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Abstract: As the world’s population continues to grow and the demand for energy increases, there
is an urgent need for sustainable and efficient energy systems. Renewable energy sources, such
as wind and solar power, have the potential to play a significant role in meeting this demand, but
their intermittency can make integration into existing energy systems a challenge. Moreover, the
development of sustainable energy systems has become even more critical in recent years, due to
a confluence of events, including the decline in fuel prices, geopolitical conflicts, and the recent
COVID-19 pandemic. The decrease in fuel prices has led to a decline in investment in renewable
energy and has slowed the transition to sustainable energy systems. Additionally, geopolitical
conflicts and pandemics have highlighted the need for resilient and self-sufficient energy systems
that can operate independently of external factors. Also, energy storage technologies play a critical
role in achieving this goal by providing reliable backup power and enabling microgrids to operate
independently of the larger power grid. As such, developing efficient and effective energy storage
technologies is essential for creating sustainable energy systems that can meet the demands of
modern society while mitigating the impact of external factors. In this regard, this work provides
an overview of microgrids’ latest energy storage technologies, including their applications, types,
integration strategies, optimization algorithms, software, and uncertainty analysis. Energy storage
technologies have a wide range of applications in microgrids, including providing backup power
and balancing the supply and demand of energy. Different energy storage techniques have been
discussed, including batteries, flywheels, supercapacitors, pumped hydro energy storage, and others.
Moreover, integration strategies of energy storage in microgrids, models, assessment indices, and
optimization algorithms used in the design of energy storage systems are presented in detail. The
capabilities of software used in energy storage sizing are explored. Further, uncertainty analysis
in modeling energy storage devices is presented and discussed. This state-of-the-art technology
has been prepared to demonstrate the effectiveness of energy storage technologies in microgrids,
providing valuable insights for future developments in the field.

Keywords: assessment indices; batteries; energy access; energy storage; energy management;
microgrids; optimization algorithms; power sharing; software; uncertainty analysis

1. Introduction

At present, microgrids (MGs) and nanogrids (NGs) are becoming increasingly im-
portant in current power systems, due to several aspects, such as resilience, renewable
energy integration, energy efficiency, cost savings, and energy access [1,2]. MGs and NGs
are designed to operate independently or in parallel with the main power grid, providing
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a more resilient and reliable power source. This is particularly important in areas prone
to power outages, natural disasters, or wars, as MGs can provide backup power and help
maintain critical services. Also, they can integrate renewable energy sources (RESs) such as
solar, hydropower, hydrogen, and wind power, reducing the reliance on fossil fuels and
lowering greenhouse gas emissions [3]. They can be designed to optimize energy efficiency,
using energy storage systems, smart grid technologies, and energy management systems
(EMSs) to reduce energy waste and improve overall system performance. Moreover, MGs
and NGs can reduce the cost of electricity for consumers by providing a more localized
and efficient power source. They can also reduce the need for expensive infrastructure
investments by utilities, such as transmission lines and substations. They can provide
electricity access for communities not currently connected to the main power grid, such
as rural areas or developing countries. Overall, MGs and NGs provide a more flexible,
efficient, and resilient power system that can better meet the needs of consumers and
communities. As such, they will become increasingly important in power systems as the
demand for renewable energy, energy efficiency, and resilience grows.

Electrically speaking, the MG describes a small-scale power network that comprises a
cluster of load centers, energy storage systems (ESSs), and distributed generators (DGs),
whether RESs, micro-turbines, or diesel generators, operating together with an EMS,
control units, and protection components. The purpose of MGs is to break up the massive
traditional utility network into smaller, more manageable grids [4]. These smaller electrical
networks can manage their DGs, load demands, storage systems, and protective devices. If
each MG operates accurately and efficiently, then the utility grid as a whole can be correctly
operated [5].

From a scale and complexity point of view, MGs, NGs, and picogrids (PGs) are all
small-scale power systems designed to operate independently or in parallel with the main
power grid. While they share some similarities, there are also some key differences between
them. MGs are the largest of the three, and typically serve communities or small towns.
MGs often incorporate advanced control systems and EMSs to optimize performance. NGs
are smaller than MGs, and typically serve individual buildings or small clusters. They may
consist of a single RES, such as a solar panel or a wind turbine, along with an ESS, and may
be connected to the main grid or operate independently. NGs often incorporate smart grid
technologies to optimize energy use and minimize waste. PGs are the smallest of the three,
and typically serve individual homes or small businesses. They may consist of a single RES,
such as a solar panel or a wind turbine, along with a small ESS. PGs are typically designed
to operate independently of the main grid, providing a localized and reliable power source.

In summary, MGs, NGs, and PGs provide localized and reliable power sources but
differ in scale and complexity. MGs are the largest and most complex, while NGs and PGs
are smaller and more focused on individual buildings or homes.

Scopus and Web of Science (WoS) databases are used for identifying relevant papers
related to ESSs and MGs from 2018 to early 2023. Only articles published in English are
considered. The number of publications per year is depicted in Figure 1, and the top five
journals in the research area of the application of ESS in MGs are presented in Figure 2.
The keywords of the publications focusing on the application of ESS in MGs and their
distribution are depicted in Figure 3 to show the primary research focus of the examined
articles, simplifying comprehension of the areas of strength. Moreover, Figure 3 provides
directions for future investigations. The size of the spheres corresponds to the prevalence
of keywords. In other words, larger clouds and patterns indicate a higher frequency of
appearance [6]. Moreover, Figure 4 illustrates the distribution of publications concerning
the country. It is observed that China and India had the highest number of publications
in this area of research. These figures clearly demonstrate the soundness of ESSs in MG
applications in the last five years.

ESSs are widely used in MGs for several purposes, as shown in Figure 5 [3,4]. ESSs
are commonly used to shift the electric energy time and reduce operation costs by storing
electrical energy during low-cost and excess power periods and injecting power during peak
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hours. ESSs help reduce the MG total operating cost, considering the time of charging and
discharging and the fluctuating price of kWhs on the markets [7]. In MGs, the consumption
is stochastic and unpredictable, which may affect the system’s stability. Some storage
systems have a quick response time, and can be used to adapt to load changes and securely
maintain MGs [8]. ESSs are also suitable for improving system reliability by avoiding
unintentional interrupts and speeding up MG restoration time. Furthermore, they can be
used to balance generation and load demands. ESSs help MGs avoid cascading failure by
ensuring N-1 and N-2 security [9]. ESS can be used as a spinning reserve support for MGs,
to cover energy shortages during unexpected and abnormal situations by storing extra
power during off-peak periods and assisting the MG during uncounted interruptions [10].
Generally, low-inertia MGs are prone to frequency and voltage fluctuations, particularly
in the presence of RESs. Quick-response ESSs are commonly preferred to mitigate this
issue [11]. Many research studies recommend using ESSs to improve power quality [12–14],
especially if RES is widely installed. They also play a vital role in increasing renewables’
hosting capacity (HC) [15,16].
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The output of RES is stochastic, and continuously varies during the day. For example,
photovoltaic (PV) system output energy varies with changes in solar radiation and ambient
temperature. The output energy of a wind turbine is affected by wind speed. The use of ESS
is critical, particularly for isolated MGs, to firm RES capacity and provide a constant power
supply in MGs [17]. Electric consumption steadily increases, which may cause congestion
on the transmission lines. ESS can be installed near heavy loads to reduce power flow
through power lines [18].

Moreover, due to the stochastic or intermittent nature of RESs, integrating RES into
MGs may deteriorate the system’s reliability and threaten the MG’s stability. In order to
achieve the optimal operation of an ESS-integrated MG, an EMS and an accurate forecasting
algorithm must be integrated into the MG central controller to keep the MG secure and
reduce reliance on the primary grid [19]. The EMS is the brain of MGs, and should meet
both the long-term and short-term requirements. Many energy management optimization
strategies have been presented in the literature [20]. They depend mainly on properly
scheduling alternative energy resources or storage to preserve stability and optimally
dispatching the generated power to maximize economic profits [21].

In this regard, this work provides an overview of MGs’ latest energy storage technologies,
including their applications, types, integration strategies, optimization algorithms, software,
and uncertainty analysis. Energy storage technologies have a wide range of applications
in microgrids, including providing backup power and balancing the supply and demand
of energy. Different energy storage techniques have been discussed, including batteries,
flywheels, supercapacitors, pumped hydro energy storage, and others. Moreover, integration
strategies of energy storage in MGs, models, assessment indices, and optimization algorithms
used in the design of energy storage systems are presented in detail. The capabilities of
software used in energy storage sizing are explored. Further, uncertainty analysis in modeling
energy storage devices is presented and discussed. Finally, this state-of-the-art technology has
been prepared to demonstrate the effectiveness of energy storage technologies in microgrids,
providing valuable insights for future developments in the field.

Moreover, the existing literature review papers on the application of ESS in MGs are also
investigated in the period between 2018 and early 2023. Table 1 presents the existing literature
reviews on the application of ESS in MGs and their main findings. A comparison between
existing literature reviews on ESS application in MGs and the current paper is presented in Table 2,
which highlights the novelty of this manuscript in terms of ESS technologies, energy manage-
ment/control, sizing approaches, ESS software, economic indices, and bibliometric analysis.
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Table 1. Existing literature reviews on the application of ESS in MGs and their main findings.

Refs. Author Year Location of the
Main Author Main Findings

[22] Faisal et al. 2018 Malaysia

ESS technologies, structures, configurations, classifications, characteristics,
energy conversion, and evaluation processes were discussed.
This review emphasized key factors, issues, challenges, and potential
recommendations for developing ESS for future MG applications.

[23] Hajiaghasi et al. 2018 Iran

A comprehensive review of the application of the hybrid ESS system in
MG was presented.
An economic analysis and design methodology were conducted to
discuss the hybrid ESS from the perspectives of investors and
distribution system engineers.

[24] Arani et al. 2019 Iran

An introduction to MG architecture and its challenges was presented.
Further, essential types of ESSs and a brief description of their
characteristics were reviewed.
Different ESS operations, their control methods, and future trends were
also discussed.

[25] Hannan et al. 2020 Malaysia

This work discussed the traits of optimal ESS sizing methods and
algorithms and the scenarios between ESS and decarbonization in MG
applications to find ways to address their flaws.
This review focused on ESS sizing to maximize storage capacity, lower
usage, keep storage costs as low as possible, find the best storage place,
and reduce carbon emissions for decarbonization.

[26] Nikam et al. 2020 India
A brief review of the state-of-the-art operation and control strategies of
distributed energy resources, ESS, and electric vehicles in the MG 3
was presented.

[27] Chaudhary et al. 2021 Norway

A review of the different ESSs widely used in MGs was introduced. The
working operations and characteristics of ESSs were discussed.
An overview of the controls of energy management systems for
microgrids with distributed energy storage systems was included in
this review.

[28] Georgious et al. 2021 Egypt The most common ESS classifications were presented, summarized, and
compared, according to their characteristics and environmental impacts.

[29] Hu et al. 2021 Australia The paper comprehensively reviewed predictive model control in MGs,
including converter-level and grid-level control strategies.

[30] Saeed et al. 2021 China

The paper discussed various technical aspects of MGs and economic
and market considerations for commercialization. Different MG control
schemes, technical issues related to MG integration with utility grids,
and feasible solutions were also presented.

[31] Lin et al. 2022 New Zealand

A critical analysis and comparison of the control methods of the hybrid
ESS in an MG were presented. A novel droop-coordinated control
method in a case study was presented to verify the feasibility of the
simplification and multi-function of the controller.

[32] Reza et al. 2022 Malaysia

This bibliometric study was conducted over the last few decades, based
on the year of publication, interrelation of co-occurrence keywords,
articles type, country of origin, journal, and the publisher that
published the 120 top-cited articles.

[19] Thirunavuk-
karasu et al. 2022 Australia A review of the different optimization methods applied in the literature

to solve energy management problems in MGs was presented.

[33] Mohammadi et al. 2022 Canada

The paper discussed robust control techniques for MGs, including AC,
DC, and hybrid microgrids, with different topologies and
interconnection types to conventional power systems, based on recently
published research studies.
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Table 2. Comparison between existing literature reviews on ESS application in MGs and
current paper.

Refs. Author

Discussed Items

ESS Tech-
nologies

Energy Manage-
ment/Control

Sizing
Approaches Software Economic

Indices
Bibliometric
Analysis

[22] Faisal et al.
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The rest of this article is organized as follows: Section 2 explores the different types of
ESSs used in MGs and energy hubs. Section 3 presents integration strategies and models
of ESSs in MGs. Section 4 presents the energy management strategies for MGs with ESS.
Section 5 presents software used in modeling ESSs in MGs, economic assessment indices,
and uncertainty analysis methods. Finally, Section 6 is dedicated to presenting conclusions
and future directions of ESS in MGs.

2. Types of Energy Storage Systems Used in Microgrids and Energy Hubs

Generally, ESS used in MGs can be classified into three categories: energy store
type, nominal power, energy ratings, and applications, shown in Figure 6. ESS can store
energy chemically, as in hydrogen-based energy storage systems (HBS); mechanically, as in
pumped hydro storage systems (PHS), compressed air energy storage systems (CAES), and
flywheel energy storage systems (FWES); electrically, as in supercapacitor energy storage
systems (SCES) and super-magnetic energy storage systems (SMES); and electro-chemically,
as in lead acid batteries (LA), lithium-ion batteries (Li-ion), sodium sulfur batteries (NaS),
zinc-bromine batteries (ZnBr), nickel-cadmium batteries (Ni-Cd) and vanadium redox
batteries (VR) [27].

The ESSs, considering their nominal power and energy, can be classified into long-,
medium-, and short-term ESSs. PHS and above-ground and underground UCAES and
ACAES are long-term types. Medium-term types are VR, ZnBr, Li-ion, LA, NaS, Ni-Cd,
and HES. Short-term technologies comprise FWES, SMES, and SCES [34].
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ESSs have different technical characteristics, such as energy density, power density,
response time, discharging time, efficiency, and lifetime. Therefore, each type has its
suitable applications, according to the characteristics of each type, as described in Figure 3.
The following subsections briefly describe many ESSs commonly integrated into MGs.
The main features of each type are introduced, along with the applications for which they
are used.

2.1. Pumped Hydro Storage System

The PHS is a type of hydroelectric ESS. It is composed of two water reservoirs at
different levels, where the electric energy is generated when water flows from the upper
reservoir to the lower one and passes through the turbine. During off-peak load and
low-cost energy hours, the energy is stored by storing the water in the upper reservoir,
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using a pump. PHS functions similarly to a battery, in that it can store and then release
energy as required. The PHS is characterized by a long lifespan of about 40–60 years.
Its rated power exceeds 50 MW based on the reservoir’s location and capacity [34]. The
PHS efficiency varies between 75% and 85%, and its discharge time relies mainly on the
reservoir’s capacity. PHS discharge time may exceed 24 h. However, the PHS has a slow
response time of several hours.

MGs use PHS to shift electric energy and RES timing, shave peak load, improve hosting
capacity, and mitigate frequency fluctuations. Adeyanju et al. [35] proposed a dedicated
pumped-hydro storage-based MG planning and operation for distribution network support,
where the MG was oriented to service rather than operation. A unique short-term operation
capacity index, power purchase agreement, and levelized energy cost were used to manage
the MG without affecting the distribution network. The results demonstrated that while
deviation tracking of PHS can minimize specialized MG operation costs, it may make the
MG overly conservative and limit its profitability. Dedicated MGs reduced distribution
network pollutant emissions and power losses in all situations. However, dedicated
MG storage facilities may need to be well-planned to make the distribution network
safer, especially considering the network’s tendency to lose power during high wind and
solar power profiles. A PHS non-strategic and strategic involvement was examined by
Alharbi et al. [36] in day-ahead energy and performance-based regulation (PBR), including
regulating capacity and mileage markets. The PHS was modeled in hydraulic short-circuit
mode with specific operational limitations and combined with an energy-cum-PBR market-
clearing model. Because of its flexibility in regulation-up capacity and mileage provisions,
strategic PHSs made more significant profit than conventional PHSs. The PHS energy
market offer/bid approach was more conservative than in the regulated markets, to secure
the selection of its bids and maintain its reservoir water volume in all stochastic scenarios
of demand, RES generation, and rival offers.

In Su et al. [37], optimal Taiwan power system scheduling was developed to coordinate
highly penetrated RESs and PHS under the needed spinning reserve. Simulations showed
that Taiwan’s PHS units could mitigate the duck-shaped net load curve in future Taiwan
power system generator scheduling, even in the worst case. A wind-solar-thermal-hydro-
coupled multi-source standalone MG considering demand response and PHS was presented
by Zhao et al. [38]. For peak load shaving, load partitioning was suggested to obtain time-of-
use in demand response. The simulation results showed that the multi-source coordination
increased the operation’s profit and promoted wind and solar power accommodation.
Rezaee et al. [39] suggested a strategy to determine the optimal location of battery swap
stations in microgrids with PHS, PV, wind, and geothermal units. The results found that the
optimal location of the battery swap station depended on its size and maximum charging
power but not on PHS capacity or maximum charging or discharging power.

While PHS has some advantages over other forms of energy storage, it also has several
disadvantages, including:

• High upfront costs: One of the main disadvantages of PHS is the high upfront cost
of building and installing the necessary infrastructure. This includes the cost of
constructing the reservoirs, powerhouses, and transmission lines needed to transport
the electricity to where it is needed.

• Limited availability of suitable sites: Another disadvantage of PHS is that it requires a
suitable site with two water reservoirs at different elevations, which can be difficult to
find in some areas. This means that PHS may not be a feasible option for all regions.

• Environmental impacts: The construction of PHS facilities can have significant envi-
ronmental impacts, including flooding large areas of land to create the lower reser-
voir and the potential for habitat destruction and water pollution. Additionally, the
large amounts of concrete and steel required for construction can lead to significant
carbon emissions.

• Water availability: PHS requires large amounts of water to operate, and in areas where
water resources are scarce or subject to droughts, this may not be a sustainable option.
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Additionally, the water used for PHS may need to be treated to prevent contamination,
which can add to the cost and complexity of the system.

• Energy loss: While PHS is a relatively efficient way to store energy, energy losses are
still associated with pumping water uphill and generating electricity. This means that
some energy stored in the system is lost as heat or friction, reducing the system’s
overall efficiency.

• Limited scalability: While PHS can be an effective way to store energy on a large
scale, it may not be practical for smaller applications due to the high upfront costs
and the need for suitable sites. This means that PHS may not be suitable for all energy
storage needs.

2.2. Compressed Air Storage System

CAES is equivalent mainly to PHS in terms of its applications. However, instead of
pumping water from a lower to an upper reservoir during periods of excess power, ambient
air or another gas is compressed and stored under pressure in a CAES underground cavern
or above-ground container. During peak load hours, the pressurized air is heated and
expanded in an expansion turbine, driving a generator for power production. The CAES’s
capacity reaches 600 MWh, and its rated power can reach 400 MW. The CAES has a lower
discharge time compared to PHS. It is only 4 h long. It has a faster response time than
the PHS, of about 1–10 min. The CAES has a lifespan of up to 40 years, and its efficiency
reaches 90% [34].

MGs use CAES to shift electric energy time, shave peak load, mitigate load variation
issues, enhance the MG’s reliability, apply spinning reserves, mitigate frequency fluctuation
issues, and improve the hosting capacity. Jalili et al. [40] developed an energy hub model
to optimize day-ahead microgrid operation with many energy carrier infrastructures. The
proposed strategy also managed the combined cooling, heat, power units, wind turbines,
PV stations, and ESS. The adopted ESS included an ice storage conditioner and a thermal
energy storage system. A solar-powered CAES was examined for its effects on energy
hub performance, efficiency, and environmental costs. ESSs reduced operation costs and
emissions in day-ahead energy management when deployed on a typical energy hub. A
cost-effective two-stage planning and scheduling strategy for microgrids with CAES and
preventive maintenance was proposed by Gao et al. [41]. A two-objective planning model
was derived in the first stage based on power loss and voltage deviation, to find the best
MG location and size. In the second stage, a stochastic scheduling model was developed to
balance distributed generation outputs, CAES charging and discharging power, microgrid
power exchange costs, and DG preventive maintenance costs. The IEEE testing system
demonstrated that CAES and preventive maintenance could decrease the operation cost
of MGs by boosting wind power penetration and increasing the MG’s self-sufficiency by
decreasing its reliance on the main grid.

A techno-economic analysis of adiabatic CAES was conducted by Li et al. [42]. An MW-
scale adiabatic CAES plant and microgrid were dynamically modeled to analyze dynamic
system performance during emergency backup power. An economic benefit estimation
model was also created to analyze the economic benefits of adiabatic CAES operation with
different microgrid designs, power supply reliabilities, and diesel costs. The study found
that decreasing mechanical inertia can reduce power recovery time by 8 min and increase
air pressure ramping rate by 1 min when an MW-scale adiabatic CAES system is utilized for
emergency backup. Further, the adiabatic CAES can often restore power to critical loads in
several minutes, and hence it cannot replace an uninterruptible power supply. Maintaining
power continuity requires a hybrid system with adiabatic CAES and fast-response electrical
energy storage devices like flywheels. In a microgrid with low power supply reliability,
high diesel cost, and abundant RESs, adiabatic CAES can provide emergency backup
power at a lower cost than diesel generators. Wen et al. [28] developed a new energy hub
technique to optimize a microgrid’s performance with diverse energy carriers for each day.
The target was decreasing running costs and considering environmental requirements. The
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impacts of solar-powered CAES on energy hub performance were studied and analyzed.
The results proved that energy storage is crucial in decreasing operating expenses. The ESS
can reduce the power demand during peak hours and mitigate RES stochastic fluctuations.

Latha et al. [43] suggested using CAES for MGs to meet demand under varying
load situations by regulating grid frequency via an airflow controller. The simulations
verified CAES’s role in balancing the mismatch between power generated and consumed.
Hamedi et al. [44] evaluated the performance of a multi-carrier microgrid with high-
efficiency technologies like CAES and power-to-gas systems. A multi-objective model was
formulated to reduce operating costs and greenhouse gases. CAES’s simple-cycle mode
added flexibility to the charging and discharging modes, and further reduced peaks with
demand response. The results showed that the mix of CAES and P2G systems mitigated
wind power curtailment and decreased cost and pollution.

Finally, although CAES has some advantages over other forms of energy storage, it
also has several technical disadvantages, including:

• Energy loss: One of CAES’s main technical disadvantages is its lower round-trip effi-
ciency than other energy storage systems. This means some energy stored in the com-
pressed air is lost during storage and retrieval, reducing the system’s overall efficiency.

• Limited operating times: another technical disadvantage of CAES is that it is typically
only capable of operating for a few hours at a time, which makes it less suitable for
applications that require longer-term energy storage.

• Geographical limitations: CAES requires suitable underground reservoirs for the
compressed air, which can be challenging to find in some areas. Additionally, the
reservoirs must be located near the power generation facility to minimize energy
losses during transmission.

• Equipment wear and tear: Compressing and decompressing air can cause wear and
tear on the equipment used in the CAES system. This can lead to maintenance issues
and the need for replacement parts, which can add to the cost and complexity of
the system.

• Environmental impacts: The construction and operation of CAES facilities can have
environmental impacts, including the potential for air and water pollution. Addition-
ally, the noise and vibration associated with air compression and decompression can
negatively impact local wildlife and communities.

• Cost: The cost of building and operating a CAES system can be high, especially
compared to other energy storage systems. This can make CAES less attractive eco-
nomically, especially in regions with relatively low electricity prices.

2.3. Hydrogen-Based Storage System

In the HBS, power is generated by releasing energy in the chemical bonds of atoms
and molecules via electron transfer reactions. HBS has the lowest efficiency compared to
the other ESS technologies. Its efficiency is not more than 66% and may reach 20%. The HBS
has limited applications compared to the other medium-term ESSs. Generally, it is used
for electrical energy shifting and transmission congestion relief. In addition, it is suitable
for applications with a life not exceeding 15 years. A techno-economic feasibility study
was conducted by Cruz-Soto et al. [45] to implement a hydrogen-based power-to-gas-to-
power in a rural Baja California, Mexico MG. This novel alternative used an electrolyzer
to produce green hydrogen from excess renewable energy in winter, store it, and inject it
into the grid as electricity using a fuel cell in the high-energy-demand season. This study
showed that using a mix of hydrogen and fuel cells to replace diesel generators can reduce
CO2 emissions by 27%, but the fuel cell cost must be half-reduced to be cost-competitive.
The hydrogen storage system was a viable medium-to-long-term option for decarbonizing
distributed energy generation. A model-based parametric analysis was implemented by
Monforti et al. [46] to determine the optimal size of a hybrid of battery and HBS in a real
hybrid renewable microgrid in Huelva, Spain. Four storage configurations—battery-only,
H2-only, hybrid battery priority, and hybrid H2 priority—were assessed under different
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energy management strategies. The system performance was measured using many index
parameters, like loss of load, overproduction, round-trip ESS storage efficiency, and total
storage cost, depending on ESS sizing characteristics. The results indicated that a hybridized
ESS capacity was advantageous from an energy security and efficiency standpoint, but
represented a high additional overall cost, particularly for the HBS, which presented higher
expenses. Increasing the capacity of HBS to absorb surplus energy was more beneficial
than batteries.

K/bidi et al. [47] presented a multi-stage power and energy management strategy
for microgrids with PV units, a battery ESS, a fuel cell, and an electrolyzer. The power
management system used distributed explicit model predictive control, while the energy
management system used a mixed-integer quadratic programming optimization approach.
Unlike previous works, the integration of power and energy management systems was
proposed, and their interplay was studied to increase overall system efficiency. This was a
significant step forward for advancing hydrogen technologies and hybrid installations that
utilize intermittent power sources. Shi et al. [48] proposed a planning and optimization
model for microgrid clusters with hydrogen storage systems. The suggested strategy
was implemented in three stages. In the first stage, a two-layer optimization model was
used for capacity planning and daily operating optimization of energy storage schemes in
diverse circumstances. The second stage compared clustered microgrids and shared energy
storage to assess the total benefits of all scenarios, whereas in the third stage, the benefits
of the microgrid cluster members were reasonably distributed. The results showed that
power outages could be avoided, microgrids could depend less on the super grid, peak
regulation capacity could be increased, more renewable energy could be used, and there
could be financial benefits if microgrids and HBS are well planned together. A hierarchical
self-regulation control for an MG with HBS was suggested by Yang et al. [49]. It is divided
into supervisory and local layers. Based on the operation cost function, the supervisory
layer economically controls the battery and HBS output power, whereas the lower layer is
concerned with improving the system stability by applying global power support-based
virtual inertia control. The results validated the superiority of the suggested strategy
compared to the case when droop control only was applied.

Hydrogen-based energy storage has some advantages over other forms of energy
storage, but it also has several disadvantages, including:

• High cost: One of the main disadvantages of hydrogen-based energy storage is the
high cost of producing, storing, and transporting hydrogen. This is due to the energy-
intensive nature of the electrolysis process in addition to the cost of building and
maintaining the necessary infrastructure for storage and transportation.

• Efficiency losses: Another disadvantage of hydrogen-based energy storage is the effi-
ciency losses associated with converting electricity to hydrogen and back to electricity.
This can result in a lower round-trip efficiency than other energy storage systems,
making it less cost-effective in some applications.

• Safety concerns: Hydrogen is highly flammable, and can be explosive under certain
conditions, presenting safety risks during production, storage, and transportation.
This can add to the cost and complexity of the system, as additional safety measures
must be taken to prevent accidents.

• Limited infrastructure availability: Some existing infrastructure for transporting and
storing hydrogen is not as widely available or established as other energy storage
systems, such as pumped hydro or lithium-ion batteries. This can make it difficult and
costly to implement hydrogen-based energy storage in some regions.

• Environmental impacts: The production of hydrogen through electrolysis typically
requires a significant amount of energy, which can lead to greenhouse gas emissions if
the electricity is generated from fossil fuels. The transport and storage of hydrogen
can also have environmental impacts, such as the potential for leaks or spills that can
contaminate water and soil.
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• Scalability: while hydrogen-based energy storage can be adequate on a small-to-
medium scale, it may not be as scalable as other energy storage systems, due to the
limitations of the electrolysis process and the need for large-scale infrastructure for
storage and transportation.

2.4. Lead Acid Storage System

In the LA batteries, Pb is used as the anode, PbO2 as the cathode, and sulfuric acid
as the electrolyte. When a battery is discharged, a chemical reaction causes ions to move
from the anode to the cathode in an external circuit. When batteries are charged, voltage
is applied between the electrodes, causing ions to flow in the opposite direction from the
discharge. LA is characterized by a fast response time of less than 1 s and a short discharge
time that does not exceed 4 h. LA’s efficiency reaches 80%. Generally, it is implemented in
MGs for regulating the grid’s frequency, improving networks’ reliability, mitigating the
stochastic behavior of loads, and handling congestion.

In Sharma et al. [50], a techno-economic analysis of a building’s integrated PV system
and LA storage system in a South Norwegian house was carried out, with a suitable energy
tariff for decreasing the annualized energy cost. The financial and technical results revealed
that such systems with ESS could perform much better than their counterparts, from a
technical and economic point of view. Santos-Pereira et al. [51] analyzed an MG’s opera-
tional requirements when coupled with LA and Li-ion batteries. The study was carried out
for an MG in Ilha Grande in Brazil, and it took into account battery life cycles, logistics,
maintenance, and the initial investment. The results found that the maximum DOD limit of
LA batteries affected the size of the storage system, which tended to be much higher than
the Li-ion batteries for the same project. Moreover, the LA batteries’ equalization process
and low charge and discharge curve rates depended too much on an auxiliary energy
source. LA batteries have certain advantages, but their disadvantages, such as limited
lifespan (typically three to five years), high regular maintenance (regular maintenance,
such as topping up with distilled water, cleaning of terminals, and regular checking of
electrolyte levels), heavy weight, low energy density that limits their usefulness in applica-
tions that require high power output, environmental concerns from toxic materials such as
lead, sulfuric acid, and cadmium, limited charging efficiency, and temperature sensitivity
that necessitates the presence of additional cooling or heating systems to maintain their
performance, make them less attractive compared to newer battery technologies like Li-ion.

2.5. Lithium-Ion Battery Batteries

In Li-ion batteries, the cathode is made from lithium metal oxide, and the anode is
made from a graphite carbon cell, while the electrolyte can be prepared using an organic
solvent with dissolved Li salt. Li-ion is featured with the highest efficiency, up to 97%,
compared to the long- and medium-term ESSs. It has a fast response time of about less than
1 s and a low discharge period of about an hour. The Li-ion battery has a life expectancy of
fewer than 15 years.

Li-ion batteries are preferred for load following, reliability enhancement, frequency
regulation, and congestion relief applications. A new methodology for calculating the optimal
size of the Li-ion battery integrated into an MG was suggested by Fallahifar et al. [52]. The
Li-ion battery degradation function was formulated, and integrated into the size- model. The
formulated problem was mixed-integer linear programming to minimize the overall system
costs. Simulations with different cycles and depths of discharge were carried out. The results
demonstrated the efficiency of the proposed method. In Wei et al. [53], five sets of accelerated
aging were extracted from the working profile of an MG with EVs and PV stations. Many
experimental studies were carried out to study the effect of various capacities of ESS on Li-ion
degradation. A reduced-order semi-empirical model was developed, and its accuracy was
demonstrated. The Li-ion battery degradation was estimated with relative errors of less than
1.6%, and the computational time for 500 cycles was less than 5 s. The relative errors were
further reduced with an artificial neural network correction.
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In González et al. [54], a monitoring system was proposed to visualize the proper
operation of a Li-ion battery in the MG. The Internet of Things (IoT) technology was
used, and the operator could monitor the lithium-ion system in real time for data such
as current, voltage, temperature, and state of charge (SOC). The proposed system was
superior to previous works in terms of operation in the long term, medium-scale power
and capacity alerts for a safe range of critical magnitudes, real-time operating conditions,
and compatibility management. Habib et al. [55] proposed a protection scheme for MGs
with Li-ion batteries when communication is established. Further, a control algorithm
was designed for the Li-ion ac/dc with the capability of operating in a single mode, to
eliminate the need for control command signals to alter the controller between the different
modes. During the islanded mode, the Li-ion battery helped the system ride through the
communication failure by contributing to the fault current and assisting the circuit breaker
to trip.

Esparcia et al. [41] conducted a techno-economic analysis to compare the long-duration
Li-ion batteries, FWESS, and LA batteries for isolated MGs. The results showed that FWESS
offered a relatively high probability of yielding a lower levelized cost of storage and
levelized cost of electricity than Li-ion batteries. A higher probability could be attained if
the cost of FESS components is reduced or diesel prices increase.

While lithium-ion batteries have several advantages over LA batteries, they also have
a few disadvantages, including:

• Cost: Li-ion batteries are generally expensive. The high cost is due to the manufactur-
ing complexity and the use of expensive materials such as cobalt and nickel.

• Capacity loss: Li-ion batteries lose capacity over time and with use. The rate of capacity
loss depends on factors such as temperature, charging and discharging cycles, and the
depth of discharge.

• Performance degradation: Li-ion batteries can experience performance degradation
over time. The battery's ability to hold a charge and deliver power can decrease,
reducing battery life.

• Limited temperature range: Li-ion batteries have a limited operating temperature
range. Extreme temperatures can cause the battery to degrade faster, reducing its
performance and lifespan.

• Environmental concerns: Li-ion batteries contain toxic materials such as cobalt and
nickel, which can harm the environment if not disposed of properly.

• Safety: Li-ion batteries are susceptible to thermal runaway, which can cause them to
overheat and catch fire.

2.6. Vanadium Redox Flow Batteries

Generally, in a redox flow battery (RFB), electricity is made by a redox chemical
reaction between electrolytes in two tanks that are separated by an ion-selective membrane.
The electrolytes can be switched in these batteries, which means they can be used as
cathodes or anodes. The size of the tanks and the materials used as electrolytes directly
affect the size of the batteries. Vanadium is a prevalent and well-known example of
this technology. VR batteries have an efficiency of 65 to 85% and a response time of up
to 10 min. They have a short life expectancy of fewer than ten years. The discharging
time of VR is a few seconds for small-scale applications, and can extend to ten hours for
medium-scale applications.

VR batteries are preferred for an electric time shift, peak load shaving, load following,
reliability enhancement, power quality improvement, frequency regulation, and congestion
relief applications. In Mohiti et al. [56], a novel EMS for isolated MGs was proposed. The
objective was to optimally schedule the energy and reserve of VR batteries in coordina-
tion with DGs. The hierarchical control structure decreased the total operation cost and
preserved the MG’s dynamic and static frequency securities. Furthermore, the non-linear
characteristics of VR batteries were considered in the formulated model and were properly
linearized by an efficient linearization approach. The results showed that the optimal
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coordination of VR batteries reduced the operating cost by more than 11.67%. Huang
et al. [57] offered insights into enhancing the performance of VR batteries, and provided a
systematic analysis of VR battery problems in MGs. The analysis was carried out in terms
of modeling the VR battery, optimizing the structure’s design, optimizing the flow field
and flow, designing the stack, treating the heat, and figuring out how the temperatures
are distributed.

In Sarkar et al. [58], a unique integration of PV sources, wind turbines, biomass, and
VR batteries incorporated into a hybrid MG was modeled and employed. The capacity
determination of RESs was carried out through HOMER software. In comparison, the
peak load shaving was performed through PSCAD simulation. An intelligent scheduler
and controller were also designed, to ensure zero loss of power supply probability. The
simulation used real-world data from RESs, VR batteries, and consumption profiles. In
Jefimowski et al. [59], a new approach to optimizing the parameters of VR batteries and
EMS for the transportation microgrid was developed by considering the payback period
as the optimization criterion. The VR batteries in the transportation MG were used for
regenerative and renewable energy and power-shaving applications. A sensitivity analysis
revealed that incorrect sizing of VR batteries has little impact on the payback period.
However, the deviations from the EMS parameters had a non-negligible effect on the
payback period.

In Chen et al. [60], VR batteries were vital in mitigating voltage fluctuations and achiev-
ing optimum economic dispatch in the DC MGs. To this end, a distributed cooperative
control system was designed and incorporated with droop-based primary controllers to
ensure the accuracy of the power shared. The designed control scheme guaranteed infor-
mation synchronization by exchanging DG data over a low-bandwidth communication
network. The simulations showed the proposed controller method’s efficacy in maintaining
MG stability.

VR batteries have certain advantages, but disadvantages, such as low energy density,
complex design (involving many components such as pumps, tanks, and membranes)
leading to higher manufacturing costs and lower reliability, limited power density (cannot
deliver high power outputs quickly), low efficiency, temperature sensitivity, high main-
tenance (replacement of electrolyte solutions, cleaning of membranes, and checking of
pumps and tanks), and limited lifespan (typically 10–15 years), make them less attractive
compared to other battery technologies like Li-ion batteries.

2.7. Supercapacitor Energy Storage System

SCESs have the advantage of having a fast response time that does not exceed 1 s, and
their efficiencies may reach 97%. However, they have a low energy density and a high
self-discharge loss of about 20–40%. Their life span is approximately 10–35 years [61–63].
SCESs are commonly used for power quality improvement and frequency regulation. A
passive fractional-order sliding-mode control of a SCES in MG was developed by Yang
et al. [64]. A storage function was established to study the SCES’s physical characteristics.
The efficiency of the suggested controller was tested in terms of its capability to supply
active and reactive power, its behavior under power grid faults, and its robustness in the
face of increasing system uncertainties. Serban et al. [48] developed an improved control
approach to synchronize and transfer autonomous MGs to the grid. The proposed strategy
relied mainly on the SCES inverter coordinating the MG in both islanded and grid-tied
operational modes. The target was to achieve a seamless transfer between the two modes.
The results demonstrated the proposed SCES inverter’s ability to ensure seamless transfer
of the MG in both modes with no change in the control requirements of the other inverters
integrated into the MG.

Chang et al. [49] presented an active damping approach relying on an SCES to over-
come the instability of DC MG, due to the constant power loads. The simulations demon-
strated that the proposed method is effective for DC-MGs, in which ESS is essential, multiple
flexible elements are present, and different operation modes are available. Jami et al. [65]
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proposed the SCES as a fast-responding ESS, to overcome the low-inertia issues in DC MGs.
The SCES was connected to the grid via a bidirectional converter, and an inner control loop
with a virtual capacitor and a virtual conductance-based control strategy was implemented
to simulate inertia and damping. The effectiveness of the proposed control structure was
demonstrated through numerical simulations. In de Carvalho et al. [66], a fuzzy-based
control strategy was applied to smooth out the power fluctuations of a wind generation
unit and manage the state of charge of SCES during faults in the MGs. The efficacy of the
suggested approach was examined and compared with a traditional technique.

However, like any technology, SCESs also have some disadvantages, including:

• Low energy density: SCESs have a low energy density, limiting their usefulness in
applications that require high-energy storage.

• Voltage limitations: SCESs have a voltage limitation, which means they cannot
be used as a direct replacement for batteries in applications that require a specific
voltage range.

• High self-discharge rate: SCESs have a high self-discharge rate, which means they lose
charge quickly when not in use. (This makes them unsuitable for applications that
require long-term energy storage.)

• Cost: SCESs are more expensive than other energy storage devices, such as batter-
ies. The high cost is due to the manufacturing complexity and the use of expensive
materials such as carbon and electrolytes.

• Limited temperature range: SCESs have a limited operating temperature range. Ex-
treme temperatures can cause the capacitor to degrade faster, reducing its performance
and lifespan.

2.8. Flywheel Energy Storage System

FWES stores electric energy in the form of kinetic energy from a rotor mass spinning
at high speed via an integrated motor generator. The amount of energy that can be stored
is proportional to the object’s moment of inertia times the square of its angular velocity.
The same motor-generator produces electricity during discharge by drawing down the
kinetic energy. In general, FESS features a lifespan of about 15–20 years, a fast response
time of less than 1 s, and the ability to inject high power quickly. The discharge time of
FWES ranges from milliseconds to 15 min. Hence, FWES is preferred in many applications
in future MGs, particularly those with integrated RESs.

FWESs are commonly used for load-following applications, reliability enhancement,
power quality improvement, and frequency regulation. A new structure of FWES in MGs
was presented by Saleh et al. [67]. The FWES, the fuel cells, and the PV were connected
through the same inverter to the same bus, unlike conventional topologies where the
FWES is connected through a separate inverter. Fuel cells enable the FWES to function
as an uninterruptible power supply unit for extended periods. The suggested topology
reduced the overall system cost, increased PV penetration level, and decreased power
losses, compared to the traditional topology. The results proved the capability of FESS to
support the MG with reactive power and maintain the MG’s stability. Kikusato et al. [68]
developed a frequency control strategy based on FWES for low-inertia MGs. It utilizes
the fast reaction time characteristic of FWES to maintain the MG frequency as stable. The
performance of the suggested control system was evaluated under several frequency events,
and the results demonstrated the capability of the FWESS to provide a smooth frequency
profile. In Mahdavi et al. [69], an enhanced control approach was proposed for FWES to
preserve the frequency stability of MGs.

Unlike traditional techniques, the suggested controller was applied to the grid-side
converter to boost the FWES’s ramp rate and decrease the frequency deviation due to
load changes. The proposed control system was a three-layer controller, and consisted
of a DC-link voltage control layer, a speed control layer, and a field-oriented control
layer. The linear model of the system was derived, and the small-signal analysis was
conducted to design the parameters of the proportional integral controllers optimally. The
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experimental results verified the superiority of the control system developed, compared to
the conventional method.

Some of the main disadvantages of FWESs include:

• Limited energy storage capacity: FWESs have a limited capacity compared to other
storage technologies, such as batteries (making them unsuitable for long-term energy
storage applications).

• High cost: FWESs are more expensive than other storage technologies, such as batter-
ies. The high cost is due to the manufacturing complexity and the use of expensive
materials such as carbon fiber.

• Noise and vibration: FWESs produce noise and vibration during operation, which can
be a concern in certain applications.

• Limited lifespan: FWESs have a limited lifespan due to wear and tear on the moving
components. They require regular maintenance and replacement, adding to their
overall cost.

• Temperature sensitivity: FWESs are sensitive to temperature changes. They perform
poorly in extreme temperatures, and require additional cooling or heating systems to
maintain their performance.

• Safety concerns: FWESs can be dangerous if not properly contained. The high-speed
rotating mass can cause injury or damage if it comes loose from its housing.

2.9. Superconducting Magnetic Energy Storage

SMESs are characterized by high efficiency of up to 97%, a fast response time of
fewer than five milliseconds, and a life expectancy of about 15–20 years. They have a high
self-discharge loss of about 10–15%. Their discharge time ranges from milliseconds to 8 s.

SMESs are commonly used for power quality improvement and frequency regulation.
Jin et al. [70] proposed an SMES based on an active shunt filter to mitigate harmonics, power
fluctuations, and unbalanced currents in MGs with PV sources. The shunt filter’s AC side
was connected to the point of common coupling, while its DC link was interfaced with a
DC-to-DC converter and an ES superconducting coil. A hysteresis-based SVPWM-based
multi-objective control strategy was applied to suppress power fluctuations and mitigate
harmonics. In addition, a fuzzy logic control approach for the DC-to-DC converter was
employed to preserve the DC-link voltage while decreasing the SMES depth of discharge.
Simulation results showed that the suggested strategy reduced harmonics and kept the
DC-link voltage stable. In Salama et al. [71], SMES was used to mitigate the intermittent
behavior of wind generation sources. A fuzzy logic controller was adopted to realize active
power sharing, while the SMES was responsible for regulating voltage fluctuations. The
results proved the effectiveness of the suggested control strategy in mitigating the frequency
fluctuations and the capability of the SMES controller to maintain the voltage stability.

In Kotb et al. [72], a comparative analysis was carried out to evaluate the performance
of DC MGs with batteries and SMES. A fuzzy logic control strategy for the battery and
SMES was implemented to ensure the MG’s stability and enhance power quality under
extreme climatic and loading changes. The developed FLC was in charge of smoothing the
load power and mitigating DC-bus fluctuations. The proposed controller was examined
under severe climatic conditions, such as wind gusts, rapid shadow, and sudden balanced
and unbalanced loading events. The findings demonstrated the efficacy of the suggested
methods in enriching MG stability. Moreover, the superiority of SMES over batteries was
proved in terms of response time, peak overshoot and undershoot, load voltage profile, and
load power smoothness. Alkhafaji et al. [73] focused on using SMES to enhance batteries’
lifespan, maintain system reliability, and balance RES-generated power and consumption,
especially in the presence of PV sources. The charge and discharge modes of the SMES
were controlled using fuzzy logic. Simulations verified the robustness and effectiveness of
the strategy applied. In Zhang et al. [74], the SMES was used to suppress sizeable transient
power fluctuations in a DC MG. To this end, a voltage-based segmented control approach
was developed. The voltage deviation caused by power distribution can be tolerated by
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SMES. Meanwhile, the dynamic recovery capability of the DC voltage is improving. The
proposed control method has the advantage that it is independent of other components in
DC MGs, and does not rely on communication.

While SMESs have certain advantages, their disadvantages, such as limited energy
storage capacity, high cost, cryogenic cooling to maintain the superconductivity of the
coils that adds to the complexity and cost of the system, temperature sensitivity, safety
concerns (they can be dangerous if not properly maintained, and cryogenic cooling systems
can cause injury or damage if not handled properly), and limited lifespan (due to wear
and tear on the superconducting coils), make them less attractive, compared to other
storage technologies such as batteries or flywheels, especially for applications that require
long-term energy storage.

2.10. Hybrid Energy Storage Systems

Hybrid ESSs (HESSs) have evolved to obtain the needed performance by combining
two or more ESSs with different characteristics. Individually, ESSs are incapable of per-
forming the required task. They have a limited lifespan, a high price, a low energy and
power density, and a poor dynamic response [75]. Various HESS configurations have been
presented in the literature, each considering storage type, interface, control technique, and
service. For example, four hybrid storage systems were suggested by Elnozahy et al. [76].
A techno-economic strategy was carried out to evaluate the hybrids of batteries and SCES,
batteries and FWES, batteries and PHS, and batteries and fuel cells, regarding their cost
and the amount of greenhouse gas emitted from the system. A probabilistic approach
based on the ANN was implemented to deal with the system uncertainties. The hybrid
algorithm of PSO and GOA was developed to solve the proposed techno-economic model.
A sensitivity analysis was performed to demonstrate the variable parameters that majorly
influence investment costs and GHG emissions. The calculated solution revealed that the
hybrid system of SCES and battery appeared to be a suitable option for current MGs, with
improvements in emissions and a levelized cost of energy. A novel multi-level hybrid ESS
topology composed of Li-ion and LA batteries was suggested by Jing et al. [77].

Furthermore, a power management approach was developed to eliminate the charge
and discharge stress on the battery. The results showed that the suggested multi-level
hybrid system effectively mitigated stress on batteries without causing a significant reduc-
tion in battery health. The financial analysis revealed no significant increase in overall
system costs. Akram et al. [78] presented an optimization model to optimally determine
the capacity of the MG components, like RESs, the hybrid system of batteries, and the SCES
system. The objective of the proposed model was to minimize the cost, improve reliability,
and reduce greenhouse gas emissions. A comparison analysis was performed, based on
overall cost, reliability requirements, and greenhouse gas emissions. The results showed
that the SCES prolonged the battery lifespan, and the MG with the hybrid storage system
increased the system reliability, improved the environmental requirements, and had a lower
cost. Oriti et al. [79] developed a power flow control method for a remote military MG that
comprised a hybrid storage system of batteries and SCESs. The target of integrating SCESs
with batteries was to increase the battery life by redirecting the higher-frequency current to
the SCESs. The proposed control strategy ensures that the SCESs are not overcharged and
that the SCES does not support the MG when its SOC falls below a certain threshold. The
simulations and experimental results demonstrated the efficiency of the proposed control
strategy for the hybrid storage system.

Coban et al. [80] investigated an isolated MG frequency and power balance by inte-
grating the hybrid battery and PHS storage system. The objective was to ensure energy
security by stabilizing the intermittent generation of RES. The results revealed that the MG
exhibited a more consistent and smooth dynamic performance using the hybrid storage
system than in the case where the storage system was not used. In Barelli et al. [81], the
impacts of the hybrid of batteries and FWES on the performance of an MG coupled to a
PV-based generation station were investigated. The energy performances of the different
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MG configurations were also presented and analyzed. The gathered results showed a
significant improvement in the battery, compared to the non-hybrid configurations.

HESSs have some advantages over single technology systems, but they also have
several disadvantages, including [82]:

• Complexity: One of the main disadvantages of HESSs is their complexity. Integrating
multiple storage technologies requires sophisticated control systems and advanced
monitoring capabilities, to ensure the system works efficiently and effectively. This
can make HESSs more expensive and difficult to operate and maintain.

• Cost: HESSs can be more expensive than single technology systems, due to the need
for additional components, such as control systems, monitoring equipment, and power
electronics. This can make them less cost-effective in some applications.

• Efficiency losses: HESSs can suffer from efficiency losses, due to the need to convert
energy from one storage technology to another. This can result in lower overall round-
trip efficiencies than single technology systems, making them less cost-effective in
some applications.

• Scalability: while HESSs can be effective on a small-to-medium scale, they may not be
as scalable as some single technology systems, due to the complexity of the system
and the need for sophisticated control and monitoring equipment.

• Maintenance and repair: HESSs can be more complex to maintain and repair than
single technology systems, due to the integration of multiple components. This can
result in more extended downtime and higher maintenance costs.

• Environmental impacts: the manufacture and disposal of the components used in hy-
brid energy storage systems can have environmental impacts, including the potential
for releasing toxic materials and greenhouse gas emissions.

To sum up, the optimal choice of energy storage technology or hybrid system will
depend on the specific needs and requirements of the application, as well as the economic,
safety, and environmental factors of the region.

3. ESSs in Microgrids: Integration Strategies and Models

This section will explore the integration strategies of ESSs into MGs, and their design models.

3.1. Integration Strategies

As shown in Figure 7, ESSs are generally integrated into MGs through four configu-
rations: distributed, aggregated, isolated, and grid-tied. In the distributed configuration,
ESSs are placed in different locations in the MG, while in the aggregated configuration, all
ESSs are placed in the same location. In the isolated configuration, ESSs are disconnected
from the grid, whereas in the grid-tied configuration, the main grid is available, which
promotes all the system inertia.

For instance, in Hemeida et al. [83], a hybrid MG comprised of a PV system, a wind
turbine, an ESS, and a diesel generator was introduced to meet load demands in Bernice,
Egypt, a remote area on the Red Sea. Different configurations for the MG, such as a
PV-battery configuration, wind-battery configuration, PV-wind-battery configuration, PV-
battery-diesel configuration, wind-battery-diesel configuration, and PV-wind-battery-diesel
configuration, were also suggested and analyzed. The goal of the design process was
to optimize the cost of electricity, the renewable factor (RF), and the power supply’s
loss probability.

Hemeida et al. [84] introduced an optimal design approach for a remote MG in Makadi
Bay, Red Sea, Hurghada, Egypt, consisting of an aggregated ESS, a PV generation source,
and a wind turbine. The load demand data, solar radiation, temperature, and wind speed
were recorded for a year, and used to find the optimal configuration of the system. The
results demonstrated that constructing a hybrid MG comprising a wind generation source,
PV, and ESS is cheaper than building each individually. Jalilpoor et al. [68] described an
approach for determining the optimal size and management of distributed ESSs integrated
into shipboard power systems. The system comprised four conventional generation units,



Energies 2023, 16, 5930 20 of 41

two wind turbines, and two ESS units. The objective was to minimize the power generated
from fuel oil-based generation units, the greenhouse gas emissions, and the cost. In Al-
Ghussain et al. [85], a techno-economic analysis of an MG consisting of a wind turbine and
a PV system was performed using four configurations—no ESS, PHS only, HBS only, and a
hybrid PHS and HBS. The results revealed that integrating PHS and HBS with the PV and
wind energy sources increased the RES fraction.
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A grid-tied MG consisting of a PV unit, an ESS, and electrical loads was suggested
by Xie et al. [86] to verify the effectiveness of a proposed optimal sizing approach for a
two-layer battery, taking into account the dispatch of a virtual ESS in a smart MG with a
high PV penetration level. Sharma et al. [87] presented quasi-oppositional swine influenza
model-based optimization with quarantine to reduce the total operation cost and optimize
the size of a grid-tied MG, consisting of an aggregated Li-ion battery system, a wind
turbine, a PV unit, a fuel cell, and a micro-turbine. In Sharma et al. [88], twelve suggested
configurations of an MG with and without a grid-tied system for the rural community in
India were studied in terms of the levelized cost of energy and total net present cost. Various
generation sources were used, like a PV source, a wind turbine source, a hydropower source,
and the main utility grid. The simulations showed that the hybrid configuration of a PV-
wind-hydro-based utility grid-tied network was economically the best. Further, Yang
et al. [89] investigated the fluctuation reduction problem of a grid-connected MG with a
wind turbine and a battery ESS. The objective was to decrease the fluctuation of grid power
by dynamically charging or discharging the battery ESS.

3.2. Integration Models

The key mathematical challenge in incorporating ESS into an MG is determining
the optimal ESS size to prevent MG instability and collapse. The installation of ESS at a
random or non-optimal size can result in increased costs, system losses, and increased ESS
capacity. The MG sizing problem is commonly formulated as an optimization problem
with single or multi objectives, and is subjected to a set of linear/non-linear constraints,
as shown in Figure 8. Chen et al. [90] presented, for example, a method for the optimal
allocation and economic assessment of ESS in MGs, based on net present value. It aimed to
maximize the difference between the MG operating costs without ESS (Cop

NS) and with ESS
(Cop

S ). Bahramirad et al. [91] provided a methodology for finding the appropriate size of an



Energies 2023, 16, 5930 21 of 41

ESS in an MG when reliability criteria were considered. A larger ESS necessitates greater
investment costs but reduces microgrid operational expenses. The problem’s goal was to
reduce both the ESS investment cost and the MG operation cost. The power balancing
constraints and ESS charging (Pch) and discharging (Pdch) rating power and capacity (EESS)
constraints were considered. The reliability constraint was designed so that the expected
load lost (ELL) did not exceed the maximum allowable limit (ELLmax).
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Sharma et al. [92] suggested that an ESS sizing model decreases the MG operating
cost. The study considered the output power limits of DGs like wind turbines, PV systems,
micro-turbines, and fuel cells. Furthermore, ESS limitations were modeled, and power
grid constraints were used to limit grid sharing. In Xie et al. [93], the size of the ESS
was determined based on the daily cost of the ESS. Besides the power generation limits,
ESS constraints, and the power balance equation, the loss of power supply probability
constraints were also considered. The value of losses in the MG was the main point in
determining the required ESS capacity [94]. The current and voltage limitation equations
were considered, to maintain the system’s thermal and voltage stability. Furthermore, the
reactive power capability constraints were taken into account. In Liu et al. [95], the size of
ESS was calculated so that the lifecycle cost of the MG was decreased. The time interrupt
limit was considered. The load interrupt time should not exceed a specific period. Nojavan
et al. [96] aimed to reduce the MG operating costs, besides minimizing the expected load
loss. The minimum downtime and uptime of DGs were considered in the proposed model.

Furthermore, MGs use either an MG central controller to manage a decentralized
layout or a centralized EMS to ensure that all devices operate optimally. Although an
EMS is necessary for the operation of the MG, its deployment necessitates the resolution of
control, communication, and timing problems. The EMS models are usually formulated
as mixed-integer, linear, or non-linear optimization problems [97]. As shown in Figure 9a,
the EMS commonly aims to minimize CO2 emissions, outage costs, ESS degradation costs,
energy absorbed from the grid, operating and maintenance costs, system losses, and load
shedding. In addition, the EMS aims to maximize the use of RES and control demand
response programs. The EMS constraints can be categorized into reliability constraints,
energy balancing constraints, physical limits of ESSs and DGs, reactive power support
constraints, network constraints, RES constraints, and demand response constraints, as
depicted in Figure 9b.
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4. Energy Management Strategies for MGs with ESS

This work also presents a comprehensive overview of the many optimization algo-
rithms applied in the literature for the EMS of MGs. As shown in Figure 10, there are four
main types of EMS optimization strategies for MGs: strategies based on artificial intelligence
(AI); strategies based on mathematical algorithms; strategies based on meta-heuristics; and
hybrid and other algorithm-based EMS strategies.

4.1. Artificial Intelligence EMS-Based Methods

Artificial neural networks (ANN), fuzzy logic systems (FLS), and ANFIS are widely
adopted for MG energy management. A detailed overview of the most recent AI-based
techniques used in the literature is presented in this work.

A strategy for intelligent multi-MG EM based on deep neural networks and model-free
reinforcement learning techniques was proposed by Du et al. [98]. The objective was to
reduce the demand-side peak-to-average ratio and maximize energy sales profits. The
deep NN was developed to protect consumer privacy by simulating the operation of
several MGs under dynamic retail pricing signals, without requiring local generation or
consumption data. A model-free Monte Carlo reinforcement learning method was also
used to improve its pricing strategy, to maximize profits and minimize the demand-side
peak-to-average ratio. A non-intrusive load monitoring-based EMS for residential MGs
was presented by Çimen et al. [99]. Initially, smart meter data were analyzed using a
multi-task deep NN-based technique, and consumer appliance data were collected. The
operational and consumption status of the appliance were recorded. Using these data, the
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energy consumption behaviors of end-users were then evaluated. Simulations revealed
that the proposed EMS achieved a higher operation cost/customer satisfaction than the
conventional method.
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Kang et al. [100] suggested an energy management system based on artificial NNs
(ANN) for regulating power in the hybrid AC and DC distribution networks. The suggested
ANN-based EMS determined the optimal operating mode by gathering data on distributed
generation power, load demand, and the battery’s SOC. Experiments were carried out
to validate the proposed EMS operating algorithm by building a small-scale MG and
monitoring system in a laboratory unit that connected the ESS, solar power production
system, wind power generation system, and interlinking converter. Experiments were
undertaken to determine if the ANN-based EMS can work reliably in the suggested mode
by altering the amount of generated power, the amount of load power, and the SOC
of the ESS. Abdolrasol et al. [101] employed an ANN to manage multiple MGs. An
ANN-based backtracking search algorithm and an ANN-based binary PSO were adopted
as two scheduling control approaches. The efficacy of both algorithms was proven in
limiting fuel consumption, decreasing CO2 emissions, and boosting system efficiency in the
direction of grid decarbonization. Wu et al. [102] applied a microgrid EMS and proposed a
demand-side response function-based distributed energy, real-time management model.
A deep adaptive dynamic programming optimization strategy was also presented. The
MG operators’ and users’ interactions in real time were realized. It was demonstrated
that the proposed model satisfies the application conditions and represents a particular
application of bounded rationality approaching complete rationality in the electricity
market. In addition, it was demonstrated that the optimal solution is included in the
model’s collection of satisfactory solutions. Sumarmad et al. [103] suggested an optimized
FLS energy management system for an isolated MG comprising a PV unit, a wind turbine,
batteries, a fuel cell, and a diesel generator, which supplied a typical household load. A
low-complexity FLS with only 25 base rules controlled the system. The entire system was
mathematically represented, and the optimization problem was handled using an artificial
bee colony, yielding improved control and energy conservation efficiency outcomes. Dong
et al. [104] provided an adaptive, optimal FLS-based EMS for real-time energy dispatch.
Using a novel offline metaheuristic optimization technique, the solution was found by an
ideal fuzzy inference system, based on the forecasted data during a given period. Real-
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time energy dispatch was performed, based on the optimal fuzzy logic rules to meet
various operational goals, such as minimal power fluctuations and operating costs. The
proposed technique was thoroughly tested through simulation tests, and compared to
two conventional approaches. The results revealed that the proposed energy EMS offered
improved performance compared to other approaches. Alahmadi et al. [105] created an
intelligent EMS for a smart DC-MG by combining FLS and fractional-order proportional-
integral-derivative controller approaches. The tested MG comprised a battery bank, a
wind farm, and PV panels. The Matlab/Simulink simulations were conducted to compare
the performance of the proposed strategy with alternative non-linear controls. In Leonori
et al. [106], an approach for synthesizing EMS based on ANFIS was developed. In addition,
three distinct clustering algorithms were tested for the ANFIS rule synthesis, both with and
without the classifier support being taken into account. The problem was formulated as a
mixed-integer linear programming problem, and the conducted simulations showed the
efficacy of the approach suggested.

4.2. Mathematical EMS-Based Methods

Mathematical optimization algorithms are widely used to solve simple and linear
energy management optimization problems. Mathematical algorithms lose their robustness
for non-convex and complex schemes, and the optimal global solution is not guaranteed.
Further, applying linearization and decomposition approaches is essential to simplifying
the problem.

Zhu et al. [90] developed a novel energy management method to remedy the shortcom-
ings of the conventional two-stage robust method that focuses mainly on the worst-case
scenario. Contrary to other methods, the suggested model was formulated to consider the
ESS charging and discharging states in the re-dispatch stage, rather than the pre-dispatch
stage, to improve the ESS operational flexibility for energy management. The developed
two-stage robust optimization model was a mixed integer programming model with re-
course, and the nested column and constraint generation algorithm was employed to solve
it. Results proved the superiority of the suggested model in decreasing operational costs
and minimizing the negative impacts on the main grid. In Rahim et al. [107], a robust real-
time EMS was suggested. Convex optimization created the objective function to maximize
profits, including the generation cost, load utilities, and transactional cost. A sub-gradient
method was employed to solve it, and Lagrangian dual decomposition was adopted to
decompose the problem into sub-problems. The numerical results verified the proposed
problem’s convexity and the proposed methodology’s superiority in solving the problem
with less computational time.

Mosa et al. [92] applied the branch and reduced optimization navigator algorithm to solve
the suggested EM optimization problem. The objective function considered the generation cost,
including the no-load cost, loss behavior within DGs, DG start/stop cost, and power losses.
The problem was a non-convex, mixed integer, non-linear problem. The results demonstrated
the efficiency of the adopted solving methodology in obtaining high-quality solutions. Apache
Spark was used by Marino et al. [108] to improve the performance of the EM model for MGs
in many buildings and to effectively utilize the output power of wind turbines. The problem
was designed as a chance constraint two-stage optimization model, and the sample average
approximation method was applied to solve the proposed model.

4.3. Metaheuristic EMS-Based Methods

The genetic algorithm (GA), particle swarm optimization (PSO), COOT optimizer, slap
swarm algorithm (SSA), porcellio scaber algorithm (PSA), and grasshopper optimization
algorithm (GOA) are commonly used to solve the energy management optimization prob-
lem. For example, Torkan et al. [109] adopted a multi-objective genetic algorithm to solve
energy management’s technical and economic problems. The demand response programs,
reactive consumptions, and uncertainties were considered in the proposed stochastic model.
The results demonstrated that participation in demand response programs and reactive
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loads reduced the costs of generation, reservation, and startup, and decreased pollution.
HassanzadehFard et al. [110] presented a method for minimizing the operational costs of a
hybrid MG composed of PV panels, wind turbines, electrolyzers, HSS, reformers, and FCs.
Two distinct approaches were adopted for generating hydrogen, to guarantee the efficacy
of the suggested methodology. The PSO was applied to optimally determine the system
size and manage the MG operation. The model was formulated to consider the total net
present value of the system expenditures incurred over the project lifetime. A PSO-based
EMS was established by Wang et al. [111] to study the different battery degradation models’
impacts on the MG operation. Five degradation models were explored and mathematically
integrated into the objective function of the proposed EMS. This work highlighted the sim-
plified degradation models’ considerable and non-negligible impact on microgrid energy
management, and suggested abandoning single-factor-based models.

The PSO was also adopted by Tooryan et al. [112], to solve the MG energy man-
agement problem. The EM’s objective function was to minimize the overall system cost,
reduce environmental emissions, and increase the penetration level of RES. An MG energy
management strategy was established by Li et al. [113], based on a three-layer multi-agent
system model for MGs in China. The objective was to decrease the total cost and realize
a secure and stable economic operation for MG. An improved PSO was implemented to
solve the problem. The adaptive weight and chaotic series were combined with the PSO,
to balance global search and local search capabilities. An energy management scheme
for the optimum operation of an MG incorporating DGs, ESSs, and EVs was proposed
by Li et al. [114]. The objective was to minimize the overall system cost, including the
expenses of load supply, EV charging needs, and power losses. A mix of gravitational and
pattern search algorithms was employed to solve the proposed problem. The simulation
validated the superiority of the hybrid algorithm over conventional approaches. In addi-
tion, the results demonstrated that the generation costs were significantly lower than those
of conventional optimization methods.

Ferahtia et al. [115] suggested an effective EMS for the economic operation of a mi-
crogrid in both isolated and grid-connected operational modes. The goal was to optimize
the operation of the microgrid, based on the energy pricing, the operating cost of the
power sources, and the anticipated load power. In addition, the EMS had to maintain the
MG power quality and stability. The proposed solution strategy was based on the PESA.
Compared with PSO, SSA, AEO, COOT optimizer, and PO, the PESA proved its superiority
regarding the quality of the solution obtained and its robustness. A new parallel hybrid
GA-PSO algorithm was developed by Mellouk et al. [116] to solve the problem of MG
sizing and energy management of an MG. The objective was to satisfy typical load demand
while minimizing operating costs, maximizing the integration of RES, and avoiding power
losses and overload. The results demonstrated that the proposed algorithm outperformed
conventional optimization methods regarding solution quality and convergence time.

A rule-based EMS was proposed by Bukar et al. [117], and the GOA was used for opti-
mizing the long-term capacity of a grid-independent MG comprising a wind turbine, a PV, an
ESS, and a diesel generator. Comparing the GOA, PSO, and cuckoo search algorithms indicated
that the proposed technique was superior in its convergence when compared with the best
solutions. An efficient energy management strategy was proposed by Keshta et al. [118] to
optimally determine the operation schedule of two isolated interconnected MGs during the
day. The modified version of the basic PSA was developed to solve the suggested problem.
The results proved that the developed global PSA outperformed many other meta-heuristics in
determining the optimal economic dispatch of multiple MGs with different energy sources.

4.4. Hybrid EMS-Based Methods

Many studies in the literature have recently resorted to combining several energy man-
agement strategies, and have demonstrated the superiority of hybrid schemes compared
to individual ones. The hybrid algorithms can be classified into AI and meta-heuristics-
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based EMS, AI and mathematically-based EMS, and mathematical algorithms and model
predictive control-based EMS.

Using advanced machine learning, Yuan et al. [104] proposed an EMS for hybrid
AC/DC MGs. The suggested strategy was composed of two parts, forecasting and schedul-
ing. One class support vector was used for the forecast, while a heuristic method was
applied for optimal energy scheduling. An optimization algorithm inspired by improved
whale optimization (WO) was used for the scheduling proposal and for adjusting the fore-
casting model’s parameters. Results proved the effectiveness of the proposed algorithm.

Moreover, the simulations showed that the proposed framework reduced total opera-
tion costs, improved the voltage profile, and minimized power losses. A new methodology
was proposed by Rocha et al. [119] to solve the energy management planning problem in
smart homes and achieve a balance between energy cost and user comfort. Three different
AI techniques were combined to formulate the demand-side management problem, and
then the modified version of the elitist non-dominated sorting genetic algorithm II was
derived to solve the energy management optimization problem. The suggested strategy
considered electricity price fluctuations, the importance of each intelligent home equipment,
operating cycles, and an ESS. The methodology also applied the support vector regression
approach to predict the distributed generation power and the K-means clustering technique
to evaluate the user comfort levels.

Samuel et al. [120] proposed an EMS that turns an infinite number of MGs into a
coherent system without affecting the perspectives and goals of each MG. The suggested
model was formulated to consider the exponential growth of coalition in the energy cost
problem. The energy cost allocation problem was solved using a column generation
algorithm. Further, a deep convolutional neural network was adopted to estimate the
daily operating cost of the MGs. The model comprised ESSs, demand loads, real-time
electricity prices, and renewables. An optimal scheduling policy was also proposed to
optimize the MMG daily operating cost. The proposed methodology significantly reduced
the MG operation cost, compared to the model predictive control, the greedy policy, and
the approximate dynamic programming-based approaches. In Leonori et al. [121], different
strategies for synthesizing a fuzzy inference system-based EMS were investigated, using
a hierarchical GA to reduce the complexity of the EMS rule-based system and boost the
profits of the energy exchange with the grid. The results revealed that the hierarchical
optimization framework reduced the number of rules needed by more than half.

Arkhangelski et al. [108] presented a developed predictive control-based EMS for
urban MGs using the day-ahead optimal power flow strategy. The ancillary flexibility
services of DGs were considered in the model. Furthermore, forecasting-based intelligent
deep learning data and mixed-integer non-linear programming optimization methods
were employed. The findings demonstrated that considering the DGs’ ancillary flexibility
services increased economic benefits. Elkazaz et al. [122] presented a novel EMS for
minimizing an MG operating cost and maximizing the RES self-consumption during the
day, by optimally defining the setting for a central ESS. The proposed EMS was formulated
through a two-layer structure where a convex optimization technique was applied to
solve the upper-level optimization problem and to set the power reference values that
the MG should use to dispatch the main grid. While in the lower control layer, the
settings of the ESS were determined, and then it was ensured that the MG accurately
supplied the grid with the reference values obtained in the upper layer. To meet its
objectives, the lower control layer employed a rolling horizon predictive controller and
model predictive controllers. A hybrid approach for short-term demand forecasting was
proposed by Tayab et al. [123]. It depended mainly on combining the wavelet packet
transform and Harris hawks optimization-based feed-forward NN. The Harris hawks
optimization was employed to train the feed-forward NN. The results demonstrated that
more reduction was realized for the average mean absolute percentage error using the
proposed strategy, compared to the PSO-based ANN, PSO-based least-squares support
vector machine, and back-propagation-based NN.
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5. Software Used for Modeling ESS in MGs, Economic Assessment Indices, and
Uncertainty Analysis Methods
5.1. Software Used for Modeling ESS

Several software packages are dedicated to modeling and optimizing energy storage
systems in power systems, each with unique features and applications. The choice of
software relies on the project’s specific needs and requirements and the expertise level.
Also, the software’s maturity should be considered, as it can affect the reliability and quality
of the results. Some of the most popular software packages include:

• Hybrid Optimization of Multiple Energy Resources (HOMER) [124,125]: This software
models and optimizes the economics and performance of MGs and distributed energy
systems. HOMER is explicitly designed for optimizing and modeling microgrids and
distributed energy systems. It is relatively easy to use and has a user-friendly interface.
It also has an immense renewable energy and storage technology database, making it
an excellent system design-and-optimization tool. HOMER is commercial software,
but offers a free version with limited capabilities. The cost of the full version (HOMER
Pro) varies depending on the number of users, but it can be relatively affordable for
small-scale projects. The software has been around for over a decade and has a proven
track record of success in the industry, and it is considered mature software [126].

• Open Distribution System Simulator (OpenDSS) [127,128]: This open-source software
analyzes and simulates power distribution systems, including integrating ESSs. It
has advanced capabilities for modeling and analyzing energy storage systems, and
can handle large and complex systems. However, it has a steeper learning curve than
HOMER and requires more technical expertise. The software has been around for
several decades and is widely used in the industry.

• Grid Laboratory for Distribution Systems (GridLab-D) [129,130]: This open-source
software simulates and analyzes power distribution systems, including integrating
energy storage systems and distributed energy resources. It is well-suited for research
and development projects. However, it is also relatively complex and requires high
technical expertise. Like OpenDSS, GridLab-D has been around for several decades
and is widely used in the industry.

• Power Engineering eXpert Optimization System(PLEXOS) [131,132]: A commercial
software, which is used for power system planning, operations, and market analysis,
and has a module for modeling storage systems, including electrochemical batteries,
thermal storage, and pumped-hydro storage. It is widely used in the industry and can
model different types of storage systems and their interactions with power systems.
However, it may require some level of expertise to use. PLEXOS is commercial
software with a cost that varies depending on the modules and options needed. It
is generally considered expensive but widely used in the industry, and has a proven
track record of success.

• MATLAB/Simulink r2016a and r2021a [133,134]: A commercial software, which is
widely used in the power systems industry for modeling and simulation. It offers
a variety of toolboxes and libraries that can be used to model and optimize energy
storage systems. However, MATLAB is a general-purpose programming language
that could commonly be used in energy storage modeling.

• Energy Storage Valuation Tool (ESVT) [135,136]: A free and open-source software
developed by the Pacific Northwest National Laboratory (PNNL) and Sandia National
Laboratories, which is used to evaluate the economic feasibility of energy storage
projects. It allows users to estimate the costs and benefits of energy storage systems
and calculate the levelized cost of energy (LCOE) and others.

• StorageVET [135,136]: A commercial software package specifically designed for energy
storage optimization in power systems. It allows users to model the performance of
energy storage systems and optimize their design for different applications, such as
peak shaving, load shifting, and frequency regulation.
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• DNV GL Synergi Electric [137,138]: A commercial software, which is commonly used
for power system analysis and planning, including energy storage modeling. It allows
users to simulate the performance of energy storage systems in distribution and
transmission networks and optimize their design for different applications, such as
peak shaving, load balancing, and voltage support.

• Distributed Energy Resources Customer Adoption Model (DER-CAM) [139,140]: A
free and open-source software developed by the National Renewable Energy Lab-
oratory (NREL). This software tool is used to model the integration of distributed
energy resources, including energy storage systems, in power systems. It allows
users to simulate the performance of different combinations of energy storage and
renewable energy technologies and optimize their design for different applications
and business models.

• EnergyPLAN [141]: A free and open-source software tool developed by Aalborg
University for energy system modeling and optimization. It allows users to simulate
the performance of different energy storage and renewable energy technologies and
optimize their design for different applications, such as heat and electricity generation,
transportation, and industry.

• Hybrid Simulation (HYSIM) [142]: A free and open-source software tool developed
by NREL. It allows users to simulate the performance of different combinations of
renewable energy and energy storage technologies and optimize their design for
different applications, such as grid-connected or off-grid systems.

5.2. Economic Assessment Indices for ESS Projects in MGs

Deploying ESS projects in MGs must be justified economically and technically. Eco-
nomic and technical indices are crucial for evaluating the ESS benefits in MGs. Economic
indices enable us to compare the cost-effectiveness of energy storage technologies, sizing,
and locations. Economic indices (besides the technical ones) can help MG planners and
operators make informed decisions about ESSs. The most common economic indices are
shown in Figure 11, and are explained below.
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1. Levelized cost of energy (LCOE) [143]: The LCOE is a commonly used economic
index that represents the cost of generating a unit of electricity over the lifetime of
an energy storage system. It considers the initial capital, operating, and maintenance
costs over the system’s lifespan. A lower LCOE indicates a more cost-effective energy
storage system.

2. Levelized cost of storage (LCOS) [144,145]: LCOS is the total cost of the energy storage
system over its lifetime, divided by the total amount of energy it stores. A lower
LCOS indicates a more cost-effective storage system.

3. Net present value (NPV) [146]: The NPV represents the present value of the expected
cash flows generated by an energy storage system over its lifetime, considering the
initial investment and operating costs. A positive NPV indicates that the project is
economically viable.

4. Return on investment (ROI) [147]: The ROI represents the return percentage on the
initial investment in an energy storage system. It is calculated by dividing the net
profit by the initial investment.

5. Payback period (PP) [148,149]: the payback period represents the energy storage
system’s time to generate enough revenue for the initial investment.

6. Internal rate of return (IRR) [150,151]: The IRR represents the discount rate that makes
the net present value of the cash flows generated by the energy storage system equal
to zero. A higher IRR indicates a more profitable investment.

7. Profitability index (PI) [152]: PI is the ratio of the present value of future cash flows to
the initial investment. A PI higher than one indicates a profitable investment.

8. Benefit–cost ratio (BCR) [153]: The BCR represents the energy storage system’s ex-
pected benefits ratio compared with the discounted cost value. A BCR greater than
1 indicates that the benefits outweigh the costs.

9. Energy arbitrage revenue (EAR) [154]: The EAR represents the profit generated by
buying low-cost electricity from the grid during off-peak periods, storing it in the
energy storage system, and selling it back to the grid during peak periods when prices
are high. Any revenue stream could further improve the profitability of the energy
storage system.

10. Cost of energy not served (CENS) [155]: CENS is the cost of unserved energy to the
microgrid. It represents the economic value of the energy that is not available when
needed. A lower CENS indicates a more reliable ESS.

11. Net benefit ratio (NBR) [156]: NBR is the ratio of the net present value of the ben-
efits to the net present value of the costs. A ratio greater than one indicates a
beneficial investment.

12. Peak demand reduction ratio (PDRR) [157]: PDRR is the ratio of the reduction in peak
demand achieved through energy storage to the total peak demand of the microgrid.
A higher PDRR indicates a more effective ESS.

13. CO2 emissions reduction (CO2ER) [158]: the reduction in CO2 emissions achieved by
implementing energy storage can be calculated and used as an index to evaluate the
environmental benefits of energy storage.

14. Total cost of ownership (TCO) [159]: This index measures the total cost of owning
and operating the ESSs over their lifetime. It includes the initial investment cost,
maintenance and operating costs, and the cost of replacing the system at the end of its
life. A lower TCO indicates a more financially attractive investment.

15. Resiliency value (RV) [160]: RV is the value of an energy storage system in improving
the resiliency of a microgrid. ESSs can provide backup power during outages or other
disruptions, thereby reducing the economic impact of such events.

16. Discounted payback period (DPBP) [161]: DPBP is the time it takes for the total
discounted cash inflows from an investment to equal the initial investment. This
metric accounts for the time value of money and is, therefore, more accurate than the
traditional payback period.
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17. Capacity value (CV) [162]: CV is the value of an energy storage system in meeting
peak demand requirements. ESSs can provide additional capacity during periods of
high demand, thereby reducing the need for expensive peaker plants.

5.3. Methods of Uncertainty Analysis of ESS in MGs

Several ways exist to model uncertainty in energy storage sizing and location in an
MG [163]. One common approach is stochastic optimization, which involves modeling
uncertain variables as probability distributions and optimizing the system under different
scenarios [164]. In this method, random values for the uncertain variables are generated in
each scenario, and an optimization problem is solved to obtain the objective function value.
The process is repeated for many scenarios to estimate the objective function’s expected
value and standard deviation. Monte Carlo simulation involves randomly sampling values
for uncertain variables and running simulations to obtain estimates of system performance
metrics [165]. First, probability distributions for the uncertain variables are defined to
implement this approach. Second, random samples are generated from these distributions
to be used as inputs to the optimization problem. Then, this process is repeated for many
samples, in which each sample’s objective function value is calculated. These values
estimate system performance metrics, such as the objective function’s expected value and
standard deviation. Scenario analysis involves identifying a small number of plausible
scenarios and analyzing the system performance under each scenario. To implement this
approach, we first identify scenarios representing different possible values for the uncertain
variables. We then solve the MG optimization problem for each scenario, and calculate the
objective function value.

There are several other ways to model uncertainty in energy storage, including sensi-
tivity analysis, which involves varying the values of the uncertain variables over a range
of values and observing the effect on the objective function. This can help identify which
variables have the most significant impact on the objective function, and inform decisions
about which variables to prioritize in the design process. Robust optimization involves
formulating the optimization problem to ensure the system performance is guaranteed
to meet some performance criteria, even under worst-case scenarios. This can be useful
when the uncertain variables’ probability distributions are unknown or difficult to esti-
mate. Bayesian optimization involves using Bayesian inference to estimate the probability
distributions of the uncertain variables, based on observed data. This can be useful when
there is prior knowledge about the probability distributions of the uncertain variables
or when data can be collected from the system over time. Each method has advantages
and disadvantages, and the choice of method will depend on the specific problem being
addressed and the available data and resources. The reader can refer to [163] for more
details about the uncertainty analysis techniques of ESSs in MGs.

6. Conclusions and Future Directions of ESS in MGs

The area of energy storage in MGs is rapidly evolving, and there are several exciting
future directions in this field, such as the research directions explored in Figure 12 and
discussed below.

• Advanced control and optimization strategies: Researchers are developing advanced
control and optimization strategies that can improve the performance and efficiency
of energy storage systems in MGs. These strategies may involve machine learning,
artificial intelligence, or other advanced techniques.

• Hybrid energy storage systems [166]: Hybrid energy storage systems that combine
multiple storage technologies, such as batteries, capacitors, and supercapacitors, are
being investigated to overcome the limitations of individual storage technologies and
provide better overall performance.

• Grid integration and management: as MGs become more common, there is a growing
need for effective grid integration and management strategies to ensure the MG’s
reliable and efficient operation and interactions with the main grid.
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• New storage technologies: researchers are exploring new energy storage technologies,
such as flow batteries, thermal storage, and hydrogen storage, which may provide
better performance and efficiency than existing technologies.

• Smart grid integration: with the increasing adoption of smart grid technologies,
researchers are exploring new ways to integrate energy storage systems into smart
grids, to improve the efficiency and reliability of power delivery.

• Cybersecurity: as MGs become more connected and automated, there is a growing
need to ensure the cybersecurity of energy storage systems to prevent hacking or other
malicious attacks.

• Life cycle analysis: researchers are conducting life cycle analyses of MG energy storage
systems to understand their environmental impact better and identify improvement
opportunities.

• Standardization: with the proliferation of different energy storage technologies and
MG configurations, standardization is needed to ensure interoperability and compati-
bility between different systems.
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• Energy trading: researchers are exploring the potential for energy trading between
microgrids and the main grid and between different MGs, to optimize energy use and
reduce costs.

• Reliability and resiliency [166]: researchers are exploring ways to improve the relia-
bility and resiliency of energy storage systems in MGs, including redundant storage
systems and advanced control strategies.

• Optimal sizing and placement: as the demand for energy storage systems in MGs
grows, there is a need for effective methods for sizing and placing these systems, to
optimize their performance and cost-effectiveness.

• Aging and degradation: As energy storage systems age, their performance and capac-
ity can degrade, reducing efficiency and reliability. Researchers are exploring ways to
model and predict the aging and degradation of energy storage systems in MGs, to
optimize their maintenance and replacement.

• Environmental and social impact: researchers are studying the environmental and
social impact of energy storage systems in MGs, including land use, resource con-
sumption, and social equity, to identify ways to minimize negative impacts and
promote sustainability.

• Electromagnetic compatibility: with the proliferation of electronic devices and wireless
communications in microgrids, there is a growing need to ensure the electromag-
netic compatibility of energy storage systems to prevent interference and ensure
reliable operation.

Last but not least, as the field progresses, it is expected to see continued innovation
and improvement in energy storage technologies and their applications in MG systems.

Author Contributions: Conceptualization, Z.M.A. and S.H.E.A.A.; methodology S.H.E.A.A. and
M.C.; validation, F.H.G., F.J. and M.C.; formal analysis, Z.M.A. and S.H.E.A.A.; investigation, Z.M.A.;
resources, M.C. and Z.M.A.; data curation, M.C. and S.H.E.A.A.; writing—original draft preparation,
M.C. and Z.M.A.; writing—review and editing, S.H.E.A.A., F.H.G. and F.J.; visualization, Z.M.A.,
M.C. and S.H.E.A.A.; project administration, Z.M.A. and S.H.E.A.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was sponsored by Prince Sattam bin Abdulaziz University via project number
2023/RV/015.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Prince Sattam bin Abdulaziz University for fund-
ing this project.

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

Glossary

Abbreviations
ACAES Above-ground compressed air energy storage systems
ANN Artificial neural networks
BCR Benefit–cost ratio
CAES Compressed air energy storage systems
CENS Cost of energy not served
CO2ER CO2 emissions reduction
CV Capacity value
DR Demand response
DG Distributed generator
DER-CAM Distributed Energy Resources Customer Adoption Model
DPBP Discounted payback period
EAR Energy arbitrage revenue
ESS Energy storage system
ESVT Energy Storage Valuation Tool
EMS Energy management system
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GA Genetic algorithm
GOA Grasshopper optimization algorithm
FLS Fuzzy logic systems
GridLab-D Grid Laboratory for Distribution Systems
HC Hosting capacity
FWES Flywheel energy storage
HBS Hydrogen-based energy storage
HOMER Hybrid Optimization of Multiple Energy Resources
HT Heuristic technique
HYSIM Hybrid Simulation
IRR Internal rate of return
LA Lead-acid batteries
LCOE Levelized cost of energy
LCOS Levelized cost of storage
Li-ion Lithium-ion
LOLE Loss of load expectation
MG Microgrid
NBR Net benefit ratio
NG Nanogrid
NPV Net present value
NaS Sodium-sulfur
Ni-Cd Nickel-cadmium batteries
OpenDSS Open Distribution System Simulator
PDRR Peak demand reduction ratio
PG Picogrid
PHS Pumped hydroelectric storage
PI Profitability index
PLEXOS Power Engineering eXpert Optimization System
PP Payback period
PSO Particle swarm optimization
PV Photovoltaic
PSA Porcellio scaber algorithm
SCs Supercapacitors
SOC State of charge
SMES Superconducting magnetic energy storage
SSA Slap swarm algorithm
RF Renewable factor
RESs Renewable energy sources
ROI Return on investment
RV Resiliency value
TCO Total cost of ownership
UCAES Under-ground compressed air energy storage systems
VR Vanadium redox
WO Whale optimization
Wos Web of Science
ZnBr Zinc-bromine
Nomenclature
Cop

NS MG operating cost without ESS
Cop

S MG operating cost with ESS
Cgrid Grid cost
Cgrid Cost of DGs
Ccap, Cop, CM Capital, operating, and maintenance costs, respectively
EESS Capacity of ESS in kWh
s = 1, 2, . . . M Number of hours
Iij Current flows between node i and node j
MSC The mean daily schedule cost
Ps Probability of scenarios
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Vi Voltage at node i
rij Resistance of cable connection between node i and the node j
s = 1, 2, . . . M Number of scenarios
ωs

th Binary factor for load curtailment
SUCDG, SDCDG, OMCDG Startup cost, shutdown cost, and operating and maintenance cost of DGs
TCPD Total cost per day of ESS
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