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Editorial on the Research Topic

Recent Advances in Energy Storage Technologies

The global adoption of renewable energy alternatives is rapidly increasing at an unprecedented pace
in response to the mounting environmental crisis caused by CO2 emissions. Renewable energy systems
possess immense potential to decarbonize the environment owing to their ability to generate energy
without releasing greenhouse gases or other polluting emissions [1,2]. Nevertheless, renewable energy
systems are reliant on natural resources such as sunlight, wind, water, and geothermal, which are
inherently unpredictable and fluctuate based on weather patterns, seasons, and years. To account for
these intermittencies, renewable energy can be stored using various techniques and subsequently
utilized in a consistent and controlled manner as required [3-5]. Over the past century, numerous
researchers from across the globe have made significant contributions to developing innovative
methods of energy storage that are efficient enough to address the escalating energy demand and
technological advancements.

According to a recent survey by the International Energy Agency (IEA), there is a promising increase
in electricity generation from renewable sources, with a projected growth of more than 8% and an
expected production level of 8,300 TWh in 2021. Moreover, to align with the objectives of the Paris
Agreement, which aims to limit the average global temperature increase to below 2°C, the International
Renewable Energy Agency (IRENA) has suggested that the share of renewable sources in global energy
generation must reach 57% by 2030 [6]. The renewable energy sector has already achieved a remarkable
milestone, accounting for 30% of the power generation mix in 2021, with solar photovoltaic and wind
energy sources contributing significantly, contributing to approximately two-thirds of the overall
growth of renewable energy production, with an estimated increase in renewable electricity generation
of approximately 18% and 17%, respectively [7-12].

Numerous authors have investigated energy storage technologies (ESTs) in the literature due to their
wide range of applications and diverse varieties. However, these reviews often exhibit limitations
concerning the types of ESTs that are covered. Some assessments exclusively focus on electrical energy
storage systems (EESSs), while disregarding the existence of thermal or chemical energy storage
systems. There are only a few reviews in the literature that provide a comprehensive overview of all the
major ESSs available. Previous research by [13-18] has presented an overview of various ESTs, followed
by a detailed comparison based on technical and economic data, while other studies [19-25] offered a
technological, economic, and environmental evaluation of mechanical, electrochemical, chemical, and
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thermal energy storage systems. Studies by [26-30] have demonstrated numerous EST categorizations,
comparisons, applications, and recent advancements.

Thermal energy storage (TES) systems are designed specifically to store heat energy through a range
of methods, such as cooling, heating, melting, condensing, or vaporizing a substance. The materials
used in TES systems are stored in an insulated repository at either high or low temperatures, depending
on the operating temperature range [31-36]. The energy recovered from these materials is subsequently
employed for various residential and industrial applications, such as space heating or cooling, hot water
production, or electricity generation, depending on the temperature range. TES systems are utilized for
diverse purposes, such as industrial cooling below -18°C, building cooling between 0 and 12°C, heating
buildings between 25 and 50°C, and industrial heat storage above 175°C [37-45]. TES systems are
categorized into two groups based on the operating temperature of the energy storage material
concerning the ambient temperature, namely, low-Temperature Energy Storage (LTES) systems and
high-temperature energy storage (HTES) systems [46-51].

The mechanical energy storage (MES) system operates by transforming energy between mechanical
and electrical forms [53,54]. During periods of low demand, electrical energy from the power source is
converted and stored as mechanical energy in the form of potential or kinetic energy. This stored
mechanical energy is then transformed back into electrical power during peak hours [55-60]. MES
systems can be categorized into three different types: pumped hydro energy storage (PHES), gravity
energy storage (GES), compressed air energy storage (CAES), and flywheel energy storage (FES). PHES,
GES, and CAES systems store potential energy, while FES systems store kinetic energy. The key
advantage of the MES system is its ability to rapidly convert and release stored mechanical energy
[61,62].

Previous study work [63-66] has shown that the first pumped hydro energy storage (PHES) plants
were constructed in the Alpine regions of Switzerland, Austria, and Italy in the 1890s. The early PHES
plants utilized separate pump impellers and turbine generators. However, a new design was introduced
in the 1950s that incorporated a single reversible pump-turbine unit, which subsequently became the
preferred design for PHES plants. The development of PHES was initially slow until the 1960s, but from
the 1960s to the late 1980s, significant progress was observed, primarily due to the deployment of
nuclear power plants, which were complemented by the flexibility of PHES. During the 1990s, global
PHES growth slowed significantly, primarily due to the scarcity and saturation of suitable and cost-
effective geographical locations, as well as a deceleration in nuclear development [67-71]. Since 2000,
numerous PHES plants have been built across Europe, particularly in Germany and Austria. PHES was
developed to address the challenges associated with fluctuating electricity demand at different times of
the day, particularly for major thermal and nuclear power plants. Initially, PHES plants were
constructed as a system tool to supply energy during peak demand and support baseload power plants
in operating at high efficiency during periods of low demand.

Pumped Hydro Energy Storage (PHES) is the most widely implemented Mechanical Energy
Storage (MES) system due to its significant energy capacity, prolonged storage period, and high
efficiency [72-74]. A typical PHES system comprises two large reservoirs situated at different elevations,
a water pumping unit that transfers water from the lower reservoir to the upper reservoir, and a turbine
that generates electricity as water flows back down from the higher to the lower reservoir. During off-
peak hours (charging process), electrical energy from the power source is converted into mechanical
energy, which is then transformed into potential energy by pumping and storing water from the lower
reservoir to the upper reservoir via the pump. During peak hours (discharging process), the stored
water from the upper reservoir is released back into the lower reservoir, causing the turbines to rotate
and generate electricity through generators [75-77]. By transferring water between two reservoirs at
different elevations, PHES stores and generates energy in the form of potential energy. The quantity of
water stored in the reservoirs and the elevation difference determine the amount of energy stored.

The gravity energy storage (GES) system has emerged as a promising alternative to pumped hydro
energy storage (PHES) due to the geological limitations and water requirements associated with the
latter [78-79]. The GES system stores energy by lifting a piston or any other object with the requisite
mass using water and then dropping the piston to push the water back through hydroelectric generators
when power is required. This storage concept, known as the gravity power module, was proposed by
gravity power, LLC [80]. The powerhouse is composed of a pump, turbine, and motor/generator.
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During the charging cycle, off-peak electricity powers the motor/generator, which drives the pump and
converts electrical energy into mechanical energy.

Chemical energy storage (CES) systems are well-suited for the long-term storage of chemical energy,
which is stored in the chemical bonds between atoms and molecules of materials. The stored chemical
energy is released during chemical reactions, leading to changes in the composition of the materials as
the original chemical bonds break and new ones form. Currently, chemical fuels are the primary source
of energy for both the electricity generation and transportation sectors globally. Common chemical fuels
include coal, gasoline, diesel fuel, natural gas, liquefied petroleum gas (LPG), propane, butane, ethanol,
and hydrogen. These chemicals are first converted into mechanical energy and subsequently into
electrical energy, which is then used to generate electricity. CES systems typically comprise hydrogen,
synthetic natural gas, and solar fuel storage systems [80-82].

In this context, hydrogen is considered an exceptional energy carrier as it is a clean chemical energy
carrier that is free of carbon emissions [83-85]. Its production can be accomplished by water electrolysis
or direct sunlight-driven photocatalytic water splitting. A typical hydrogen energy system consists of
three primary components. These include (i) a hydrogen generation unit, such as an electrolyze, that
converts the electrical energy input into hydrogen, (ii) a hydrogen storage system, and (iii) a hydrogen
energy conversions unit, such as a fuel cell (FC) or regenerative FC, which converts the stored chemical
energy in hydrogen back into electrical energy. Figure 1, illustrates the fuel cell with additional
components.
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Figure 1. Fuel cells with additional components [42].

During the charging process, excess power is utilized to produce hydrogen from water via
electrolysis, which is subsequently stored in a storage tank. When power availability is limited during
peak hours, electricity is generated from the stored hydrogen using fuel cells during the discharging
cycle. Electrolysis, a process that employs an electrolyser, is used to split water into hydrogen and
oxygen. The oxygen is then released into the atmosphere, while hydrogen is stored in the storage tank
[80-83]. Moreover, a fuel cell consists of four main components: an anode, a cathode, an electrolyte, and
an external circuit. At the anode, hydrogen is oxidized to protons (positively charged hydrogen ions)
and electrons to drive the fuel cell. The positively charged hydrogen ions from the anode are conveyed
to the oxygen electrode via the electrolyte. The reaction of oxygen, hydrogen ions, and electrons at the
cathode produces water and heat. During this process, electrons flow from the anode to the cathode
through an external circuit, resulting in current flow and, ultimately, electricity production [86].

Electrochemical energy storage (EcES) systems are the most commonly used energy storage
systems, primarily operating via three major processes. EcES is primarily classified into two categories:
(a) battery energy storage (BES) systems, in which charge is stored within the electrodes, and (b) flow
battery energy storage (FBES) systems, in which charge is first stored within the fuel and then externally
supplied to the surface of the electrodes. In addition to these two traditional energy storage

Page | 11



Ahmed et al. IJEES

technologies, extensive research is being conducted into the electrochemical storage capabilities to
address the increasing demand for lightweight, compact, and flexible electronic devices. In this
direction, Battery energy storage (BES) systems are electrochemical devices that convert chemical
energy into electrical energy. They comprise multiple cells, each of which encompasses three
fundamental components, namely two electrodes - an anode and a cathode - and an electrolyte. BES
systems are broadly classified into primary and secondary batteries. While primary batteries are
designed for single use and cannot be recharged once the chemical is depleted, secondary batteries are
intended to be rechargeable. Depending on the electrode and electrolyte material, secondary batteries
are classified as lead-acid (LA), lithium-ion, nickel-cadmium (Ni-Cd), sodium sulphur (NaS), sodium-
ion (Na-ion), and metal-air batteries. Lead-acid (LA) batteries, which were invented in 1859, are the
oldest and most widely used electrochemical energy storage devices. These batteries consist of two
electrodes, a metallic sponge lead anode and a lead dioxide cathode, immersed in an electrolyte
composed of 37% sulfuric acid and 63% water. The two electrodes are separated by a porous separator
that prevents direct electron flow from the anode to the cathode [85-87]. During the discharge cycle,
both electrodes are covered with lead sulfate, and the electrolyte is reduced to water. Upon charging,
both electrodes return to their initial state. LA batteries are classified into two types, namely flooded
lead-acid (FLA) and valve-regulated lead-acid (VRLA), both of which operate on the same principle.
However, VRLA batteries are constructed differently and are generally sealed with a pressure-
regulating valve to prevent air from entering the cells.

Electrical energy storage (EES) systems store energy in an electric field without converting it into
other forms of energy. EES systems can be broadly classified into two categories: electrostatic energy
storage systems and magnetic energy storage systems. Examples of electrostatic energy storage systems
include capacitors and supercapacitors while superconducting magnetic energy storage (SMES)
represents a type of magnetic energy storage system. A capacitor, when charged, stores electrical energy
by utilizing an electrostatic field [45,48]. It is composed of two closely spaced metal plates separated by
a dielectric layer made of non-conductive material. During operation, when a voltage source is applied
across the metal plates, one plate is charged with electricity, while the opposite sign induces the other
plate. A capacitor's energy storage capacity is dependent on the size and spacing between the
conducting plates. Due to their low energy density, capacitors can only handle high currents for brief
periods.

Supercapacitors, also referred to as electric double-layer capacitors (EDLCs) or ultracapacitors
consist of two conducting electrodes, an electrolyte, and a separator. They store energy in the form of
an electrostatic field that arises from a continuous direct current (DC) voltage supplied between two
electrodes separated by a thin insulator or dielectric material [15,54,71]. The two electrodes, composed
of activated carbon, provide a larger surface area, resulting in higher energy density. A porous
membrane separates the two electrodes, enabling charged ions to move freely while preventing
electronic contact between them. When the electrodes are charged by an applied DC voltage, ions in the
electrolyte diffuse into the pores of the electrode with an opposite charge.

The electricity grid has become an indispensable part of modern society. It supplies electricity to
millions of people every day and powers various industries and businesses. However, the grid faces
numerous challenges, including the integration of renewable energy sources and the need for increased
flexibility and reliability. One solution to these challenges is the use of energy storage systems (ESS) on
the grid. Energy Storage Technologies (ESTs) are increasingly being used to enhance the stability and
reliability of power grids. ESTs can help mitigate the variability of renewable energy sources, improve
power quality, and provide backup power during outages [55-62]. Renewable energy integration: ESTs
can be used to store excess energy generated by renewable sources such as wind and solar. This stored
energy can be used during times of low generation, such as when the wind is not blowing or the sun is
not shining.

ESTs can be used to reduce peak demand on the grid. By storing energy during periods of low
demand and releasing it during periods of high demand, ESTs can help balance the grid and avoid the
need for expensive peaker plants. ESTs can help maintain grid stability by providing frequency
regulation services. By charging and discharging the batteries as needed, ESTs can help balance the grid
frequency and prevent blackouts. ESTs can be used to create Microgrids, which are small-scale power
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systems that can operate independently from the main grid. Microgrids can be used to provide backup
power during outages, improve grid reliability, and reduce energy costs. Voltage support: ESTs can
help improve power quality by providing voltage support [87]. By storing energy during times of high
voltage and releasing it during times of low voltage, ESTs can help maintain a stable voltage on the grid.
To sum up, ESTs have the potential to revolutionize the way we generate and consume electricity. As
the cost of ESTs continues to decline and new technologies emerge, we can expect to see even more
applications of ESTs on power grids in the future.
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