
cost (NPC) or total life cycle cost (TLCC) (Table 1). This economic criterion considers all
the factors affecting the cost of such a project, such as maintenance costs, initial costs,
installation costs, etc. [76,77]. This approach provides a complete financial picture by
considering all costs and benefits over the project’s entire life cycle. Also, it can compare
various combinations of measures and select the one that will maximize to save and
financial return. These specifications make its application in microgrids with energy
storage systems very interesting. However, predictive tools and available databases to
estimate operation and maintenance costs are usually inadequate; hence, to apply to real
problems, LCC is often very difficult [78].

Table 1. Some important economic models of the green microgrid.

Line Indices Remarks Mathematical Equations

1 CRF Capital recovery factor CRF(i, n) = i(1+i)n

(1+i)n−1

2 PW A factor of payment present worth PW = C ×
n
∑

k=0

1
(1+i)k

3 TLCC Total life cycle cost
TLCC (AWT , APV , NBBS) = ∑

m=PV,WT,BBS
LCCm

4 LCC Life cycle cost LCC = CC + MC

5 LCCPV Life cycle cost of photovoltaic

LCCPV = CCPV + MCPV
CCPV = APV × CPV × CRF
MCPV = CMnt−PV × APV

6 LCCWT Life cycle cost of wind turbine

LCCWT = CCWT + MCWT
CCWT = AWT × CWT × CRF

MCWT = CMnt−WT ×AWT ×
19
∑

k=0

1
(1+i)k × CRF

7 LCCBAT Life cycle cost of battery

LCCBAT = CCBAT + MCBAT
CCBAT = NBAT × PWBAT × CRF
MCBAT = NBAT × CMnt−BAT

8 LCCINV Life cycle cost of Inverter

LCCINV = CCINV + MCINV
CCConv/inv = NInv × PWInv × CRF
MCConv/Inv = NInv × CInv

9 LOCE Levelised cost of energy LOCE(t) =
∑n

t=1
It+Mt+Ft
(1+r)t

∑n
t=1

Et
(1+r)t

4.1.2. Levelized Cost of Energy (LCOE)

Energy generation’s average net present value (NPV) during its operating life is
measured by the levelized cost of energy (LCOE), also known as the levelized cost of
electricity. Additionally, it serves as a tool for comparing and contrasting various techniques
of producing power. Lifetime cost of energy (LCOE) “represents the average income per
unit of electricity generated to repay the expenses of constructing and maintaining the
plant throughout its estimated financial life and duty cycle”. It is calculated as the ratio
between all discounted costs over the lifetime of an electricity generating plant divided by
the discounted sum of the actual energy quantities delivered. The estimator is in charge
of selecting inputs for the LCOE. Capital costs, finance costs, fuel costs, decommissioning
costs, operating and maintenance costs (both constant and variable), and an assumed
utilization rate are all included. The LCOE is a useful method since it combines both fixed
and variable costs into a single measurement to simplify analysis. However, it doesn’t
consider all costs related to an actual financial decision, leading to the oversimplifying
project context. It also oversimplifies interest rates and ignores project risks, leading to
uncertainty in the results [79].
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4.1.3. Annualized Cost of the System (ACS)

The system’s annual cost is another economic analysis tool for clean power generation
systems. This criterion consists of replacement, capital, and maintenance costs [80]. A
limitation of ACS is that the discount rate or capital cost must be estimated for each project;
it may be inaccurate. Since energy storage systems are generally introduced as a project’s
capital cost, this limitation can be problematic.

4.1.4. Internal Rate-of-Return (IRR)

The amount of real profit the system generates over the course of the project is known
as the internal rate of return (ROI). The time-adjusted rate of return (or return on investment)
is another name for this metric. For an execution project, this discount rate equals zero’s net
present value (NPV) [81]. This method provides the exact rate of return for each project than
the investment cost, thus allowing the investor to get a sneak peek into the potential returns.
It is very promising in microgrid systems based on energy storage systems, which will be
more profitable. However, it can only help decide whether a project is worth investing in.
Moreover, IRR cannot account for the project size when comparing projects [82].

4.1.5. Payback Period (PBP)

Payback time is the period during which an investment’s initial cash flow may be
expected to be recouped using the investment’s subsequent cash inflows. Calculating the
amount of time it will take to recover your initial investment using the payback period is
an important part of any financial planning process. The biggest advantage of using this
method is that it is easy to calculate [83]. It may subjectively definite the target payback
period; also, it does not note the time value of money [84].

4.2. Power

In addition, a power generation system from renewable sources should be cost-
effective and be investigated from a life cycle assessment (LCA) [18,85]; it should be
considered in terms of reliability. The dependability of a clean microgrid is evaluated using
a variety of methodologies, including the loss of power supply probability (LPSP), the level
of autonomy (LA), the expected energy not supplied (EENS), and so on. Several of the most
significant, effective, and extensively used tools will be discussed in this section (Table 2).

Table 2. Some important power reliability models of the green microgrid.

Line Indices Remarks Mathematical Equations

1 LPSP Loss of power supply probability LPSP(t) = ∑T
t=1 LPS(t)

∑T
t=1 PL(t)

2 LOEP Loss of energy probability
LOEP = ∑

j

Pj×Ej
E0

3 DPSP Deficiency of Power Supply Probability DPSP(t) = ∑t
0 Pd f (t)

∑t
0 PL(t)

4 LOEE Loss of energy expected LOEE =
H
∑

h=1
∑

i∈S
Pi × LOEi

5 LOLP Loss of load probability
LOLP = ∑

j

Pj×tj
100

6 LOLE Loss of load expected LOLE =
H
∑

h=1
∑

i∈S
Pi × Ti

4.2.1. Loss of Power Supply Probability (LPSP)

To assess a renewable energy system’s dependability, one method is to look at the
chance of a power supply interruption. Using a percentage to indicate the performance
of a power production system in load supply is a great way to gauge the system’s overall
efficiency. When it comes to losing electricity, the odds are always somewhere in the range
of 1 to 0. The number zero is the highest, and the number one is the smallest [86]. In
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fact, LPSP is the probability that an inadequate power supply gives when the generation
resources and energy system storage cannot meet the power required [87].

4.2.2. Expected Energy Not Supplied (EENS)

Unsupplied power supply (EENS) is another measure of system reliability. This
index reflects the amount of energy that is predicted to be unavailable because of the load
conditions or insufficient supply of load. An example of EENS is the energy that will be
unavailable when the local power surpasses the available generation, in a more precise
sense [88]. It is defined by the expected value for a local power “L” as follows:

EENS = E(max(L− Ph, 0)) (2)

where Ph is power generated by the system; EENS is calculated per kilowatt-hour [89].

4.2.3. Level of Autonomy (LA)

This reliability index specifies the fraction of time the intended load can be met.
Moreover, its value depends on two crucial factors. 1—Total number of hours of activity or
work (HTotal) and 2—Number of hours in which loss of load (HLOL) occurs [90]. LA can
be calculated as:

LA = 1− HLOL
HTotal

(3)

4.3. Energy Storage System Sizing Techniques

Researchers use different techniques to determine the optimal size of energy storage
units for clean power plants. Each of these methods has advantages and disadvantages. The
complexity of using these techniques also depends on the type and method of optimization.
Green microgrid components can be reduced in size using a variety of strategies, from
simple techniques to mathematical and nature-inspired approaches. Here, we’ll focus more
on procedures that are commonly utilized and found in academic publications [80,81], a
variety of optimization strategies, including artificial intelligence, multi-objective design,
analytical technique, probabilistic approach, Iterative approach, graphic method building
method, and commercially accessible computer software.

4.3.1. Artificial Intelligence (AI)

Artificial intelligence (AI) techniques, such as artificial neural networks (ANN), genetic
algorithms (GA), and division algorithms (DA), are one of the most commonly used tools for
optimizing components of power generating systems from network-independent renewable
energy sources, particle swarm optimization (PSO), harmony search (HS), biogeography-
based optimization (BBO), ant colony optimization (ACO), etc. are given in Table 3 of
the study conducted by a few of the researchers [91–97]. These algorithms have many
advantages; some are summarized in Figure 11. However, there are still various disadvan-
tages to AI methods, such as overfitting, easily getting into local optimum, a relatively low
convergence rate, etc. [98–100].
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Figure 11. A summary of advantages of artificial intelligence optimization algorithms [101].

4.3.2. Multi-Objective Design

One of the optimization approaches with more than one goal set for optimization in
the objective function is multi-objective optimization. This method’s general strategy is
to combine all of the single goal functions into a single function or to discover the whole
set of possible solutions and then assess them to obtain the best response from this set
of possible answers [102–107]. When it is applied to solve multi-objective problems, its
main advantage is that it typically generates sets of solutions that allow computation of an
approximation of the entire Pareto front. Since solving problems related to energy storage
systems usually depends on several different objectives (e.g., cost vs. environmental
burdens), this approach can be very helpful in solving them. However, it still has its
weaknesses. Among the disadvantages of multi-objective optimization is that it cannot
tolerate randomness inside the objective function and suffer from a slow convergence rate.

4.3.3. Iterative Approach

The performance assessment of the power generating system is accomplished in an
iterative process utilizing a recursive program in this method, resulting in an optimal
system. The net present value (NPV) approach, levelized cost of energy (LCOE), or energy
cost model is used as an economic indicator for this method, and the LPSP is also utilized to
estimate the dependability of the power production system [108–113]. This approach allows
developers to find functional/design-related flaws as early as possible to take corrective
measures on a limited budget. However, it suffers from high risk and uncertainty, so it may
not be appropriate for complex and object-oriented projects.

4.3.4. Analytical Method

Another optimization technique is the analytical method. Using computer models,
optimal solutions are analyzed and determined in this process. This tool is used by re-
searchers to calculate the appropriate size for various combinations of green microgrid
components [114,115]. However, it can lead to underestimating, unknown, and measure-
ment errors.

4.3.5. Probabilistic Approach

There are several ways to assess all conceivable occurrences, their probabilities of
occurrence, and related losses so that a more realistic depiction of risk may be portrayed
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in the future. This is a broad method. The consequences of climate change are considered
when evaluating the ideal size of a microgrid independent of the green grid, and adequate
and accurate models for power generation and consumption are created. This results in a
risk model. This approach provides vital data for decision-making processes at the opera-
tional and planning level [116]. While exhaustive and time-consuming are disadvantages
of the probabilistic approach [117].

4.3.6. Graphical Construction Method

The graphic construction technique is dependent on producing enough products to
match the average demand. The average quantity of electricity provided by renewable
sources like wind and solar will satisfy the average power needs for a clean microgrid.
There are just two possible outcomes when using this tool. However, in the optimization
process by this method, only two parameters can be included [118].

4.3.7. Computer Tools and Software

For those interested in optimizing the scale of off-grid microgrids from an economic
standpoint, there is a variety of computer software available. One of the most popular tools
for determining the optimal size of green microgrids is HOMER. User expectations and
life cycle costs can be used to model an energy-producing system. HOMER allows the
user to select the most cost-effective and efficient setup from a list of options. Additionally,
the power generating system size may be precisely optimized with HYBRID2. Opt Quest,
General Algebraic Modeling System (GAMS), TRNSYS, LINDO, Photovoltaic Energy
Simulation Systems (Sim Pho Sys), WDILOG2, RETScreen, and many more are examples of
computer software for developing power production systems [119–135].

Table 3. Summary of studies based on economic, reliability, and optimization approaches.

No. Authors
Energy Sources Economic

Analysis
Reliability

Method
Sizing

Techniques Ref.
Wind Solar

1 Kiehbadroudinezhad et al.
√ √

TLCC LPSP DA [18]
2 Lujano-Rojas et al.

√ √
NPC EENS ANN [136]

3 Tina et al.
√ √

ACS EENS Analytical [137]
4 Yang et al.

√ √
LCOE EENS Probabilistic [138]

5 Bagul et al. ×
√

TLCC LPSP TEPD * [139]
6 Xu et al.

√ √
TLCC LPSP GA [140]

7 Yang et al.
√ √

ACS LPSP GA [141]
8 Abedi et al.

√ √
NPC LOLP Fuzzy [142]

9 Yang et al.
√ √

ACS LPSP Iterative [111]
10 Diaf et al.

√ √
LCOE LPSP ANN [106]

11 Yang et al.
√ √

LCOE LPSP Iterative [113]
12 Borowy et al.

√ √
TLCC LPSP Graphical [143]

* Three event probability density.

It should be noted that computer tools and software can solve mono or multi-objective
optimization problems; also, they are comprehensive in terms of optimization variables.
However, some of them, such as HOMER cannot enable the user to select appropriate
system components intuitively. Moreover, tools, e.g., HYBRIDS, only can simulate one
configuration at a time [118].

5. Discussions

This paper reviews various issues related to the most widely used energy storage
devices in off-grid renewable energy microgrids. Topics such as energy storage resources,
technologies, and the various categories of these storage systems are reviewed. Among
energy storage devices, superconducting magnetic energy storage (SMES) is one of the most
efficient energy storages with 98% efficiency. However, unlike flywheel storage, energy
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storage time in the SMES is possible for a short time. Another problem with this storage
that can be mentioned is that it is expensive in terms of economics. The issue of safety
is another matter that needs to be addressed; this is especially important in some energy
storage devices, such as hydrogen storage, because it requires a high-pressure reservoir to
store hydrogen. Battery banks are the most reliable and responsive energy storage among
other energy storage. Sodium-sulfur (NaS) and current batteries are currently the most
cost-effective and efficient types of energy storage batteries. This study also investigates
the application and function of these units in renewable microgrids. Energy storage is
one of the essential components of grid-independent green power generation units. These
energy storage units modulate the unpredictable changes in power generation renewable
energy sources. For better performance of energy storage and off-grid green microgrids,
these units must be economically and reliably in suitable condition, meaning that the
size of the components of the clean power generation units should be optimized to be
cost-effective. These units should also be carefully evaluated for reliability so that green
power generation systems can meet load demand with high reliability. Therefore, in detail,
this article discusses a review of optimization, modeling, and analysis of clean microgrids,
including energy storage. In this regard, various and widely used economic modeling and
analysis methods were studied.

Furthermore, different techniques for determining the reliability of these systems were
fully assessed, and then different tools for optimizing the size of components of clean power
generation units were discussed. The strengths and weaknesses of each of these techniques
were reviewed and compared. The genetic and PSO algorithms are the most widely used
optimization algorithms among artificial intelligence techniques. However, researchers
have shown a division algorithm to optimize the size of clean microgrid components
equipped with energy storage that has better performance in terms of speed and accuracy
of obtained results. HOMER software is one of the most popular computer programs
among computer tools. This study described the advantages and disadvantages of each
optimization technique in detail (Table 4).

Table 4. A summary of the details reviewed in the present study.

Item Advantages Disadvantages
(1) Energy storage technologies

Lead-acid battery
• Low cost
• Simplicity of design
• Reliability and relative safety

• Poor power and energy densities
• Long recharging times
• Emissions of lead particulates and SO2

Lithium-ion battery
• Long cycle life
• Wide operating temperature range
• High energy density

• High cost
• Safety issues
• Environment pollution problem

Sodium-Sulfur Battery
• High specific energy
• High energy conversion efficiency

• High initial cost
• Safety issues

Flow battery
• The inherent scalability of capacity
• Long-term storage of charge • Low power/energy density

Supercapacitors energy storage
• More specific power
• More number of charge-discharge cycles • Low energy density

Flywheel energy storage
• High efficiency
• Fast response time

• Maintenance effort
• Low power density
• Noise
• High cost
• Safety concerns
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Table 4. Cont.

Item Advantages Disadvantages

Hydrogen storage
• Potentially high energy storage densities
• Ease of disposal
• Absence of toxic components

• Safety
• Energy loss
• Low temperature or high for storage

Pumped storage hydropower • A very simple principle

• Scarcity of available sites for two
large reservoir

• Long lead time, and high cost
of construction

• Environmental issues

Compressed air energy storage • Free hydrocarbon fuel • Dependence on geographical location

Thermal energy storage
• Environmental and economic benefits by

reducing the need for fossil fuels
• At every heat source, it is not practical

to implement a TES system

(2) Economic analysis of energy storage systems

Total Life cycle cost
• Providing a complete financial picture
• Comparing various combinations

of measures

• Predictive tools and available databases
to estimate costs are usually inadequate

Levelized cost of energy • Simplify analysis
• Oversimplifying project context
• Oversimplifying interest rates
• Ignoring project risks

Annualized cost of system • Incorrect discount rate and capital cost

Internal rate-of-return
• Allowing investors to get a sneak peek

into the potential returns • Ignoring project size

Payback period • Easy • Ignoring the time value of money

(3) Energy storage system sizing techniques

Artificial intelligence • Relatively simple
• Overfitting
• Easily getting into local optimum
• Relatively low convergence rate

Multi-objective design
• Solving problems with several

conflicting goals
• Lack of tolerating randomness inside
• Slow convergence rate

Iterative approach • Finding functional/design-related flaws • High amounts of risk and uncertainty

Analytical method
• Underestimate
• Unknown
• Measurement errors

Probabilistic approach
• Providing vital data for processes of

decision making at the operational and
planning level

• Exhaustive and time-consuming

Computer tools and software

• Solving mono or multi-objective
optimization problems

• Comprehensive in terms of
optimization variables

• Simulating one configuration at a time
• They cannot intuitively select

appropriate system components
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6. Conclusions

To provide the power needed by power-consuming units, hybrid power generation
systems from renewable energy sources are the best alternative to conventional systems
that run on fossil fuels. Energy storage devices are one of the most critical components of
these green microgrids. Therefore, this article covers a comprehensive review of all aspects
related to energy storage, including their types, the technology used, their management
and control, modeling, optimization, and comparison. Sodium-sulfur batteries are viable
for balancing power generation systems among various energy storage technologies. In
this paper, various methods of optimizing the size of power generation systems were
investigated. This study showed that artificial intelligence techniques were more accurate
in finding optimal solutions. Optimization algorithms such as genetic algorithm, particle
swarm optimization, and harmony search are the most widely used optimization algorithms
to determine the optimal size of power generation systems and have been widely used by
researchers. In addition, much work has been done in this area. However, more research
and efforts are needed to improve the performance of energy storage devices and their
longevity and reduce the cost and maintenance of these energy storage devices.

7. Challenges and Future Works

Energy storage is an efficient and valuable tool for human beings, and today the rate
of production and use of energy storage has become very high. These devices are used in
almost all different industries, but the main and most important challenge in using this
tool is these storage units’ production and recycling process. Energy storage wastes such as
batteries are hazardous to human health and the environment due to heavy metals and
materials such as plastics, lead, aluminum, gold, silver, and heavy metals such as mercury,
cadmium, and arsenic. Recycling energy storage is one of the biggest challenges facing this
technology. The presence of heavy metals in the waste of these units is a concern because
the gases emitted from the landfill and leakage into groundwater pollute the environment
and cause damage to ecosystems and human health.

In the future, the following things can be done to increase the efficiency and improve
the performance of these energy storage systems:

• Use technologies to produce energy storage devices with minimal damage to the
environment and human health;

• Introducing a new generation of green batteries that, like fuel cells, use clean and
renewable sources to generate and store energy;

• Optimize the size or number of energy storage devices used in systems such as
clean microgrids;

• Increase the efficiency of energy storage devices;
• Increase the life cycle of energy storage devices;
• Reduce the cost of energy storage;
• Reduce the size of these storage devices, which makes transportation easier and

occupies less space;
• Use fewer hazardous materials and heavy metals in producing this power storage tool;
• Create a platform for the faster and easier recycling of energy storage devices with

minimal environmental damage.

In the future, focusing on increasing energy storage efficiency, using environmentally
friendly materials, increasing the energy discharge duration of energy storage, reducing
the charging duration of energy storage, and finding methods to make recycling easier and
safer will make the industry more prosperous, the environment safer, and minimized the
damage to human health.

Author Contributions: Conceptualization, M.K., A.M. and H.H.-B.; methodology, M.K.; software,
M.K.; validation, M.K.; formal analysis, M.K., A.M. and H.H.-B.; investigation, M.K.; resources, M.K.;
data curation, M.K.; writing—original draft preparation, M.K.; writing—review and editing, A.M.



Clean Technol. 2022, 4 496

and H.H.-B.; supervision, A.M.; project administration, A.M.; funding acquisition, A.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Natural Sciences and Engineering Research Council
of Canada (NSERC), discovery grant number Rgpin-2018-05381.

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

References
1. Khanali, M.; Mobli, H.; Hosseinzadeh-Bandbafha, H. Modeling of Yield and Environmental Impact Categories in Tea Processing

Units Based on Artificial Neural Networks. Environ. Sci. Pollut. Res. 2017, 24, 26324–26340. [CrossRef] [PubMed]
2. Sharpton, T.; Lawrence, T.; Hall, M. Drivers and Barriers to Public Acceptance of Future Energy Sources and Grid Expansion in

the United States. Renew. Sustain. Energy Rev. 2020, 126, 109826. [CrossRef]
3. Di Silvestre, M.L.; Favuzza, S.; Sanseverino, E.R.; Zizzo, G. How Decarbonization, Digitalization and Decentralization Are

Changing Key Power Infrastructures. Renew. Sustain. Energy Rev. 2018, 93, 483–498. [CrossRef]
4. Galik, C.S.; DeCarolis, J.F.; Fell, H. Evaluating the US Mid-Century Strategy for Deep Decarbonization amidst Early Century

Uncertainty. Clim. Policy 2017, 17, 1046–1056. [CrossRef]
5. Kiehbadroudinezhad, M.; Merabet, A.; Abo-Khalil, A.G.; Salameh, T.; Ghenai, C. Intelligent and Optimized Microgrids for Future

Supply Power from Renewable Energy Resources: A Review. Energies 2022, 15, 3359. [CrossRef]
6. Mathy, S.; Menanteau, P.; Criqui, P. After the Paris Agreement: Measuring the Global Decarbonization Wedges from National

Energy Scenarios. Ecol. Econ. 2018, 150, 273–289. [CrossRef]
7. Zachar, M.; Trifkovic, M.; Daoutidis, P. Policy Effects on Microgrid Economics, Technology Selection, and Environmental Impact.

Comput. Chem. Eng. 2015, 81, 364–375. [CrossRef]
8. Faisal, M.; Hannan, M.A.; Ker, P.J.; Hussain, A.; Mansor, M.B.; Blaabjerg, F. Review of Energy Storage System Technologies in

Microgrid Applications: Issues and Challenges. IEEE Access 2018, 6, 35143–35164. [CrossRef]
9. Asensio, M.; de Quevedo, P.M.; Muñoz-Delgado, G.; Contreras, J. Joint Distribution Network and Renewable Energy Expansion

Planning Considering Demand Response and Energy Storage-Part I: Stochastic Programming Model. IEEE Trans. Smart Grid
2016, 9, 655–666. [CrossRef]

10. Asensio, M.; de Quevedo, P.M.; Muñoz-Delgado, G.; Contreras, J. Joint Distribution Network and Renewable Energy Expansion
Planning Considering Demand Response and Energy Storage-Part II: Numerical Results. IEEE Trans. Smart Grid 2016, 9, 667–675.
[CrossRef]

11. Kong, J.; Kim, S.T.; Kang, B.O.; Jung, J. Determining the Size of Energy Storage System to Maximize the Economic Profit for
Photovoltaic and Wind Turbine Generators in South Korea. Renew. Sustain. Energy Rev. 2019, 116, 109467. [CrossRef]

12. Bahramirad, S.; Reder, W.; Khodaei, A. Reliability-Constrained Optimal Sizing of Energy Storage System in a Microgrid. IEEE
Trans. Smart Grid 2012, 3, 2056–2062. [CrossRef]

13. Mesbahi, T.; Khenfri, F.; Rizoug, N.; Bartholomeüs, P.; Le Moigne, P. Combined Optimal Sizing and Control of Li-Ion Bat-
tery/supercapacitor Embedded Power Supply Using Hybrid Particle Swarm–Nelder–Mead Algorithm. IEEE Trans. Sustain.
Energy 2016, 8, 59–73. [CrossRef]

14. Motalleb, M.; Reihani, E.; Ghorbani, R. Optimal Placement and Sizing of the Storage Supporting Transmission and Distribution
Networks. Renew. Energy 2016, 94, 651–659. [CrossRef]

15. Grover-Silva, E.; Girard, R.; Kariniotakis, G. Optimal Sizing and Placement of Distribution Grid Connected Battery Systems
through an SOCP Optimal Power Flow Algorithm. Appl. Energy 2018, 219, 385–393. [CrossRef]

16. Bennett, C.J.; Stewart, R.A.; Lu, J.W. Development of a Three-Phase Battery Energy Storage Scheduling and Operation System for
Low Voltage Distribution Networks. Appl. Energy 2015, 146, 122–134. [CrossRef]

17. Lyons, P.F.; Wade, N.S.; Jiang, T.; Taylor, P.C.; Hashiesh, F.; Michel, M.; Miller, D. Design and Analysis of Electrical Energy Storage
Demonstration Projects on UK Distribution Networks. Appl. Energy 2015, 137, 677–691. [CrossRef]

18. Kiehbadroudinezhad, M.; Merabet, A.; Rajabipour, A.; Cada, M.; Kiehbadroudinezhad, S.; Khanali, M.; Hosseinzadeh-Bandbafha,
H. Optimization of Wind/solar Energy Microgrid by Division Algorithm Considering Human Health and Environmental Impacts
for Power-Water Cogeneration. Energy Convers. Manag. 2022, 252, 115064. [CrossRef]

19. Mahani, K.; Farzan, F.; Jafari, M.A. Network-Aware Approach for Energy Storage Planning and Control in the Network with
High Penetration of Renewables. Appl. Energy 2017, 195, 974–990. [CrossRef]

20. Petersen, N.C.; Rodrigues, F.; Pereira, F.C. Multi-Output Bus Travel Time Prediction with Convolutional LSTM Neural Network.
Expert Syst. Appl. 2019, 120, 426–435. [CrossRef]

21. Sen, S.; Ganguly, S. Opportunities, Barriers and Issues with Renewable Energy Development-A Discussion. Renew. Sustain.
Energy Rev. 2017, 69, 1170–1181. [CrossRef]

22. Lee, H. Intergovernmental Panel on Climate Change. World Meteorological Organization United Nations Environment Pro-
gram. 2017. Available online: https://www.wikizero.com/en/Intergovernmental_Panel_on_Climate_Change (accessed on 1
March 2022).

23. Billinton, R. Impacts of Energy Storage on Power System Reliability Performance. In Proceedings of the Canadian Conference on
Electrical and Computer Engineering, Saskatoon, SK, Canada, 1–4 May 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 494–497.

http://doi.org/10.1007/s11356-017-0234-5
http://www.ncbi.nlm.nih.gov/pubmed/28965294
http://doi.org/10.1016/j.rser.2020.109826
http://doi.org/10.1016/j.rser.2018.05.068
http://doi.org/10.1080/14693062.2017.1340257
http://doi.org/10.3390/en15093359
http://doi.org/10.1016/j.ecolecon.2018.04.012
http://doi.org/10.1016/j.compchemeng.2015.03.012
http://doi.org/10.1109/ACCESS.2018.2841407
http://doi.org/10.1109/TSG.2016.2560339
http://doi.org/10.1109/TSG.2016.2560341
http://doi.org/10.1016/j.rser.2019.109467
http://doi.org/10.1109/TSG.2012.2217991
http://doi.org/10.1109/TSTE.2016.2582927
http://doi.org/10.1016/j.renene.2016.03.101
http://doi.org/10.1016/j.apenergy.2017.09.008
http://doi.org/10.1016/j.apenergy.2015.02.012
http://doi.org/10.1016/j.apenergy.2014.09.027
http://doi.org/10.1016/j.enconman.2021.115064
http://doi.org/10.1016/j.apenergy.2017.03.118
http://doi.org/10.1016/j.eswa.2018.11.028
http://doi.org/10.1016/j.rser.2016.09.137
https://www.wikizero.com/en/Intergovernmental_Panel_on_Climate_Change


Clean Technol. 2022, 4 497

24. Farhadi, M.; Mohammed, O. Energy Storage Technologies for High-Power Applications. IEEE Trans. Ind. Appl. 2015, 52,
1953–1961. [CrossRef]

25. Panwar, N.L.; Kaushik, S.C.; Kothari, S. Role of Renewable Energy Sources in Environmental Protection: A Review. Renew.
Sustain. Energy Rev. 2011, 15, 1513–1524. [CrossRef]

26. Karki, R.; Dhungana, D.; Billinton, R. An Appropriate Wind Model for Wind Integrated Power Systems Reliability Evaluation
Considering Wind Speed Correlations. Appl. Sci. 2013, 3, 107–121. [CrossRef]

27. Lun, I.Y.F.; Lam, J.C. A Study of Weibull Parameters Using Long-Term Wind Observations. Renew. Energy 2000, 20, 145–153.
[CrossRef]

28. Awad, A.S.A.; El-Fouly, T.H.M.; Salama, M.M.A. Optimal ESS Allocation for Load Management Application. IEEE Trans. Power
Syst. 2014, 30, 327–336. [CrossRef]

29. Wang, C.; Jiao, B.; Guo, L.; Yuan, K.; Sun, B. Optimal Planning of Stand-Alone Microgrids Incorporating Reliability. J. Mod. Power
Syst. Clean Energy 2014, 2, 195–205. [CrossRef]

30. Moseley, P.T.; Rand, D.A.J.; Peters, K. Enhancing the Performance of Lead–acid Batteries with carbon–In Pursuit of an Under-
standing. J. Power Sources 2015, 295, 268–274. [CrossRef]

31. Abbey, C.; Robinson, J.; Joos, G. Integrating Renewable Energy Sources and Storage into Isolated Diesel Generator Supplied
Electric Power Systems. In Proceedings of the 2008 13th International Power Electronics and Motion Control Conference, Poznan,
Poland, 1–3 September 2008; IEEE: Piscataway, NJ, USA, 2008; pp. 2178–2183.

32. Chauhan, A.; Saini, R.P. A Review on Integrated Renewable Energy System Based Power Generation for Stand-Alone Applications:
Configurations, Storage Options, Sizing Methodologies and Control. Renew. Sustain. Energy Rev. 2014, 38, 99–120. [CrossRef]

33. Chen, H.; Cong, T.N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y. Progress in Electrical Energy Storage System: A Critical Review. Prog. Nat.
Sci. 2009, 19, 291–312. [CrossRef]

34. Karpinski, A.P.; Makovetski, B.; Russell, S.J.; Serenyi, J.R.; Williams, D.C. Silver-Zinc: Status of Technology and Applications. J.
Power Sources 1999, 80, 53–60. [CrossRef]

35. Makansi, J.; Abboud, J. Energy Storage: The Missing Link in the Electricity Value Chain. Energy Storage Counc. White Pap. 2002.
Available online: http://www.energystoragecouncil.org/ (accessed on 1 March 2022).

36. Rahman, F.; Rehman, S.; Abdul-Majeed, M.A. Overview of Energy Storage Systems for Storing Electricity from Renewable Energy
Sources in Saudi Arabia. Renew. Sustain. Energy Rev. 2012, 16, 274–283. [CrossRef]

37. Karami, H.; Karimi, M.A.; Haghdar, S.; Sadeghi, A.; Mir-Ghasemi, R.; Mahdi-Khani, S. Synthesis of Lead Oxide Nanoparticles by
Sonochemical Method and Its Application as Cathode and Anode of Lead-Acid Batteries. Mater. Chem. Phys. 2008, 108, 337–344.
[CrossRef]

38. De Andrade, J.; Impinnisi, P.R.; Do Vale, D.L. 180 Ah Kg- 1 Specific Capacity Positive Tubular Electrodes for Lead Acid Batteries.
J. Power Sources 2011, 196, 4832–4836. [CrossRef]

39. Zhang, W.; Yang, J.; Wu, X.; Hu, Y.; Yu, W.; Wang, J.; Dong, J.; Li, M.; Liang, S.; Hu, J. A Critical Review on Secondary Lead
Recycling Technology and Its Prospect. Renew. Sustain. Energy Rev. 2016, 61, 108–122. [CrossRef]

40. May, G.J.; Davidson, A.; Monahov, B. Lead Batteries for Utility Energy Storage: A Review. J. Energy Storage 2018, 15, 145–157.
[CrossRef]

41. Ma, Y.; Wu, L.; Guan, Y.; Peng, Z. The Capacity Estimation and Cycle Life Prediction of Lithium-Ion Batteries Using a New Broad
Extreme Learning Machine Approach. J. Power Sources 2020, 476, 228581. [CrossRef]

42. Tang, W.; Zhu, Y.; Hou, Y.; Liu, L.; Wu, Y.; Loh, K.P.; Zhang, H.; Zhu, K. Aqueous Rechargeable Lithium Batteries as an Energy
Storage System of Superfast Charging. Energy Environ. Sci. 2013, 6, 2093–2104. [CrossRef]

43. Costa, C.M.; Barbosa, J.C.; Gonçalves, R.; Castro, H.; Campo, F.J.D.; Lanceros-Méndez, S. Recycling and Environmental Issues of
Lithium-Ion Batteries: Advances, Challenges and Opportunities. Energy Storage Mater. 2021, 37, 433–465. [CrossRef]

44. Rahman, F.; Skyllas-Kazacos, M. Solubility of Vanadyl Sulfate in Concentrated Sulfuric Acid Solutions. J. Power Sources 1998, 72,
105–110. [CrossRef]

45. Ippolito, M.G.; Di Silvestre, M.L.; Riva Sanseverino, E.; Zizzo, G.; Graditi, G. Multi-Objective Optimized Management of Electrical
Energy Storage Systems in an Islanded Network with Renewable Energy Sources under Different Design Scenarios. Energy 2014,
64, 648–662. [CrossRef]

46. Sharafi, M.; ELMekkawy, T.Y. Multi-Objective Optimal Design of Hybrid Renewable Energy Systems Using PSO-Simulation
Based Approach. Renew. Energy 2014, 68, 67–79. [CrossRef]

47. Abbes, D.; Martinez, A.; Champenois, G. Life Cycle Cost, Embodied Energy and Loss of Power Supply Probability for the Optimal
Design of Hybrid Power Systems. Math. Comput. Simul. 2014, 98, 46–62. [CrossRef]

48. da Silva Lima, L.; Quartier, M.; Buchmayr, A.; Sanjuan-Delmás, D.; Laget, H.; Corbisier, D.; Mertens, J.; Dewulf, J. Life Cycle
Assessment of Lithium-Ion Batteries and Vanadium Redox Flow Batteries-Based Renewable Energy Storage Systems. Sustain.
Energy Technol. Assess. 2021, 46, 101286. [CrossRef]

49. Zhao, Y.; Wang, G.; Ai, D.; Yang, B.; Gan, Z.; Wang, K. Typical Application of Energy Storage in Power System. In Proceedings of
the IOP Conference Series: Earth and Environmental Science, Wuhan, China, 24–25 April 2020; IOP Publishing: Bristol, UK, 2020;
Volume 555, p. 12030.

50. Nguyen, T.; Savinell, R.F. Flow Batteries. Electrochem. Soc. Interface 2010, 19, 54–56. [CrossRef]

http://doi.org/10.1109/TIA.2015.2511096
http://doi.org/10.1016/j.rser.2010.11.037
http://doi.org/10.3390/app3010107
http://doi.org/10.1016/S0960-1481(99)00103-2
http://doi.org/10.1109/TPWRS.2014.2326044
http://doi.org/10.1007/s40565-014-0068-9
http://doi.org/10.1016/j.jpowsour.2015.07.009
http://doi.org/10.1016/j.rser.2014.05.079
http://doi.org/10.1016/j.pnsc.2008.07.014
http://doi.org/10.1016/S0378-7753(99)00164-0
http://www.energystoragecouncil.org/
http://doi.org/10.1016/j.rser.2011.07.153
http://doi.org/10.1016/j.matchemphys.2007.09.045
http://doi.org/10.1016/j.jpowsour.2010.08.103
http://doi.org/10.1016/j.rser.2016.03.046
http://doi.org/10.1016/j.est.2017.11.008
http://doi.org/10.1016/j.jpowsour.2020.228581
http://doi.org/10.1039/c3ee24249h
http://doi.org/10.1016/j.ensm.2021.02.032
http://doi.org/10.1016/S0378-7753(97)02692-X
http://doi.org/10.1016/j.energy.2013.11.065
http://doi.org/10.1016/j.renene.2014.01.011
http://doi.org/10.1016/j.matcom.2013.05.004
http://doi.org/10.1016/j.seta.2021.101286
http://doi.org/10.1149/2.F06103if


Clean Technol. 2022, 4 498

51. Brekken, T.K.A.; Yokochi, A.; Von Jouanne, A.; Yen, Z.Z.; Hapke, H.M.; Halamay, D.A. Optimal Energy Storage Sizing and Control
for Wind Power Applications. IEEE Trans. Sustain. Energy 2011, 2, 69–77. [CrossRef]

52. Pavlov, D. Lead-Acid Batteries: Science and Technology; Elsevier: Amsterdam, The Netherlands, 2011; ISBN 0080931685.
53. Garche, J.; Dyer, C.; Moseley, P.T.; Ogumi, Z.; Rand, D.A.; Scrosati, B. (Eds.) Encyclopedia of Electrochemical Power Sources; Newnes:

New South Wales, Australia; Elsevier Academic Press: Amsterdam, The Netherlands, 2013.
54. Reddy, T.B. Linden’s Handbook of Batteries; McGraw-Hill Education: New York, NY, USA, 2011; ISBN 007162421X.
55. Weber, A.Z.; Mench, M.M.; Meyers, J.P.; Ross, P.N.; Gostick, J.T.; Liu, Q. Redox Flow Batteries: A Review. J. Appl. Electrochem.

2011, 41, 1137–1164. [CrossRef]
56. Zhou, Z. Modeling and Power Control of a Marine Current Turbine System with Energy Storage Devices. Doctoral Dissertation,

Université de Bretagne occidentale-Brest, Brest, France, 2014.
57. Gores, H.J.; Barthel, J.; Zugmann, S.; Moosbauer, D.; Amereller, M.; Hartl, R.; Maurer, A. Handbook of Battery Materials; Wiley-VCH

Verlag GmbH & Co. KGaA: Weinheim, Germany, 2011.
58. Chauhan, A.; Saini, R.P. Statistical Analysis of Wind Speed Data Using Weibull Distribution Parameters. In Proceedings of

the 2014 1st International Conference on Non Conventional Energy (ICONCE 2014), Kalyani, India, 16–17 January 2014; IEEE:
Piscataway, NJ, USA, 2014; pp. 160–163.

59. Pena-Alzola, R.; Sebastián, R.; Quesada, J.; Colmenar, A. Review of Flywheel Based Energy Storage Systems. In Proceedings of
the 2011 International Conference on Power Engineering, Energy and Electrical Drives, Malaga, Spain, 11–13 May 2011; IEEE:
Piscataway, NJ, USA, 2011; pp. 1–6.

60. Placek, M. Projected Global Battery Demand from 2020 to 2030, by Application. Available online: https://www.statista.com/
statistics/1103218/global-battery-demand-forecast/ (accessed on 1 March 2022).

61. Díaz-González, F.; Sumper, A.; Gomis-Bellmunt, O.; Bianchi, F.D. Energy Management of Flywheel-Based Energy Storage Device
for Wind Power Smoothing. Appl. Energy 2013, 110, 207–219. [CrossRef]

62. Koohi-Fayegh, S.; Rosen, M.A. A Review of Energy Storage Types, Applications and Recent Developments. J. Energy Storage 2020,
27, 101047. [CrossRef]

63. Fahmi, M.I.; Rajkumar, R.; Arelhi, R.; Isa, D. The Performance of a Solar PV System Using Supercapacitor and Varying Loads. In
Proceedings of the 2014 IEEE Student Conference on Research and Development, Penang, Malaysia, 16–17 December 2014; IEEE:
Piscataway, NJ, USA, 2014; pp. 1–5.

64. Mathew, S.; Kadam, P.; Rai, M.; Karandikar, P.B.; Kulkarni, N.R. Symmetric and Asymmetric Supercapacitors Derived from
Banyan Tree Leaves and Rose Petals. In Proceedings of the 2016 IEEE Students’ Conference on Electrical, Electronics and
Computer Science (SCEECS), Bhopal, India, 5–6 March 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 1–4.

65. Sebastián, R.; Alzola, R.P. Flywheel Energy Storage Systems: Review and Simulation for an Isolated Wind Power System. Renew.
Sustain. Energy Rev. 2012, 16, 6803–6813. [CrossRef]

66. Kiehbadroudinezhad, M.; Merabet, A.; Hosseinzadeh-Bandbafha, H. Optimization of Wind Energy Battery Storage Microgrid by
Division Algorithm Considering Cumulative Exergy Demand for Power-Water Cogeneration. Energies 2021, 14, 3777. [CrossRef]

67. Fateev, V.N.; Grigoriev, S.A.; Seregina, E.A. Hydrogen Energy in Russia and the USSR. Nanotechnol. Russ. 2020, 15, 256–272.
[CrossRef]

68. Tarhan, C.; Çil, M.A. A Study on Hydrogen, the Clean Energy of the Future: Hydrogen Storage Methods. J. Energy Storage 2021,
40, 102676. [CrossRef]

69. Baker, J. New Technology and Possible Advances in Energy Storage. Energy Policy 2008, 36, 4368–4373. [CrossRef]
70. Vahidinasab, V.; Habibi, M. Electric Energy Storage Systems Integration in Energy Markets and Balancing Services. In Energy

Storage in Energy Markets; Elsevier: Amsterdam, The Netherlands, 2021; pp. 287–316.
71. Rahman, F.; Baseer, M.A.; Rehman, S. Assessment of Electricity Storage Systems. In Solar Energy Storage; Elsevier: Amsterdam,

The Netherlands, 2015; pp. 63–114.
72. Manzoni, M.; Patti, A.; Maccarini, S.; Traverso, A. Analysis and Comparison of Innovative Large Scale Thermo-Mechanical

Closed Cycle Energy Storages. Energy 2022, 249, 123629. [CrossRef]
73. Khan, M.H. An Adaptive Optimum SMES Controller for Performance Enhancement of PMSG wind System. Doctoral Dissertation,

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia, 2012.
74. Alva, G.; Lin, Y.; Fang, G. An Overview of Thermal Energy Storage Systems. Energy 2018, 144, 341–378. [CrossRef]
75. Sarbu, I.; Sebarchievici, C. A Comprehensive Review of Thermal Energy Storage. Sustainability 2018, 10, 191. [CrossRef]
76. Kiehbadroudinezhad, M.; Rajabipour, A.; Cada, M.; Khanali, M. Modeling, Design, and Optimization of a Cost Effective and

Reliable Hybrid Renewable Energy System Integrated with Desalination Using the Division Algorithm. Int. J. Energy Res. 2020,
252, 115064. [CrossRef]

77. Luna-Rubio, R.; Trejo-Perea, M.; Vargas-Vázquez, D.; Ríos-Moreno, G.J. Optimal Sizing of Renewable Hybrids Energy Systems: A
Review of Methodologies. Sol. Energy 2012, 86, 1077–1088. [CrossRef]

78. Eltamaly, A.M.; Mohamed, M.A. Optimal Sizing and Designing of Hybrid Renewable Energy Systems in Smart Grid Applications.
In Advances in Renewable Energies and Power Technologies; Elsevier: Amsterdam, The Netherlands, 2018; pp. 231–313.

79. Shah, S.; Bazilian, M. LCOE and Its Limitations. Energy for Growth Hub. Memo. 2020. Available online: https://www.
energyforgrowth.org/wp-content/uploads/2020/01/LCOE-and-its-Limitations.pdf (accessed on 1 March 2022).

http://doi.org/10.1109/TSTE.2010.2066294
http://doi.org/10.1007/s10800-011-0348-2
https://www.statista.com/statistics/1103218/global-battery-demand-forecast/
https://www.statista.com/statistics/1103218/global-battery-demand-forecast/
http://doi.org/10.1016/j.apenergy.2013.04.029
http://doi.org/10.1016/j.est.2019.101047
http://doi.org/10.1016/j.rser.2012.08.008
http://doi.org/10.3390/en14133777
http://doi.org/10.1134/S1995078020030040
http://doi.org/10.1016/j.est.2021.102676
http://doi.org/10.1016/j.enpol.2008.09.040
http://doi.org/10.1016/j.energy.2022.123629
http://doi.org/10.1016/j.energy.2017.12.037
http://doi.org/10.3390/su10010191
http://doi.org/10.1002/er.5628
http://doi.org/10.1016/j.solener.2011.10.016
https://www.energyforgrowth.org/wp-content/uploads/2020/01/LCOE-and-its-Limitations.pdf
https://www.energyforgrowth.org/wp-content/uploads/2020/01/LCOE-and-its-Limitations.pdf


Clean Technol. 2022, 4 499

80. Kanase-Patil, A.B.; Saini, R.P.; Sharma, M.P. Sizing of Integrated Renewable Energy System Based on Load Profiles and Reliability
Index for the State of Uttarakhand in India. Renew. Energy 2011, 36, 2809–2821. [CrossRef]

81. Bakos, G.C.; Soursos, M. Techno-Economic Assessment of a Stand-Alone PV/hybrid Installation for Low-Cost Electrification of a
Tourist Resort in Greece. Appl. Energy 2002, 73, 183–193. [CrossRef]

82. Lu, J.; Yin, S. Application of net present value method and internal rate of return method in investment decision. In Proceedings
of the 4th International Conference on Global Economy, Finance and Humanities Research, Chongqing, China, 10–11 April 2021;
pp. 131–134.

83. Wiesner, M.P.A. The Impact of Enterprise Application Integration (EAI) on Business and Management. Doctoral Dissertation,
University of Johannesburg, Johannesburg, South Africa, 2012.

84. Olakunle, O.O.; Ogundeyi, O.A. An Evaluation of the Usage of Capital Investment Appraisal Techniques in Manufacturing.
Bachelor Dissertation, Obafemi Awolowo University, Ile-Ife, Nigeria, 2011.

85. Hosseinzadeh-Bandbafha, H.; Kiehbadroudinezhad, M. Environmental Impacts of Chocolate Production and Consumption.
Trends Sustain. Choc. Prod. 2022, 229–258. [CrossRef]

86. Belmili, H.; Haddadi, M.; Bacha, S.; Almi, M.F.; Bendib, B. Sizing Stand-Alone Photovoltaic-Wind Hybrid System: Techno-
Economic Analysis and Optimization. Renew. Sustain. Energy Rev. 2014, 30, 821–832. [CrossRef]

87. Ali, L.; Muyeen, S.M.; Bizhani, H.; Ghosh, A. International Journal of Electrical Power and Energy Systems A Peer-to-Peer Energy
Trading for a Clustered Microgrid—Game Theoretical Approach. Int. J. Electr. Power Energy Syst. 2021, 133, 107307. [CrossRef]
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