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Abstract: The surging electricity demand driven by a growing global population, coupled with
the increasing electrification of industries, transportation, and power-intensive appliances, poses a
substantial challenge to electricity systems worldwide. This challenge is further compounded by
the pressing issue of climate change. To address climate change and mitigate the environmental
consequences of fossil fuel use, renewable energy sources are expected to play a pivotal role.
However, certain renewable sources, such as wind and solar, exhibit stochastic behavior, resulting in
unpredictable power output and significant fluctuations. This intermittency presents a challenge in
maintaining a stable and reliable power supply. To overcome this challenge and ensure a balanced
electricity grid, the strategic deployment of energy storage devices throughout the power system
becomes critically important. Energy storage technologies play a crucial role in mitigating the
mismatch between renewable power generation and consumption. Additionally, they enable the
storage of surplus energy generated from renewable sources during periods of high production for
later use during periods of low or no generation. Each technology possesses unique characteristics
and applications, providing flexibility and diversity in energy storage solutions. This study covers
the various energy storage technologies and their significance in creating a sustainable energy system.

Keywords: LV; MV; Energy Storage System

0. Introduction

The structure of the electrical power system is currently experiencing a substantial change, shifting
towards renewable energy resources as a primary source of power generation. This transition is driven
by several factors, including the growing global demand for electricity, the limitations faced by
developing countries in building traditional power plants and distribution networks, the inadequate
power generation capacity in some industrialized nations, and the concerns about climate change and
greenhouse gas emissions [1]. In this evolving landscape, renewable energy sources are progressively
emerging as essential elements within forthcoming power generation systems. These technologies
cover a wide spectrum, including but not limited to wind turbines, solar photovoltaic setups, solar
thermal installations, biomass power facilities, fuel cells, gas micro-turbines, hydropower turbines,
micro-turbines for combined heat and power (CHP), and also hybrid power systems [2,3]. These
environmentally friendly and sustainable alternatives are gradually replacing fossil fuels, paving the
way for a more resilient and cleaner energy future.

Incorporating renewable energy sources (RESs) into the power grid brings about various benefits,
but their variable and intermittent nature can also pose challenges. Fluctuations in wind, lightning
strikes, sudden load changes, or line faults can result in temporary drops in system voltage [4].
To overcome these issues, energy storage has been recognized as an effective way to address the
stochastic characteristics and rapid shortfalls of RESs.By offering the capability to store surplus energy
when generation is high and discharge it when generation is low or variable, energy storage systems
mitigate the impact of load loss and decrease the necessity of deploying extra generation plants.
This capability enhances grid stability and ensures a more reliable and sustainable electricity supply
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[5,6]. A further concern arises when integrating RESs into remote areas with weak grids, as this may
result in undesirable voltage alterations due to power variations. Addressing the challenges posed by
the intermittent nature of renewable energy sources often involves costly upgrades to transmission
power lines, which can be financially prohibitive. Nevertheless, a feasible and economically viable
option involves incorporating energy storage systems to even out power levels and regulate voltage
at distant connection points. This approach enables the effective utilization of energy, mitigating the
sporadic attributes of renewable energy. As a result, grid stability remains intact, bolstering the overall
reliability and efficiency of the system. The application of energy storage systems offers a practical and
cost-effective approach to enhancing the smooth incorporation of renewable sources into the existing
power infrastructure. The escalating need for energy storage systems is propelled by diverse factors that
are molding the present scenario [7]. These factors include the increasing use of stochastic generation
from renewable sources, the strain on transmission infrastructure due to lagging development of new
power lines, the rise of micro-grids within distributed grid architecture, as well as the increased demand
for security and dependability in the provision of power [8] . Yet, several hurdles persist in the realm
of effectively incorporating these nascent energy storage technologies into the electricity grid. These
challenges span operational, technical, and market facets, underscoring the need for comprehensive
research, experimentation, and standardization to tackle these concerns. The progression of energy
conversion units (ECUs), spanning renewable energies, as well as the assimilation of energy storage
systems (ESSs) within developed nations, should be undertaken with careful consideration of the
existing electrical supply infrastructure. Consequently, a comprehensive and multifaceted challenge
of integrating energy storage systems optimally will arise, aiming to achieve efficient and effective
integration within the current electric power system. When power plants used to shut down over night
in the early 20th century, stationary Electrical Energy Storage (EES) was first developed. During that
period, lead-acid accumulators played a crucial role in powering remaining loads within direct current
networks [9,10]. However, it was not until 1929 that the first energy storage central station, known as
Pumped Hydroelectric Storage (PHS), was established. Utility companies gradually recognized the
significance of energy storage in enhancing network flexibility, which led to the establishment of the
PHS system [11,12].As time passed, the power supply sector’s emphasis transitioned towards attaining
economies of scale by means of substantial central generating stations and expansive transmission and
distribution networks. Consequently, the enthusiasm for storage systems waned until the recent past.
However, in more contemporary times, there has been a renewed surge of interest in energy storage
systems. The importance of storage technology in promoting grid stability and easing the assimilation
of renewable energy sources has been acknowledged by the power sector. In particular, Pumped
Hydroelectric Storage (PHS) systems have gained prominence once again due to their ability to provide
large-scale, flexible, and reliable storage capacity.By the year 2005, more than 200 PHS systems had
been implemented, contributing to an impressive 100 GW of generation capacity. This resurgence
underscores the critical role that energy storage plays in modern power systems and its potential to
solve the difficulties brought on by the increased use of renewable energy and the requirement for
a more adaptable and durable grid infrastructure. [11,13]. A decrease in investment in significant
PHS facilities was also brought on by regulatory pressures and environmental issues. Due to various
factors, there has recently been an increase in interest in the practical use of EES systems. These
encompass alterations to the international utility regulatory landscape, an amplified dependence on
electricity across industrial, commercial, and residential domains, issues pertaining to power reliability
and provision, and a substantial rise in the utilization of renewable energy as a primary electricity
source, and more stringent environmental regulations [14–16]. Moreover, the rapid advancement of
technology in emerging EES systems,due to projected cost reductions, their practical applications are
expected to become significantly appealing in a matter of a few years.consequently, the practical use of
energy storage systems is experiencing a revival, driven by the convergence of these factors and the
potential for significant technological advancements in the near future. This article seeks to provide
a succinct summary of the various Electrical Energy Storage Systems (EESS) technologies that are
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currently in advanced development. These technologies include: Pumped Hydroelectric Storage (PHS)
[13,17,18], Compressed Air Energy Storage system (CAES) [19,20], Batteries [21], [22]and [23],Flow
Batteries [10,14,16,24],Fuel Cells [24,25],Solar Fuel [10,16],Superconducting Magnetic Energy Storage
system (SMES) [26,27],Flywheels [28–30] ,Capacitors and Supercapacitors [10,29] and Thermal Energy
Storage system (TES) [31,32].Some of these technologies are already accessible and in use, while others
are still under development. This paper provides a thorough analysis of different energy storage
methods and investigates their significance and technical attributes in building a sustainable power
system.

1. Technologies for Electrical Energy Storage Systems

1.1. Electrical Energy Storage (EES)Definition

The act of converting electrical energy from a power network into a form that may be stored and
later converted back into electrical energy as needed is known as electrical energy storage (EES) [8,14,
33]. This approach enables the generation of power from intermittent energy sources or inexpensive,
low-demand energy sources, which can then be utilized during periods of heightened demand,
elevated generation expenses, or when alternative generation methods are unavailable. [15,33–35]
(Figure 1). Applications for EES are numerous and include portable devices, automobiles, and
stationary energy resources [9,10,33,36].The primary focus of this work is stationary Electrical Energy
Storage (EES) systems used in a variety of applications, such as electricity generation, distribution,
and transmission systems, decentralized energy resources, the incorporation of renewable energy, and
utilization within regional industrial and commercial sectors.

Figure 1. Basic principle of energy storage [37].

Stationary EES systems play a pivotal role in bolstering the stability, dependability, and
effectiveness of electricity grids. They facilitate the seamless assimilation of renewable energy sources
and enhance overall energy management. These systems achieve this by storing surplus electricity
during periods of diminished demand or heightened renewable energy generation, EES systems can
lessen reliance on conventional fossil fuel-based power plants, balance supply and demand, and offset
the intermittent problems brought on by renewable energy sources. Throughout this document, we will
explore various aspects of EES technologies, including their classifications, applications, technological
specifications, advancements in research and development, and deployment status, with a specific
focus on their use in stationary applications within the power sector.
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1.2. Principal Role of Energy Storage Systems

The configuration and functioning of the electric power system might experience profound
transformations as a result of developments that significantly lower the cost of electricity storage
devices [7]. These breakthroughs could address peak load challenges, enhance electrical stability, and
eliminate power quality disturbances. The flexible and multipurpose role that energy storage plays in
the electric power system makes it possible to handle the available power supplies more effectively.
Energy Storage Systems (ESS) serve a critical role in maintaining real-time balance between production
and consumption, which enhances grid management and dependability when used in conjunction with
power generation systems that convert renewable energy sources [38,39]. Furthermore, Energy Storage
Systems (ESS) streamline the incorporation of renewable resources into the energy framework. They
accelerate the rate at which these resources are adopted and enhance the energy quality by effectively
controlling frequency and voltage.Storage alternatives can be deployed across various points, spanning
power plants, transmission systems, distribution networks, and even certain appliances and gadgets
on the meter’s customer side [7,40]. These diverse applications of energy storage contribute to more
efficient energy utilization, grid optimization, and enhanced reliability throughout the electric power
system.

The utilization of Energy Storage Systems (ESS) offers significant advantages in reducing peak
loads and eliminating the need for additional thermal power plants that operate only during peak
periods. This approach enables more efficient utilization of power plants by allowing them to
function continuously, resulting in a substantial decrease in greenhouse gas (GHG) emissions [41].
The incorporation of energy storage systems with state-of-the-art power electronics, acting as the
intermediary between the electrical grid and the storage systems, plays a significant technological
role, and offers various cost advantages. The following sections provide an overview of few of
these advantages. Figure 2 also demonstrates how the power supply chain is changing due to the
incorporation of energy storage systems (ESS). In Section 3 below, more information about various
uses of energy storage systems will be given.

Figure 2. Value chain using energy storage technologies [7].

2. Energy Storage Systems Applications and Technical Advantages

Figure 3 shows the five essential links that make up the electricity value chain:the source of the
fuel or energy, the generation, the transmission, the distribution, and the consumer-oriented energy
provision. With their capacity to provide electricity precisely when and where it’s needed, Energy
Storage Systems (ESS) are poised to serve as the "sixth connection," uniting current segments and
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cultivating a more agile market environment [7]. Figures 3 and 4 depict the incorporation of stored
energy into the generation-grid system [28]. EES has a wide range of essential application that can
be applied to many different scales and fields.These applications range from larger generation and
transmission systems to those that only focus on growing into the distribution network and even
going "beyond the meter" to customer/end-user locations [9]. Numerous essential applications of EES
have been identified and summarized in previous studies [7,28,29,42]. These applications encompass
various aspects of the electricity system and include:

1. Peak load management and demand response programs.
2. Making use of renewable energy sources and reducing their erratic output.
3. Offering additional services like voltage stabilization and frequency regulation.
4. Microgrids and local energy systems.
5. Grid stability and reliability enhancement.
6. Backup power and uninterruptible power supply (UPS).
7. Management of energy based on time-of-use and energy arbitrage.
8. Charging infrastructure for electric vehicles and services for vehicle-to-grid (V2G) interactions.
9. Power quality improvement and mitigation of voltage sags and swells.
10. Electrification of remote and off-grid areas.

These applications demonstrate the diverse and significant potential of EES across the electricity
value chain, revolutionizing the way energy is generated, delivered, and consumed.

Figure 3. Utilization of energy storage within the power system [43].
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Figure 4. Provides examples of the technical advantages of energy storage systems [41].

2.1. Generation

• Commodity Storage: In this use, excess energy produced during off-peak times, such the night, is
stored for use during the day’s high demand hours.By arbitrating the output price between these
two periods, it enables more efficient load factor control for the generation, transmission, and
distribution networks, leading to cost savings [29].

• Contingency Service: Contingency reserves are a form of power capacity that can be deployed
to meet customer demand in the event of a power facility going offline. Spinning reserves are
immediately available, while long-term and non-spinning reserves can be used in as little as
10 minutes.Spinning reserve denotes the generation capacity available to produce active power
within a specific timeframe, which hasn’t been allocated for energy production yet. [44].

• Area Control: This application involves preventing unplanned power transfers between different
utility systems, maintaining the stability and reliability of the overall grid.

• Grid Frequency Support: In order to prevent sudden imbalances between load and generation and
to keep the system’s standard 60Hz/50Hz (cycles per second) In both standard and non-standard
grid arrangements, the frequency is in a condition of equilibrium, actual power must be supplied
to the electrical distribution grid. Electrical equipment owned by consumers as well as generators
may be harmed by abrupt and significant changes in electrical load.

• Black-Start:Black-start capability is the ability of an entity to autonomously commence startup
procedures,initiate the transmission system, and aid in the commencement and synchronization
of other facilities with the grid. This capability is crucial in restoring power to the grid after a
complete blackout or system-wide shut down.

These applications demonstrate the versatility of energy storage systems in supporting various
grid operations and services, including load management, grid stability, frequency control, and system
restoration.

2.2. Distribution and transmission system

• System Stability: This refers to the capability of maintaining synchronous operation among all
system components on a transmission line, preventing a collapse or disruption of the entire power
system.

• Angular Stability of the Grid: In order to maintain stable and controlled grid functioning, power
oscillations brought on by sudden occurrences are reduced through the addition and consumption
of active power.
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• Grid Voltage Support: In order to keep voltage levels across all power lines within a reasonable
range, the electrical distribution system needs to be powered. By achieving a balance between
the quantity of actual energy and the level of reactive power generated by generators, the voltage
profile of the grid is controlled and stabilized. [45].

• Deferral of Assets: This application centers on postponing the necessity for extra transmission
infrastructure by complementing the existing transmission setup. Energy storage systems can
potentially increase the effectiveness of current transmission facilities, saving money that would
otherwise be needed for capital investments in the construction of new infrastructure that might
go unutilized for extended periods of time [44].

These applications contribute to the overall stability, reliability, and efficiency of the power system
by addressing issues related to grid stability, power oscillations, voltage regulation, and optimizing
infrastructure investments.

2.3. Electrical Energy Management

• Energy Management (Load Leveling / Peak Shaving): Load leveling involves the reorganization
of specific loads to reduce electricity demand or store surplus energy when demand is low,
subsequently harnessing it during hours of high demand. Peak shaving, on the other hand,
comprises cutting back on electricity use during busy times or switching to off-peak hours.
Customers can control their energy consumption using these methods, especially to lower
time-of-use (demand) charges.

• Unbalanced Load Compensation: Employing four-wire inverters and introducing or absorbing
power independently in each phase to supply energy to unbalanced loads enables the correction
of unbalanced load conditions. This approach helps maintain balanced operation and supply
adequate power to all phases.

• Enhancement of Power Quality: Power quality pertains to variations in voltage, current, and
waveform characteristics. Harmonics, power factor, transients, flicker, voltage sags and swells,
and voltage spikes can all impact power quality. Distributed Energy Storage Systems (DESS)
can adeptly tackle these issues, furnishing customers with dependable electrical service without
introducing additional fluctuations or disturbances to the electrical waveform [44].

• Power Reliability: Power reliability is measured by the percentage or ratio of interruptions in the
delivery of electric power, which may include instances where power exceeds the threshold, not
just complete power outages. DESS can enhance power reliability by providing uninterrupted
power supply (UPS) capabilities to "ride-through" power disruptions. When coupled with energy
management storage, it enables remote power operations and ensures a reliable power supply
[43]. These applications demonstrate how energy storage systems contribute to effective energy
management, enhance power quality, and improve the reliability of electrical power supply. They
enable load balancing, compensate for unbalanced loads, mitigate power quality issues, and
provide backup power during disruptions, thereby ensuring a stable and uninterrupted power
supply for consumers.

2.4. Financial benefits of EESS in Power Systems

In [46], a thorough examination of the advantages of energy storage is provided, highlighting the
following key points:

1. Reducing Costs or Boosting Revenue via Bulk Energy Arbitrage: Energy storage makes it possible
to purchase electricity at a low cost when there is a drop in demand, allowing for later use or
sale when electricity prices are high. This practice results in either cost reductions or increased
revenue.

2. Cost Avoidance or Revenue Enhancement through Central Generation Capacity: Energy storage
can counteract the requirement for new generation capacity by supplying extra power during
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peak demand intervals. This effectively circumvents the expenses linked to constructing new
generation facilities or leasing capacity from the market for wholesale electricity.

3. A reduction in costs or an increase in revenue from supplementary services: Energy storage
systems have the capability to offer ancillary services like spinning reserve and load following,
contributing to the preservation of stability and dependability within the regional grid.

4. Cost Avoidance or Revenue Enhancement through Transmission Access/Congestion Mitigation:
Energy storage has the potential to improve the efficiency of the Transmission and Distribution
(T&D) system by augmenting energy transfer capabilities and stabilizing voltage levels, thereby
avoiding transmission access or congestion charges.

5. Reduced Demand Charges: Energy storage has the capacity to diminish an end-user’s dependency
on the grid when peak demand occurs, resulting in decreased demand charges on their electricity
invoices.

6. Diminished Financial Impact from Reliability Issues: Energy storage alleviates financial losses
linked to power interruptions, especially for commercial and industrial clients that encounter
noteworthy economic setbacks during periods of downtime.

7. Diminished Financial Impact from Power Quality Issues: Energy storage curtails financial losses
arising from power quality irregularities that disrupt loads or damage electrical equipment. By
using energy storage, the negative effects of such anomalies can be avoided.

8. Enhanced Revenue from Renewable Energy Sources: Energy storage facilitates the temporal
adjustment of energy produced by renewable sources. Surplus energy can be stored when demand
is low and subsequently utilized when demand aligns with elevated renewable generation output.

These functionalities highlight the significant impact that energy storage, in conjunction with
power electronics, will have on future electrical supply systems. Therefore, to enable quick integration
processes, all planning and implementation methods should take into account the operational
and real-time control capabilities of decentralized energy resources (DERs) and energy storage
systems (ESS).

3. Energy storage system economic and technical characteristics

The selection criteria for electrical storage systems are typically based on the following key
characteristics [47]:

3.1. Energy Capacity :

This pertains to the overall energy capacity of the storage system, encompassing the energy it
can store and provide upon demand. It plays a crucial role in assessing a system’s ability to fulfill the
energy requirements of a specific application.
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Figure 5. Alteration of energy capacity, self-discharge with the number of cycles [48].

3.2. Power Capacity :

Power capacity signifies the highest rate at which the storage system can dispense or intake
power. This capacity governs the system’s capability to manage abrupt shifts in demand or supply
and impacts its appropriateness for tasks necessitating substantial power output or swift response
durations.

The capability of storage systems to provide high-power output for short duration, commonly
known as the "emergency" rating, can be useful in exceptional instances that require immediate and
substantial power supply. However, it’s important to note that discharging at the emergency rate
may result in reduced storage efficiency compared to the nominal discharge rate and increase the risk
of equipment damage. Essentially, storage systems with emergency power capability can meet the
regular power requirements, such as peak demand reduction, while also offering additional power for
infrequent urgent needs lasting for a few to several minutes [49].

3.3. Efficiency

Efficiency measures how well the energy can be converted and stored by the storage mechanism.
This ratio represents the energy output relative to the energy input, showcasing the system’s
effectiveness in minimizing energy losses during charge and discharge cycles. Note that,every energy
conversion and transfer process involves losses, and energy storage systems are not exempt from this.
The round-trip efficiency, or simply efficiency, of a storage system denotes the proportion of energy
output compared to energy input. However, this definition can be overly simplified if it relies on
a solitary operational point, potentially failing to accurately depict the system’s performance for a
particular application. To establish efficiency, It is essential to consider one or more realistic cycles
that align with the intended use. The instantaneous power plays a significant role in determining
efficiency (as shown in Figure 6). Thus, an optimal power transfer sequence should mitigate losses
during energy transfer and self-discharge. This aspect of conserving energy is particularly critical for
applications such as daily network load leveling. Typical efficiency values diverge among various
storage technologies. Conventional electrochemical batteries generally range from 60% to 75%, while
advanced electrochemical batteries achieve efficiencies of 75% to 85%. Compressed Air Energy Storage
(CAES) systems typically exhibit efficiencies between 73% and 80%, while pumped hydro storage
systems operate in the range of 75% to 78%. Flywheel storage boasts efficiency rates of 80% to 90%,
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whereas Superconducting Magnetic Energy Storage (SMES) systems and capacitors reach efficiencies
of 95% [49,50].

Figure 6. Power efficiency and state of charge [51].

3.4. Time Response

Response time refers to how quickly a storage system may modify its power output in response
to changes in supply or demand. Systems with faster response times are better suited for applications
requiring rapid power modulation or frequency regulation. The response time of a storage system refers
to the duration it takes to transition from a state of no discharge to full discharge. This characteristic
is influenced by the specific application of the storage system. In scenarios where storage is utilized
to replace transmission and distribution (T&D) capacity, it must exhibit a rapid response. This is
because T&D equipment, such as wires and transformers, reacts almost instantaneously to changes in
demand [47].

On the other hand, when storage is used as a substitute for generation capacity, the response time
requirement is less immediate. This is because generation sources typically respond relatively slowly
to demand fluctuations.For instance, it could take several seconds to many minutes for engines and
combustion turbines to reach their full power, whereas coal and nuclear-powered generation could
take hours to respond. In contrast, most storage systems possess response times of a few seconds
or less, enabling them to effectively cater to diverse applications. Although Compressed Air Energy
Storage (CAES) and pumped hydroelectric storage display slightly slower response times, they still
manage to react swiftly enough to fulfill critical requirements.

3.5. Life Cycle

The life cycle is the maximum number of charge-discharge cycles that a storage system can
withstand before experiencing a noticeable performance decline. It is a vital consideration for long-term
durability and cost-effectiveness, as systems with longer cycle lives require less frequent replacement.
Lifetime or durability of a storage unit refers to its ability to consistently release the intended energy
level following every recharge, is measured by the highest number of cycles N, where each cycle
consists of a charge and a discharge. [50] . Over time, Every charge-discharge cycle result in the
degradation of all electrical storage systems as a result of wear or fatigue. This degradation is the
predominant contributor to aging and extends beyond thermal degradation. The pace of deterioration
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hinges on variables like storage technology, operating conditions, and other factors, with a specific
emphasis on electrochemical batteries.

In some storage technologies, particularly batteries, the degree of discharge also affects how long
the storage medium lasts.A shallow discharge, involving the use of only a small fraction of the stored
energy, is less damaging to the storage medium compared to a deep discharge, which involves utilizing
a substantial portion or the entire stored energy .The cost of replacement needs to be considered as
part of the storage system’s variable operating costs if the storage medium eventually deteriorates and
needs to be replaced before the storage system’s anticipated useful life is up.

When selecting a storage system, it is crucial to prioritize the design that takes into account
the duration of the unit in terms of cycles. However, fatigue processes in real-world scenarios are
often intricate, and the cycling capacity of a storage system may not be clearly defined. It is highly
dependent on the magnitude of the cycles (as shown in Figure 7) as well as the typical condition of
charge. Additionally, the cycles can significantly vary, making the quantification of the number of
cycles (N) challenging, and the provided values typically represent approximate ranges [53].

Figure 7. Example of lead-acid battery Depth of discharge [52].

3.6. Self-Discharge Rate

The self-discharge rate signifies the pace at which a storage system expends stored energy
gradually over time when inactive. Lower self-discharge rates are desirable, as they ensure that the
system retains a higher percentage of its stored energy when idle. The duration for which a storage
system can retain its charge is known as energy retention time. Given that some storage systems
display self-discharge or energy dissipation when not in use, it is an important point of consideration.
These energy depletions are commonly denoted as standby losses. [53]. Chemical media storage
devices are susceptible to self-discharge because energy storage involves ongoing chemical reactions.
The rate of self-discharge varies depending on the specific chemistry involved. On the other hand,
storage systems utilizing mechanical means to store energy may experience energy dissipation. For
instance, pumped hydroelectric storage can lose energy through evaporation, in the case of compressed
air energy storage (CAES), energy loss can arise from air escaping the reservoir. The duration for
which energy is retained diminishes in storage systems prone to self-discharge or energy dissipation.
This characteristic holds greater importance for storage systems that are infrequently used or spend
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extended periods in standby mode between uses, whereas it may be less crucial for frequently utilized
storage systems [49].

3.7. Lifetime and Maintenance Requirements

The lifetime of a storage system refers to its operational lifespan before it needs to be replaced.
Additionally, maintenance requirements, such as routine inspections or component replacements,
should be considered to assess the overall cost and feasibility of the system.

3.8. Energy Storage Operating Cost

The operational expenses of a storage system comprise two main constituents: running
expenditures that aren’t tied to energy. Non-energy operating costs encompass a range of factors,
including labor essential for plant operation, plant upkeep, equipment wear leading to decreased
longevity, and expenses linked to decommissioning and disposal. These costs are distinct from the
capital cost and financial carrying charges associated with the storage system.

1. Energy-related costs associated with charging: The storage system encompass all expenses related
to purchasing energy for the purpose of charging, including compensating for energy losses
during the round trip.To exemplify, let’s ponder an instance: if a storage system boasts an
efficiency of 75% and the rate for energy utilized during charging is 4¢/kWh, the cumulative
energy expense for the facility would equate to 5.33¢/kWh. This accounts for the energy input
required for charging the storage system and factors in the efficiency losses during the energy
transfer process.

2. Plant Operation Labor: Depending on the circumstances, labor may be necessary for the operation
of a storage plant. While variable labor costs are dependent on the frequency and length of
storage usage, fixed labor costs are incurred regardless of the level of storage consumption. While
variable labor costs rise proportionately to the level of storage use, fixed labor costs stay constant.
Smaller or distributed systems are frequently built for autonomous operation, needing little or no
labor,as opposed to larger storage facilities or combined storage capacity. Due to the wide range
of possible labor costs associated with different storage types and system sizes, no specific value
is assigned to this criterion [47].

3. Maintenance Expenses for the Facility: Plant maintenance costs encompass expenditures for
scheduled, anticipated, and unexpected repairs and substitutions of machinery, structures,
premises, and infrastructure. While variable maintenance expenses correlate with the frequency
and extent of storage system utilization, fixed maintenance costs remain consistent irrespective of
the degree of storage usage [54].

4. Replacement Cost: When a storage system’s estimated lifespan predicts that some parts or
subsystems will degrade, a "replacement cost" becomes important. In such cases, a "sinking fund"
is established to gather monies for potential replacements in the future. Each unit of energy
produced by the storage facility is given a portion of the replacement cost, which is thought of as
a variable expense.

5. The comprehensive variable operational cost of a storage system encompasses relevant
non-energy-related variable operating expenditures, such as labor for plant management, plant
energy expenditures (such as charging energy), variable maintenance costs, and replacement costs.
The cost-effectiveness of storage is notably impacted by fluctuating operational expenses, which
are especially important for applications with heavy demand and numerous charge-discharge
cycles.Storage systems should, in ideal circumstances, operate with elevated or exceptionally high
efficiency and relatively minimal variable operating expenses. Otherwise, the charges linked to
charging and discharging the storage might surpass the advantages. This could pose a substantial
obstacle for specific storage types and value propositions. Take, for instance, the illustration
presented in Figure 8, showcasing a storage system with a 75% efficiency and an operational cost
that is not tied to energy at 4¢/kWh.
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Figure 8. Variable operating costs for energy storage systems with 75% storage efficiency [47].

Note: The samples merely serve as illustrative materials and do not represent actual values or prices
and may not reflect real-world scenarios.

3.9. Safety and Environmental Impact

Storage systems should meet safety standards to prevent accidents or malfunctions that could
endanger people or infrastructure. Furthermore, factoring in the environmental ramifications of
the system, including the utilization of hazardous materials or emissions, is vital for establishing
sustainable energy solutions. These characteristics help in evaluating and comparing different storage
technologies to determine their suitability for specific applications and overall system requirements.
Attaining elevated efficiency demands precise customization of a storage system to harmonize with
distinct application prerequisites, whether encompassing modest to moderate power in remote
locales, network interconnections, or alternative scenarios. Furthermore, the system should be
tailored to correspond with the kind of energy production at play, be it permanent installations,
mobile configurations, or renewable sources (see Figure 9). This meticulous tailoring ensures optimal
integration and synchronization with the power network, consequently enhancing the storage system’s
comprehensive efficiency and efficacy.
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Figure 9. Areas of application of the different Energy storage techniques [55].

3.10. Classifications of Energy Storage Systems

Energy storage systems (ESSs) are categorized based on two main factors: their function and
structure.ESS technologies can be classified into two primary groups based on their functions. One
group is primarily designed for high power ratings and has a relatively lower energy capacity fall
within the first type. These are particularly suitable for scenarios requiring power quality enhancement
or applications involving uninterruptible power supply (UPS).The second category involves ESSs
intended for energy management, as illustrated in Figure 10. Energy management ESSs encompass
technologies like fuel cells, solar fuels, thermal energy storage systems, large-scale batteries, and
flow batteries. compressed air energy storage, pumped hydro storage (PHS), and thermal energy
storage (TES). Conversely, ESSs prioritizing high power quality and reliability encompass batteries,
flywheels, supercapacitors, and superconducting magnetic energy storage (SMES). Although this
classification offers a fundamental comprehension, it’s important to acknowledge that energy storage
devices showcase a diverse array of technical characteristics, and this categorization oversimplifies
their intricacies. Additionally, electricity storage technologies can also be classified based on the storage
method they employ [44].
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Figure 10. Energy storage categorized based on its function.

Categorization of electrical energy storage systems can be undertaken across various classes,
contingent upon their fundamental principles and intended applications:

1. Electrical Energy Storage System:(i) Electrostatic Energy Storage System: This category employs
capacitors and supercapacitors to create charge separation for the storage of electrical energy.(ii)
Magnetic/Current Energy Storage: Within this class, superconducting magnetic energy storage
(SMES) utilizes high-capacity superconducting magnets and harnesses magnetic fields for energy
storage.

2. Mechanical Energy Storage Systems: (i) Kinetic Energy Storage: This category encompasses
flywheels, which accumulate energy by spinning a substantial rotor at elevated velocities,
capitalizing on rotational kinetic energy. (ii) Potential Energy Storage Systems: Within this
group, Pumped Hydro Energy Storage (PHES) and Compressed Air Energy Storage (CAES)
systems leverage gravitational potential energy and compressed air, respectively, to amass and
release energy.

3. Chemical Energy Storage Systems: (i) Electrochemical Energy Storage: This category encompasses
the utilization of chemical reactions for energy storage in flow-cell batteries such as zinc bromine
and vanadium redox systems, as well as conventional batteries such as lead-acid, nickel-metal
hydride, and lithium-ion batteries. (ii) Chemical Energy Storage: In this category, Metal-Air
Batteries and fuel cells like Molten Carbonate Fuel Cells (MCFCs) save energy in the form of
chemical molecules that can later be converted back into electricity. (iii) Thermochemical Energy
Storage: This category encompasses a range of technologies like solar hydrogen, solar metal,
solar ammonia dissociation-recombination, and solar methane dissociation-recombination. These
technologies store energy through chemical reactions that are fueled by heat.

4. Thermal Energy Storage Systems: (i) Low-Temperature Energy Storage: Cryogenic energy storage
systems and aquiferous cold energy storage leverage lower temperatures to store and release
energy. (ii) High-Temperature Energy Storage: Thermal energy can be stored for future use using
sensible heat systems like steam or hot water accumulators, materials like graphite, hot rocks,
and concrete, as well as latent heat systems employing phase transition materials.

These different types of energy storage technologies provide diverse solutions for storing and utilizing
energy in various applications and contexts.
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4. Technology descriptions for energy storage

4.1. Pumped Hydro Storage Systems (PHSS)

The use of water at various altitudes to capture and store energy is known as pumped hydro
storage. Within this arrangement, a raised water body serves as a reservoir of potential or stored
energy. During periods of increased electricity demand, water is discharged from the upper reservoir
through a downward passage, passing through a hydroelectric generator before gathering in a lower
reservoir. During periods of reduced energy demand, the water is pumped back to the upper reservoir,
effectively using the power plant as a load within the power system [7].

Illustrated in Figure 11, a pumped hydro energy storage system comprises two substantial water
reservoirs, an electric machine (motor/generator), and a reversible pump-turbine arrangement or
distinct pump and turbine components. This configuration can be swiftly initiated, and its level of
stored water determines its degree of self-sufficiency. Pumping hydro energy storage does have some
restrictions, though, because to geographical limitations and weather condition. Excessive rainfall can
impact the capacity of pumped hydro systems. from the standpoint of a power network, pumped
hydroelectric systems typically exhibit conversion efficiencies ranging from 65% to 80%, depending
on the characteristics of the equipment [49]. In terms of cycle efficiency, it requires 4 kWh of energy
input to generate 3 kWh of usable energy output.The storage capability of a pumped hydro system
relies on two key factors: the vertical drop height and the volume of water. To illustrate, a 1-ton mass
descending from a height of 100 meters produces approximately 0.272 kWh of electricity.

Figure 11. An Example of Hybrid system Pumped hydro energy storage [44].

4.2. Flywheel Energy Storage Systems (FESS)

Flywheel energy storage systems consist of a substantial or composite flywheel connected to a
motor-generator and specialized brackets, often incorporating magnetic elements. These elements
are enclosed within a housing maintained at significantly low pressure to minimize self-discharge
losses (refer to Figure 12) [5]. Flywheel systems exhibit notable cycling capacity, typically ranging
from tens of thousands to hundreds of thousands of cycles, determined by their fatigue-focused
design. Substantial-capacity flywheels are essential for effectively storing energy within an electrical
power system.

Considering frictional losses associated with flywheels is pivotal. For instance, a 200-ton flywheel
might involve anticipated friction losses of approximately 200 kW. Assuming an initial efficiency of
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85%, the overall efficiency would gradually decrease to 78% after 5 hours and 45% after a full day. As
a result, employing flywheel systems for extended energy storage periods isn’t viable.

From a practical standpoint, electromechanical batteries are better suited for energy production in
isolated areas.Nonetheless, through the adoption of sizable buffer batteries, akin to water reservoirs,
kinetic energy storage methods like flywheels can still find application in urban electricity distribution.
The goal of this strategy is to increase production units’ efficiency.

Figure 12. Structure of flywheel energy storage system [56].

4.3. Fuel cells-Hydrogen energy storage Systems (HESS)

Fuel cells provide a way to electrolyze water to create hydrogen from stored energy. Three key
elements make up the proposed storage system: a hydrogen buffer tank that ensures adequate supplies
during times of high demand; the fuel cell utilizes the produced hydrogen and oxygen from the air
to generate electricity during peak hours.On the other hand, electrolysis generates hydrogen using
off-peak electricity. Fuel cells are useful in spontaneous supply scenarios, whether connected to the
grid or not, as well as in decentralized energy production, such as low-power stations for home or
emergency use. They are also well-suited for centralized electricity generation without heat upgrades
and mid-power cogeneration (within the range of a few hundred kW). Moreover, they present a viable
alternative for remote locations, such as hilly terrain, where it is difficult or expensive to establish
electrical lines.

Various methods exist for storing hydrogen, including compression, liquefaction, and metal
hydride storage, among others. Pressurized tanks with volumes ranging from 10-2 m3 to 10,000
m3 are now the most straightforward option for station applications. Commercial cylinders are
capable of withstanding 350 bar pressures. The comprehensive efficiency of storing electrical energy
through an electrolyzer and a fuel cell is notably suboptimal (at most 70% for the electrolyzer, 50%
for the fuel cell, and 35% for the combined setup). Furthermore, the capital outlays linked to such a
system are prohibitive, and its operational lifespan is restricted, particularly within power network
applications [53].
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Figure 13. Fuel cells-Hydrogen energy storage Systems (HESS) [45].

4.4. Thermal energy storage System (TESS)

Thermal energy storage (TES) is a well-established technology with a diverse range of applications.
It involves the use of specially designed containers to store materials at high or low temperatures.
Through the use of heat engine cycles, the recovered heat or cold can subsequently be used to
produce electricity. Although electrical resistance heating, refrigeration, or cryogenic processes might
theoretically provide energy input to TES, its overall round-trip efficiency is often low (30–60%).
However, the efficiency of the heat cycle can be considerable (70–90%). TES has advantages for
commercial buildings and the incorporation of renewable energy, as well as for the environment.

Based on whether the operating temperature of the stored energy substance is above or below
room temperature, Thermal Energy Storage (TES) systems can be classified into two primary divisions:
low-temperature TES and high-temperature TES. For TES, the most accurate categorizations are
industrial cooling (below -18°C), building cooling (between 0 and 12°C), building heating (between
25 and 50°C), and industrial heat storage (above 175°C). Each classification serves a specific purpose
within its designated temperature scope.

Compressed Air Energy Storage (CAES) revolves around the idea of utilizing surplus electricity
during off-peak periods to compress air, which is then stored within an underground reservoir,
often located in a salt cavern, abandoned hard rock mine, or aquifer. When demand peaks during
daytime hours, the pressurized air is released, propelling a turbine/generator to produce power.
CAES, illustrated in Figure 14, stands as one of the commercially accessible technologies, alongside
pumped-hydro, capable of providing large-scale energy storage systems with unit sizes surpassing 100
MW in deliverable capacity. This makes CAES suitable for applications requiring substantial storage
capacity, like bulk storage or other extensive-scale environments.
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Figure 14. Depiction of Compressed-Air Energy Storage Systems [] [69].

This kind of system has an estimated efficiency of around 70% [57] and an energy density of
about 12 kWh/m3 [55]. It’s important to bear in mind that to release 1 kWh of energy into the grid,
approximately 0.7-0.8 kWh of electricity is required for compressing the air during off-peak periods,
and 1.22 kWh of natural gas is necessary to extract it during periods of peak demand. Currently,
there are two operational plants, and several others are at different stages of development. The first
plant, which was constructed in 1978 at Huntorf, Germany, has a 290 MW capacity. The subsequent
facility, constructed in 1991 in McIntosh, Alabama, possesses a capacity of 110 MW. Although it is
still in the development stage, small-scale compressed air energy storage (SSCAES), which includes
employing carbon fiber structures to store compressed air in cylinders at high pressures (up to 300
bars), demonstrates potential as a viable choice for applications of smaller and moderate scales.

4.5. Superconducting Magnetic Energy Storage Systems (SMESS)

The use of magnetic fields produced by direct current flowing through a coil of cryogenically
cooled superconducting material is a promising technology for energy storage. These systems, while
having a high operating cost, are particularly well-suited for applications that require constant and
deep discharges with continuous activity. Their impressive response time, often clocking in at less
than 100 milliseconds, renders them well-suited for maintaining network stability and managing load
fluctuations. They have the ability to supply power nearly instantly and are proficient in offering
high-power output for brief periods [16,17].

These systems are currently offered in sizes up to 3 MW and are frequently used to supply clean,
dependable power for delicate manufacturing processes like chip fabrication as well as to assure grid
stability in distribution networks. The extraordinary instantaneous efficiency of this storage technique,
which reaches around 95% for a charge-discharge cycle [58] , is one salient benefit. In contrast to
batteries, these devices are also capable of discharging a substantial percentage of their energy reserves.
They are therefore extremely advantageous for applications that call for continuous operation with
numerous full charge-discharge cycles.
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4.6. Supercapacitors Energy Storage System (SESS)

The latest advancement in electrical energy storage involves the utilization of supercapacitors.
Supercapacitors offer much better power and energy density than conventional capacitors or batteries
[10].These electrochemical double-layer capacitors encompass two plates, frequently composed of
metallic or conductive material, separated by a dielectric. These capacitors store energy as electric
charge, which accumulates when a voltage difference is established across the plates.Supercapacitors
need direct current to operate, much like battery systems. One key advantage of supercapacitors is their
superior energy per unit volume compared to regular capacitors, reaching values of 5 Wh/kg or even
15 Wh/kg. However, this increased energy density comes at a higher cost.However, supercapacitors
stand out in their ability to offer a consistent discharge duration, thanks to the sluggish ion movement
within the electrolyte. This property enables them to achieve power densities within the range of 800 to
2000 W/kg. Remarkably durable, these devices typically have a lifespan of 8 to 10 years, maintaining
an efficiency of 95% and undergoing just 5% self-discharge daily. This implies that the stored energy
should be used promptly. Supercapacitors have a variety of uses, including in uninterruptible power
supplies and other sectors where energy storage is necessary. Additionally, they can be used to balance
out erratic, high-power power network demands. Their long-life cycle and quick charge/discharge
capability are their main characteristics [3,15,59].

4.7. Batteries Energy Storage System

Batteries are devices that use electrochemical reactions to create electrically charged ions as a
type of energy storage. During the charging process, direct current is converted into chemical energy,
which is subsequently converted back into a flow of electrons in the form of direct current during
the discharge process [60,61]. Electrochemical batteries utilize electrodes to facilitate the transfer of
electrons and store reactants or products through solid-state reactions within the electrodes [29].

Batteries are widely acknowledged as the most prevalent energy storage units. Nevertheless, the
term "battery" encompasses a range of technologies that leverage distinct operational principles
and materials. Examples include lead-acid, nickel-cadmium, nickel-metal hydride, nickel-iron,
zinc-air, iron-air, sodium-sulfur, lithium-ion (depicted in Figure 15), lithium-polymer, and various
other electrochemical accumulators. These batteries are prized for their advanced technological
capabilities and high energy densities (lithium batteries can achieve up to 150 and 2000 Wh/kg).
However, one disadvantage is that they only hold up well for a few hundred to a few thousand
cycles of high cycling amplitudes. They are frequently utilized in portable systems and have
permanent uses including emergency network backup and the storage of renewable energy in remote
locations [62]. Electrochemical accumulators often have minimum discharge times longer than 15
minutes.Nonetheless, in specific scenarios, significant power levels ranging from 100 W/kg to a few
kW/kg can be attained within seconds or minutes. Unlike capacitors, batteries uphold a consistent
voltage concerning the charge level. However, the voltage can still undergo a twofold alteration,
transitioning between high-power charging operations near the maximum charge leve and a power
discharge close to the full discharge.
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Figure 15. The principle of the lithium-ion battery (LiB) [] [69].

4.8. Flow Batteries Energy Storage System (FBESS)

The energy-storing chemical compounds are in a liquid state and dissolved in the electrolyte
in flow batteries, a type of energy storage system that uses a two-electrolyte arrangement. They
get around some of the drawbacks of traditional electrochemical accumulators, such lead-acid or
nickel-cadmium batteries, which directly store electrochemical reactions as solid molecules on the
electrodes. This solid-based approach restricts the mass capacity of standard batteries. In contrast,
flow batteries utilize different types of electrolytes, often incorporating bromine as a central element.
These electrolytes can include zinc (ZnBr), sodium (NaBr) (Figure 16), vanadium (VBr), and more
recently, sodium polysulfide.

The electrochemical reactions in flow batteries experience chemical reactions across a membrane
within the cell, and this process can be reversed during the charge-discharge cycle. Through the
utilization of extensive reservoirs and connecting numerous cells together, flow batteries can store
significant amounts of energy. When needed, the electrolyte is pumped into the reservoirs to release
the stored energy. The technology offers several advantages [61,63]:

1. Energy capacity and High power .
2. Quick recharging by electrolyte replacement.
3. Simple electrolyte replacement promotes long life.
4. Complete discharge ability.
5. The use of non-toxic substances.
6. Operation at low temperatures.

However, the system does have a drawback, as it requires moving mechanical components
like pumping systems, which make miniaturization challenging. This limitation has restricted its
commercial adoption thus far. The most famous flow battery, with a storage capacity of 15 MW-120
MWh, was created by Regenesys Technologies in England in 2003. It has since been upgraded to
utilize vanadium as the sole electrochemical system. The overall efficiency of electricity storage for
flow batteries is approximately 75% [64].
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Figure 16. Scheme of a Redox flow-battery [65].

5. Comparison and Evaluation of the Energy Storage Technologies

Various elements of storage technologies are illustrated in the comparison figure below, including
technical maturity, application range, efficiency, lifetime, prices, mass and volume densities, and
more: These figures serve as a broad comparison and should be considered in the context of specific
technologies, applications, and evolving advancements in the energy storage sector.

5.1. Technical Proficiency

Figure 17 depicts the technical maturity of energy storage systems (EES), which can be divided
into three stages of maturity [44]:

1. Advanced technologies: Pumped Hydro Storage (PHS) and lead-acid batteries fall into this
category as they have been in use for over a century. These technologies have a proven track
record and are widely deployed.

2. Developed technologies:Examples of developed technologies include Aquiferous
Low-Temperature Thermal Energy Storage (Al-TES), High-Temperature Thermal Energy
Storage (HT-TES), Superconducting Magnetic Energy Storage (SMES), ZEBRA Li-ion, Flow
Batteries, Sodium-Sulfur (NaS), Compressed Air Energy Storage (CAES), and Nickel-Cadmium
(NiCd). These systems are now commercially available and have experienced technological
advances. To assure their dependability and competitiveness, the electrical sector and the market
must still validate and test them further before they can be widely adopted, particularly in
large-scale utility applications.

3. Developing technologies: Categorized as emerging technologies are Fuel cells, Metal-Air batteries,
Solar Fuel, and Cryogenic Energy Storage (CES). Although they are not yet commercially mature,
ongoing research and development efforts show their technical feasibility and potential. These
emerging technologies hold promise for industrial adoption in the near future, driven by factors
such as energy costs and environmental considerations.

It’s worth highlighting that the categorization of EES technologies into these groups is determined
by their present level of maturity, market readiness, and deployment status. However, the landscape of
energy storage is dynamic, with continuous advancements and evolving market dynamics influencing
the growth and adoption of these technologies.
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Figure 17. Technological maturity of energy storage systems [44].

5.2. Discharge Time and Power Rating

Energy storage systems (EES) can be generally classified into three categories based on their
intended applications. [53]:

1. Energy management: In the realm of large-scale applications exceeding 100 MW, spanning hourly
to daily output durations, compressed air energy storage (CAES), cryogenic energy storage (CES),
and pumped hydro storage (PHS) stand as viable choices. These systems find utility in load
leveling, ramping/load following, and spinning reserve scenarios within energy management.
On the other hand, for medium-scale energy management with capacities ranging from 10 to 100
MW, options such as large batteries, flow batteries, fuel cells, CES, and Thermal Energy Storage
(TES) hold relevance. [37].

2. Power quality: Flywheels, batteries, Superconducting Magnetic Energy Storage (SMES),
capacitors, and supercapacitors exhibit rapid response times in the millisecond range, rendering
them well-suited for applications necessitating power quality management. These applications
include countering momentary voltage drops, resolving flicker-related concerns, and supplying
short-duration Uninterruptible Power Supply (UPS) assistance. These technologies are typically
employed for power ratings below 1 MW.

3. Bridging power: Batteries, flow batteries, fuel cells, and Metal-Air cells showcase relatively swift
response times (approximately 1 second) and can maintain power delivery for extended durations,
rendering them apt choices for bridging power applications. These technologies are commonly
used for power ratings ranging from 100 kW to 10 MW .

It is important to note that the categorization of EES technologies into these application types
is based on their characteristics and suitability for specific energy management, power quality, or
bridging power scenarios. However, the specific choice of energy storage technology depends on
various factors such as project requirements, cost-effectiveness, environmental considerations, and
regulatory frameworks.

5.3. Duration of Storage

Table 1 provides the daily self-discharge (energy dissipation) for different EES systems, offering
insight into the appropriateness of each system for diverse storage durations .
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• Energy storage systems (EES) featuring minimal self-discharge rates, including Pumped Hydro
Storage (PHS), Compressed Air Energy Storage (CAES), Fuel Cells, Metal-Air Cells, solar fuels,
and flow batteries, are optimal choices for extended storage duration. These systems can
effectively retain stored energy over extended durations.

• Energy storage systems (EES) characterized by moderate self-discharge rates, such as Lead-Acid,
Nickel-Cadmium (NiCd), Lithium-Ion (Li-ion), Thermal Energy Storage (TES), and Cryogenic
Energy Storage (CES), are well-matched for storage intervals ranging from a few days to several
tens of days. While they exhibit higher self-discharge compared to the aforementioned systems,
they still provide reasonable energy retention over moderate timeframes.

• EES systems with extremely high self-discharge ratios of 10–40% per day include sodium-sulfur
(NaS), ZEBRA, superconducting magnetic energy storage (SMES), capacitors, and supercapacitors.
These systems work best with short cycles periods that last no longer than a few hours. NaS and
ZEBRA have significant self-discharge ratios because of their high operating temperatures, which
necessitate self-heating to maintain the effectiveness of the stored energy.

• Flywheels, however, will release all of the stored energy if the storage duration extends beyond
approximately one day. Therefore, they are most effective for storage periods within tens of
minutes, offering rapid discharge capabilities. The selection of an appropriate EES system
depends on the desired storage period and the specific requirements of the application. Taking
into account the self-discharge characteristics of the system is crucial to ensure efficient and
effective energy storage.

Table 1. Technical characteristics of EES systems [44].

5.4. Capital Cost

The capital cost is a critical factor influencing the widespread adoption of EES technologies.
Table 2 displays different capital cost forms, encompassing cost per kilowatt-hour (kWh), cost per
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kilowatt (kW), and cost per kilowatt-hour per cycle. For consistency, all the unit energy costs in the
table have been normalized by dividing them by the storage efficiency, yielding the cost per output
(usable) energy. The per cycle cost is particularly important when evaluating energy storage systems
for frequent charge/discharge applications like load leveling.It is determined by dividing the cost
per unit energy by the cycle life. This calculation offers a comprehensive evaluation of the energy
storage cost across numerous charge/discharge cycles. For example, while lead-acid batteries might
have a lower initial capital cost, they might not prove to be the most cost-effective choice for energy
management purposes (load leveling), given their comparatively shorter lifespan in such utilization
scenarios.

It’s important to highlight that the table does not take into account expenses related to operation
and upkeep, disposal, replacement, and other ownership expenditures. This omission is due to limited
data availability for some emerging technologies. When assessing the overall cost-effectiveness of EES
technologies, these additional expenses should be taken into account [37].

Table 2. technological features of EES systems are compared [44].

Among the range of EES technologies, CAES, Metal-Air batteries, PHS, TESs, and CES are
recognized for their relatively low capital costs per kilowatt-hour (kWh). Although Metal-Air batteries
may initially appear appealing because of their elevated energy density and economical initial expense,
their limited lifespan and ongoing developmental aspects diminish their attractiveness. In terms of
capital costs among developed technologies, CAES emerges as the most cost-effective. Batteries and
flow batteries exhibit slightly higher capital costs compared to PHS, but this disparity is gradually
narrowing over time. For applications requiring high power and short-duration output, SMES,
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flywheels, capacitors, and supercapacitors offer a suitable balance between affordability in terms of
power output and higher costs associated with storage energy capacity.

When assessing the cost per cycle kWh, PHS and CAES stand out with some of the most favorable
values among all EES technologies. While batteries and flow batteries still exhibit higher per cycle
costs compared to PHS and CAES, there has been a substantial reduction in these costs in recent years.
CES presents itself as a potential contender with low cycle costs, although commercial products are not
yet accessible. Fuel cells currently exhibit the highest per cycle cost, and it might require a considerable
amount of time for them to achieve economic competitiveness. Solar fuels, being in their nascent stages
of development, have limited available data for analysis [66].

It is important to note that the capital cost of energy storage systems can vary significantly
from the estimations provided here due to factors such as technological breakthroughs, construction
timeline, location, and system size. The information presented should be considered preliminary and
subject to change as the field progresses.

5.5. Cycle Efficiency

Cycle efficiency, representing the "round-trip" efficiency, signifies the ratio of output energy to
input energy, excluding losses due to self-discharge during storage. EES systems can be broadly
categorized into three groups based on their cycle efficiency:

1. Exceptionally high efficiency: SMES, flywheel, supercapacitor, and Li-ion battery demonstrate an
exceptional cycle efficiency of more than 90%.

2. High cycle efficiency: The cycle efficiencies of PHS, CAES, batteries (other than Li-ion), flow
batteries, and conventional capacitors range from 60% to 90%. It is important to note that PHS,
which involves pumping and releasing water, often has higher efficiency than CAES, which
compresses and expands air. Gas is heated when it is compressed quickly, which raises its
pressure and necessitates more energy for subsequent compression.

3. Moderate to low efficiency: TESs, DMFCs, Metal-Air, solar fuel, hydrogen, and DMFCs (Direct
Methanol Fuel Cell) exhibit moderate to low cycle efficiencies, falling below 60%. These systems
primarily encounter substantial losses during the conversion from the commercial AC system to
the storage system side. For instance, the power stored through hydrogen experiences a relatively
lower round-trip energy efficiency (ranging between 20% and 50%) due to a combination of
electrolyzer efficiency and the efficiency of reconversion back to electricity. It’s worth noting that a
trade-off exists between capital cost and round-trip efficiency. A storage technology characterized
by lower capital cost and round-trip efficiency could still present effective competition against a
technology with higher capital cost and efficiency.

5.6. Power density

Power density is calculated by dividing the rated output power of an energy storage system by
its volume, usually measured in W/kg or W/liter. On the other hand, energy density is determined by
dividing the stored energy amount by the volume of the storage device. It’s important to note that
the volume of the storage device includes not only the energy-storing component but also additional
elements such as accessories, support structures, and the inverter system.

Table 1 demonstrates the exceptionally high energy densities of solar fuels, metal-air batteries,
and fuel cells, which are typically around 1000 Wh/kg. However, as was already indicated, they
typically have relatively low cycle efficiencies. Medium energy densities are demonstrated by batteries,
TESs, CESs, and CAESs.

The energy densities of PHS, SMES, capacitor/supercapacitor, and flywheel systems usually fall
below 30 Wh/kg. Nonetheless, due to their high power densities, SMES, capacitor/supercapacitor,
and flywheel systems are well suited for applications that call for high-quality power, sizable discharge
currents, and quick responses [53]. In contrast to conventional batteries, NaS and Li-ion batteries exhibit
greater energy densities, whereas flow batteries demonstrate somewhat reduced energy densities.
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Importantly, variations in energy density can arise within a given type of EES when produced by
different manufacturers.

5.7. Lifetime and cycle life

The lifespan and/or cycle life of several EES systems are compared in Table 1. It is clear that
EES systems with a focus on electrical technology frequently have cycle lives that are quite lengthy,
frequently exceeding 20,000 cycles. These systems include SMES, capacitors, and supercapacitors
as examples.Extended operational lifespans are a notable trait of mechanical and thermal energy
storage systems, such as Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CAES),
flywheels, Adiabatic Liquid Thermal Energy Storage (AL-TES), Cryogenic Energy Storage (CES), and
High-Temperature Thermal Energy Storage (HT-TES). These techniques draw upon conventional
principles of mechanical engineering, with their durability predominantly determined by the longevity
of their mechanical components.

On the other hand, due to chemical degradation over time, batteries, flow batteries, and fuel cells
experience notable declines in cycle capacities in comparison to alternative systems. There is a need
for more research since Metal-Air batteries, in particular, have a short lifespan of only a few hundred
cycles.

6. Conclusion

By critically reviewing existing literature,this study offers valuable perspectives on the present
status of energy storage within MV-LV networks. It highlights the potential benefits of integrating
energy storage technologies into these networks, such as improved grid stability, enhanced renewable
energy integration, and optimized load management. Furthermore, the review sheds light on the
challenges and limitations that need to be addressed for successful implementation. While there
is an associated cost with energy storage, it has been observed that storage is already proving to
be cost-effective in many cases. As research and development in the field continue to progress,
additional application possibilities are expected to emerge [55]. The growing presence of decentralized
and renewable energy sources in power networks has made storage a crucial factor. In addition
to being a technical network management solution that guarantees real-time load balancing, it also
promotes the best possible use of renewable resources by preventing load shedding during times of
overproduction. Decentralized storage has the ability to increase the resilience of power networks
through the construction of energy farms that serve particular demand zones when combined with
local renewable energy output. There are several ways to improve system security, but their vastly
different requirements make it difficult to directly compare them. In order to improve the performance
and cost projections for storage systems, it was our goal to develop a set of technical and economic
parameters.The conclusions drawn from this review can steer researchers, policymakers, and industry
experts towards advancing the growth and implementation of energy storage systems on MV-LV
networks, aiming for a future of sustainable and robust energy solutions.The following findings can be
drawn from the review [53,54,67,68]:

1. While an array of commercially accessible energy storage systems (EES) exists, there isn’t a
singular system that meets all the criteria of an ideal EES, encompassing attributes like maturity,
extended lifespan, cost-effectiveness, high density, superior efficiency, and eco-friendliness.
Each EES finds its niche within a specific application domain. Pumped Hydro Storage (PHS),
Compressed Air Energy Storage (CAES), large-scale batteries, flow batteries, fuel cells, solar
fuels, Thermal Energy Storage (TES), and Cryogenic Energy Storage (CES) are well-suited for
energy management applications. Flywheels, batteries, capacitors, and supercapacitors find
better alignment with power quality and short-duration Uninterruptible Power Supply (UPS)
needs. Batteries, flow batteries, fuel cells, and Metal-Air cells exhibit potential for bridging power
applications.
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2. Certain energy storage technologies, such as Pumped Hydro Storage (PHS) and lead-acid batteries,
have attained technical maturity. Compressed Air Energy Storage (CAES), Nickel-Cadmium
(NiCd), Sodium-Sulfur (NaS), ZEBRA Li-ion, flow batteries, Superconducting Magnetic Energy
Storage (SMES), flywheels, capacitors, supercapacitors, Adiabatic Liquid Thermal Energy
Storage (AL-TES), and High-Temperature Thermal Energy Storage (HT-TES) are both technically
developed and commercially available. On the other hand, fuel cells, Metal-Air batteries, solar
fuels, and Cryogenic Energy Storage (CES) are still in the developmental stages. Among the
established technologies, CAES holds the advantage of having the lowest capital cost, while
Metal-Air batteries have the potential to emerge as the most cost-effective among the recognized
EES systems.

3. Superconducting Magnetic Energy Storage (SMES), flywheels, capacitors/supercapacitors,
Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CAES), batteries, and flow
batteries showcase cycle efficiencies surpassing 60%. Conversely, fuel cells, Direct Methanol Fuel
Cells (DMFC), Metal-Air batteries, solar fuels, Thermal Energy Storage (TES), and Cryogenic
Energy Storage (CES) demonstrate lower efficiencies attributed to substantial losses during the
conversion process from commercial AC to the stored energy state.

4. Energy storage systems (EES) rooted in electrical technologies, like SMES, capacitors, and
supercapacitors, boast extended cycle lifespans. Similarly, EES systems grounded in mechanical
and thermal principles, encompassing Pumped Hydro Storage (PHS), Compressed Air Energy
Storage (CAES), flywheels, Adiabatic Liquid Thermal Energy Storage (AL-TES), Cryogenic Energy
Storage (CES), and High-Temperature Thermal Energy Storage (HT-TES), also exhibit prolonged
cycle lives. Batteries, flow batteries, and fuel cells have comparatively lower cycle lives due to
chemical deterioration over time. Currently, Metal-Air batteries have the shortest lifespan.

5. Certain energy storage technologies, including Pumped Hydro Storage (PHS), Compressed Air
Energy Storage (CAES), batteries, flow batteries, fuel cells, and Superconducting Magnetic Energy
Storage (SMES), may pose potential adverse environmental impacts due to factors like fossil fuel
combustion, intense magnetic fields, landscape disruption, and the generation of toxic byproducts.
Solar fuels and Cryogenic Energy Storage (CES) are generally regarded as more ecologically
benign, although a thorough life-cycle analysis is imperative to establish definitive conclusions.
In light of the insights gleaned from this study and a diligent assessment of the implications, the
subsequent conclusions can be derived:

6. Developing storage techniques requires improving and optimizing power electronics, which hold
a pivotal role in transforming electricity into storable energy and vice versa.

7. As renewable energy integration expands, it becomes imperative to examine the influence of
various storage alternatives, especially decentralized ones, on network resilience, infrastructure,
and the overall costs of energy production.

8. Performing comprehensive system analyses that encompass storage, related electricity conversion,
power electronics, and control systems will advance the optimization of approaches related to
cost, efficiency, reliability, maintenance, as well as societal and environmental considerations,
among other factors.

9. Assessing the national significance of compressed gas storage methods holds importance.
10. Allocating resources to research and development that integrates various storage methodologies

with renewable energy sources will enhance overall system efficiency and mitigate greenhouse
gas emissions originating from conventional gas-burning power plants.

11. Evaluating the capabilities of high-temperature thermal storage systems, which provide notable
benefits in power distribution, can facilitate their secure implementation in close proximity to
power consumption regions.

12. Progressing in the field of supercapacitors will result in their incorporation across a spectrum of
applications.

13. Creating cost-effective, durable flywheel storage systems will unleash their potential, especially
in decentralized applications.
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14. A collaborative research and development (R&D) effort is required to accelerate the adoption and
utilization of hydrogen-electrolyzer fuel-cell storage systems.
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