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Abstract: This review study attempts to summarize available energy storage systems in order to
accelerate the adoption of renewable energy. Inefficient energy storage systems have been shown to
function as a deterrent to the implementation of sustainable development. It is therefore critical to
conduct a thorough examination of existing and soon-to-be-developed energy storage technologies.
Various scholarly publications in the fields of energy storage systems and renewable energy have
been reviewed and summarized. Data and themes have been further highlighted with the use of
appropriate figures and tables. Case studies and examples of major projects have also been researched
to gain a better understanding of the energy storage technologies evaluated. An insightful analysis of
present energy storage technologies and other possible innovations have been discovered with the
use of suitable literature review and illustrations. This report also emphasizes the critical necessity
for an efficient storage system if renewable energy is to be widely adopted.

Keywords: renewable energy; energy storage system; compressed air energy storage; regenerative
fuel cell; hydrogen storage; pumped hydro storage; power-to-gas technology; flywheel energy storage

1. Introduction

Renewable energy has proven to be the most viable path to long-term sustainability.
The current energy sources have a wide range of negative consequences. The average
air quality index has deteriorated as a result of the combustion of conventional energy
sources such as fossil fuels and coal. Increased air pollutants are hazardous to health and
contribute to the ozone layer’s depletion. It is not sustainable because the currently used
energy sources are finite [1,2]. The first step toward sustainable development is to find
alternatives to renewable energy sources [3]. As a result, renewable energy sources like
sun, wind, hydropower, and biomass are being investigated to generate electricity. The
recommended Sustainable Energy Development Strategies [4] are satisfied by the utilization
of renewable energies. The study looks at some of the most significant breakthroughs in
renewable energy. Despite how appealing it may appear to totally switch to sustainable
energy sources for power generation, this is not viable without sufficient energy storage.
As a result, energy storage systems have been investigated in this work [5] to compensate
for the intermittent nature of renewable energy sources.

The compressed air energy storage system (CAES) is an energy storage system that
uses the electric energy generated to compress air, store it in a suitable storage system, and
then release it to fuel in a combustor to generate electric energy when needed [6]. The
CAES is only commercially operational in Mcintosh, Texas, and Huntorf, Germany, with
capacities of 110 MW and 290 MW and efficiencies ranging from 60% to 80%. Prior to
combustion in the combustor, compressed air is usually held in caverns. Diabatic CAES,
adiabatic-CAES, advanced adiabatic-CAES, and isothermal-CAES are some of the varieties
of CAES discussed in this study [7]. The regenerative fuel cell is an energy storage system
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that uses hydrogen to store electricity. A PEM (proton exchange membrane) electrolysis cell,
a PEM fuel cell, and a hydrogen storage system make up the cell. There have been various
sorts of hydrogen manufacturing technologies discussed, with water electrolysis being
the most widely used [8]. PEM electrolyzers turn water into hydrogen and oxygen as a
by-product using electricity generated by electrolysis. After that, the hydrogen is kept in an
appropriate storage system. The stored hydrogen and oxygen are subsequently converted
back to water by the PEM fuel cell. Electrons are made to flow across an external circuit in
this process, resulting in the reproduction of electricity [9].

Power-to-gas technology (PtG) is a methane-based energy storage system. Hydrogen
gas is produced using the electricity generated during electrolysis [10,11]. Methane is made
from hydrogen gas through a series of processes. Methane is employed for transportation
because of its favorable physical qualities [12]. When energy is required, methane is
used to generate it through a natural gas grid. While the majority of the processes in
the PtG approach are consistent, the methanation (methane generation) process differs
depending on the application [13,14]. Methanation can take place in two ways: biologically
or catalytically. In the study, each of these methanation processes has been thoroughly
examined. Over the last two decades, lithium-ion (Li-ion) battery storage systems have
grown in popularity, with applications spanning from small to large capacities [15].

Li-ion batteries have an anode, cathode, and electrolyte, just as other batteries. The
passage of lithium ions through the electrolyte from the anode to the cathode controls
the flow of electricity in an external circuit. The ability of these batteries to produce high
voltages and charge per unit mass and volume has been demonstrated [16]. Charging
and discharging are the two stages of the Li-ion battery’s operation, and they have been
examined using figures in this work [17]. The report also provides an outline of current
improvements in Li-ion battery technology as well as large-scale projects that have been
built employing the technology. A flywheel energy storage system is a mechanical device
that uses rotational motion to store electricity. The revolving mass of a flywheel energy
storage system is driven by a motor. The spinning force is employed to operate a turbine
when energy is required [18,19]. The rotational speed of the flywheel is restored using the
motor as the rotational speed of the flywheel decreases while replicating energy. In hybrid
automobiles, engineers are also contemplating replacing the traditional nickel–hydride
battery with a flywheel energy storage technology [20].

The energy storage device of stacked concrete blocks stores electricity as potential
energy. Pumped hydro energy storage systems, on the other hand, store water at a higher
elevation. Energy storage systems made of stacked concrete blocks store barrels of mass
at an elevation. When the stored energy has to be reproduced, the mass is dropped from
the height, and the descent drives a turbine that generates electricity using a generator.
Energy Vault, a business located in Switzerland, invented this technology and built a
prototype of the energy storage system in Milan. The prototype demonstrates that the
energy storage device is suitable for home use, with an efficiency of 85%. Engineers want
to improve efficiency and optimize settings to boost capacity with more study [21]. Redox
flow batteries are used to convert electricity to chemical energy on a large scale for grid
storage. They are made up of two soluble redox couples that work in a separate electrolyte
tank. A membrane is used to pump the two soluble couples dissolved in liquids. Ion
exchange occurs as a result of this. In most practical applications, the voltage varies from 1
to 2.43 V. Because the redox flow reactions in these batteries are reversible, the redox fuel
battery is classified as a secondary battery system. The redox flow battery has better heat
management properties and enables for increased safety [22–24].

This paper examines various energy storage systems and their development, acknowl-
edging the need for efficient energy storage systems for the operation and production of
renewable energies. It also looks at prospective energy storage technologies that have yet
to be implemented. The aforementioned energy storage methods have shown promising
results and are constantly being researched and improved. This study examines the afore-
mentioned energy storage devices and explains the various improvements made to their
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rudimentary patents. While keeping a prominent position for sustainable growth, the study
also provides a brief overview of renewable energy’s introduction and how energy storage
technologies adapt and compensate for their inefficiencies. As a result, the literature review
for this paper focused on energy storage systems, their development, renewable energies,
and long-term development. For the reader’s benefit, detailed illustrations, as well as
relevant equations and reactions, have been provided.

The following is how the rest of the review paper is organized: Renewable energies,
compressed air energy storage, regenerative fuel cells, hydrogen storage, pumped hydro,
power-to-gas technology, lithium-ion battery, flywheel energy storage, stacked concrete
blocks energy storage, and redox flow battery have all been explored in the exact order,
divided into several subsections. The references used to author this review paper are
provided at the end.

2. Renewable Energies

Economies have encountered the need for a quantum jump in energy production
over the past few decades. Most modern-day industries thrive on fossil fuels. Fossil
fuels when burnt release harmful pollutants into the atmosphere. Agents such as coal,
gasoline, and oil are combusted to produce electric energy which results in a harmful
hike in carbon monoxide levels in the air [25–30]. Countries and industries today are
willingly adopting methods of sustainable development: tapping on renewable sources of
energy to sustain current industrial growth. The adopted Sustainable Energy Development
Strategies primarily revolve around three beliefs: Firstly, reducing energy demand and
consuming energy judiciously. Secondly, energy tapped must be used as much as possible,
i.e., the efficiency of energy production processes must be improved. Finally, renewable
energies must be adopted as primary energy sources hence, replacing fossil fuels [31–35].
As an attempt to foster the principles of sustainable development, large-scale renewable
energy projects and advancements are taking place. Engineers envision a world that will be
completely powered by renewable energies [36–40]. Currently, solar energy from the sun,
wind energy, biomass from plants, hydropower from flowing water bodies, and geothermal
energy from the heat inside the earth are the most commonly applied renewable sources of
energy [41–45]. In the solar energy domain, a new type of technology called thermopho-
tovoltaics is gaining popularity. However, for the functioning of thermophotovoltaics,
the heat is mostly produced using fuel and inputted to the module; so, the main use of
technologies such as thermophotovoltaics is to reduce waste heat of industries to produce
electricity [45–50]. Figure 1 is a representation of the different stages of energy conversion
in the thermophotovoltaic module.
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In India, renewable energies such as wind and solar energy are rapidly emerging
as alternatives to coal and fossil fuels [51–55]. Wind and solar energies are now being
integrated into the same grid to resolve the intermittent nature of renewable energies
sources and meet energy demand in the past three decades. The Ministry of New Renewable
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Energy, a development organ of the Indian government, estimates the country to generate
electric power of at least 2000 MW via active renewable energy grids solar and 38,500 MW
via wind energy by the year 2022 [56–60]. The rise of power electronics is playing a
pivotal role in improving efficiencies and reducing the cost of wind and solar integrated
power grids and other renewable energies [61–68]. Fast semiconductor switches can enable
effortless and quick handling and switching of powers. Large-scale renewable energy
power grids employ the use of suitable energy storage systems to prevent problems that
arise due to fluctuating power and other disincentives. Energy storage systems twinned
with renewable energy grids store excess electrical energy when the energy demands are
high [68–80].

3. Compressed Air Energy Storage

In the race towards clean energy technology, compressed air energy storage (CAES)
often appears as a formidable contestant. Causing a low impact on the environment,
the CAES can be regarded as an upgraded version of the traditional gas turbine plant.
Currently, the CAES operates for commercial use in two installations, namely Mcintosh,
United States (1991) and in Huntorf, Germany (since 1978), producing 110 MW and 290 MW,
respectively [81–83]. The CAES is based on a turbine energy system, but it separates the
compression process from the expansion process. An intermediate stage is introduced
in between the two main governing processes where the incoming air is compressed by
compressors and stored in air-tight storage, such as underground caverns. This compressed
air is then mixed with fuel to be combusted in a combustor and used to rotate a turbine.
The turbine is finally used to generate electricity for a power grid. This way energy can be
saved in the caverns and can be utilized during the peak energy consumption hours. The
waste heat produced can also be tapped by a recuperator instead of being expelled into
the atmosphere [84]. The typical rating of a CAES system ranges from 50 to 300 MW with
its efficiency ranging from 60% to 80%. The compressor, expander, reservoir, combustor,
control system, and generator are the primary components of any CAES [85,86]. The
compressor employed for the purpose of a CAES system depends on the application. A
large-scale CAES system pressure is about 8 MPa for which a multi-stage compressor can
be used. Intercoolers and aftercoolers are also fitted to reduce the moisture content in
compressed air. Both high- and low-pressure turbines are used. A control and monitoring
system for mechanical and electrical systems, fuel storage, and handling are used. An
underground salt cavern is the most preferred reservoir for a CAES system [87]. Over the
past decade, several advancements in the CAES system have resulted in several upgrades
to the rudimentary model. While the diabatic CAES (D-CAES) dissipated the heat of
compression as waste heat, the adiabatic CAES (A-CAES) does not allow the heat to
get wasted and instead it is stored in a perfectly insulated heat storage reservoir with
the compressed air. An advanced adiabatic CAES (AA-CAES) store the heat used for
compression in a heat reservoir and is utilized for the combustion process in the turbine’s
energy generation. Isothermal CAES (I-CAES) uses an isothermal tank that maintains its
temperature constantly during charging and discharging [88]. Compressed air is a heavy
way of storing fuel; 300L air at 300 MPA amounts to 12 kWh.

pV = nRT = constant . (1)

Let A be the initial state and B be the final state. The absolute temperature T = TA = TB.
p represents absolute pressure.

WA→B =
∫ B

A
pdV (2)

WA→B =
∫ B

A

nRTdV
V

= nRT
∫ B

A

1
V

dV (3)

WA→B = nRT(lnVB − lnVA) (4)
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WA→B = nRTln
(

VB
VA

)
(5)

WA→B = pAVAln
(

pA
pB

)
(6)

WA→B = pBVB ln
(

pA
pB

)
(7)

pV = pAVA = pBVB (8)

VB
VA

=
pA
pB

(9)

VA represents the volume of the unknown gas that is being compressed and VB
represents the volume of the storage system. R is the gas constant.

If there is a constant pressure outside of the vessel, which is equal to the starting
pressure {\displaystyle p_{A}}pA, the positive work of the outer pressure reduces the
exploitable energy (negative value). This adds a term to the equation above:

WA→B = pAVA ln
(

pA
pB

)
+ (VA −VB)pA = pBVB

(
pA
pB

)
+ (pB − pB)VB (10)

Above is the equation that shows the stored energy W that is required to compress air
from pressure pB to pB with a volume of VB.

Figure 2 is a figure that explains different configurations of the CAES systems [43].
Figure 2a is a diagram explaining the working of a diabatic storage system. The heat
produced during the compression process is not preserved by dissipation and is hence
wasted. Figure 2b is a diagram explaining the working of an adiabatic storage system.
The heat produced during the compression process is not dissipated and wasted but
rather stored as such in the CAES storage facility. Figure 2c is a diagram explaining the
working of the advanced adiabatic storage system. In this, the heat during compression is
stored and utilized prior to the expansion process. Figure 2d is a diagram explaining the
isothermal storage system. In this configuration, the heat during compression is not lost.
The compressed air is stored at a constant temperature in the tank during the charging and
discharging processes.
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CAES has been increasingly viewed as the ideal technology that can transform wind
energy systems into electricity supply amidst the increasing advent of renewable energy. In
Denmark, engineers are aiming for a fully renewable energy system—wind/CAES system



Smart Cities 2022, 5 673

and biofuels. TES systems using latent heat storage with the help of phase change materials
(PCM) have gained recent popularity. Integration of solid oxide fuel cells also provides
load-following capabilities with very minimal reductions in inefficiency. This type of
integration leads to zero direct CO2 emissions [89,90]. CAES has proven to show superior
ability to store compressed air, preserve electricity, and handle reproduction of energy
during peak hours. CAES has also proven to be very efficient in handling ramped-up
intermediate energy needs. In past events of power failures, energy storage systems usually
demand a small amount supply of electricity, which is inputted from outside to enable the
system to resume operation. The CAES, however, does not require any external electric
energy for it to resume operation. This ability is called black-start capability [91,92].

4. Regenerative Fuel Cell

Hydrogen fuel cells combined with renewable energy sources have grown in popular-
ity since the hydrogen generation process does not emit any impurities and can be easily
produced as a byproduct of numerous activities. Natural gas has dominated hydrogen
generation in recent years, accounting for 50% of total output, followed by oil reforming,
coal gasification, and water electrolysis, which account for 30%, 18%, and 3.9 percent, re-
spectively. The purest form of hydrogen may be produced via water electrolysis. Leading
engineers in the hydrogen industry choose water electrolysis because it creates higher-
purity hydrogen while avoiding the use of fossil fuels. Its energy density is 20–30 Wh/L,
that is, roughly 30% of a conventional lead–acid battery.

In order to produce pure hydrogen, electric energy from renewable energy sources
such as wind and solar is used in the electrolysis process. This pure oxygen is stored
and then used to generate electricity in a fuel cell during peak energy demand times [93].
Electrolysis cell, fuel cell, and hydrogen storage are the three primary components of an
RFC. There are three types of electrolyzers: proton exchange membrane (PEM), alkaline
electrolyzers, and solid oxide electrolyzers (SOEC). Electrolyzers are classified according
to the type of electrolyte they utilize. A schematic illustration of the operation of a water
regenerative fuel cell system is shown in Figure 3. Water is electrolyzed and degraded to
produce hydrogen and oxygen in this diagram. The hydrogen is held in reserve for future
energy production. The hydrogen is used as an energy storage device and is delivered to a
fuel cell when it is needed to generate electricity [94].
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4.1. PEM Electrolyzer

The PEM electrolyzer splits water into hydrogen and oxygen at their respective elec-
trodes. Water is pumped via the anode. Water is split into O2 and H+ and electrons. The
H+ ions travel into the proton exchange membrane (PEM). The PEM is a thin membrane—
about 20 microns thick—which only conducts positively charged ions and prevents the
passing of electrons. The electrons from the anode escape via an external circuit toward the
cathode. At the cathode, the protons travel via the membrane to combine with the electrons
to release hydrogen. Hence, oxygen and hydrogen are produced at the anode and cathode,
respectively [95].

Anode : H2O+ → 2H+ + 0.5O2 + 2e− (11)
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Cathode : 2H+ + 2e− → H2 (12)

Usually, under acidic regimes and high voltages, a noble catalyst is employed, such
as platinum, to catalyze the splitting of water at the anode. The prime PEM electrolysis
components are membrane, ionomer solution, and anode and cathode electrocatalysts [96].
The prime advantage of using the PEM electrolyzers is that the PEM uses a solid polymer
electrolyte instead of an aqueous electrolyte. Its compact design, the solidity of the elec-
trolyte, and reduced thickness of the electrolyte resulting in reduced Ohmic losses and high
current density between electrolyzers. The solidity of the electrolyte in the cell allows the
use of a strong structure that enables the cell to function at high pressures. The solidity
of the electrolyte also guarantees a low gas crossover rate. Due to this, when the power
input is low, proton transport through the membrane is reduced in no time without any
delay. The other two electrolyzers cannot perform part-load operations while the PEM
electrolyzer can [97]. Figure 4 is a representation of the working of a PEM electrolysis cell.
To the left is the anode where oxygen is produced as O atoms. The protons move through
the solid electrolyte membrane toward the cathode. While this happens, the electrons are
pushed through an external circuit, thus producing electricity. To the right is the cathode.
At the cathode, the protons react with the electrons to release hydrogen gas.
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4.2. PEM Fuel Cell

Hydrogen previously-stored after the electrolysis process is supplied to the fuel cell
as a fuel at the anode. The hydrogen atoms are split into protons and electrons. While
protons migrate toward the cathode through the membrane, the electrons flow through an
external circuit. A platinum-based catalyst mixed with an ion-conducting polymer enables
the hydrogen atoms to split into protons and electrons at the anode. At the cathode, the
platinum catalyst enables oxygen reduction by reacting with the protons, hence, producing
water [98].

Anode : 2H2 + 2O2− → 2H2O + 2e− (13)

Cathode : O2 + 4e− → 2O2− (14)

Overall cell reaction : 2H2 + O2 → 2H2O (15)

The gas diffusion layer (GDL) is sandwiched between the electrodes and the PEM.
The GDL helps in transporting the ions to the catalysts. Since the average energy produced
by a single PEM fuel cell ranges from 0.5–1 V, as per need, bipolar plates are employed to
arrange several similar fuel cells in series to increase energy production [99]. Figure 5 is a
cross-sectional view of the PEM fuel cell. To both the electrodes of the fuel cell oxygen and
hydrogen are supplied, and water and electricity are produced. Water is a by-product of
the reaction.
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4.3. Hydrogen Storage

Methods of hydrogen storage are under constant development. Methods of hydrogen
storage can broadly be classified into two types: Physical storage and material storage.
Under physical storage methods, the most popular types of storage techniques are com-
pressed gas, cold/cryo compressed [100]. Under compressed gas storage methods, the
hydrogen gas is first compressed and stored in pressure vessels, generally shaped as a
cylinder or toroid. The vessel can either be all-metallic—which is generally accepted to be
made of aluminum 6061 and steel 7060—or be fiber resin composite with metallic hoop
wrapped around it, or fully composite based. The fully composite-based material is made
of a metallic liner wrapped with carbon fibers embedded in a polymer matrix [101]. For
applications exceeding 50MPa, an all-metallic vessel is preferably employed, and carbon
and other fiber composites are preferred for applications ranging at and around 35 MPa.

Cryogenic compressed hydrogen storage demands hydrogen to be liquified at a
temperature of −253 ◦C. This demands a lot of energy and will lead to efficiency loss—up
to 40% of the energy can be lost. However, this method of storage is very space-efficient.
Thus, it is being used in space programs. Under material storage methods, the most popular
types of storage techniques are chemical storage and physisorption. However promising
hydrogen fuel cells may be, the cost and infrastructure for storing hydrogen, either using
physical methods or material, is very difficult to achieve with current knowledge. More
research and development are being progressed on the subject at the moment [102–104]. In
South Korea, Hanwha Energy—an energy solution company—built a hydrogen fuel cells
plant in July 2020 that is made of 114 fuel cells and is capable of collectively producing
400,000 MW of electricity every year. The excessive hydrogen produced by Hanwha Total
Petrochemical is purified and then pumped to the nearby Hanwha hydrogen fuel cell plant
where energy is generated. The direct current is converted into alternating current, voltage
is increased from distribution, and then transported back to Hanwha Total Petrochemical.
This thus forms a closed-loop—circular economy. The microfilters present in the fuel cells
reduce contaminants in the air like nitrogen dioxide, sulfur oxide, and dust particles—
smaller than even 1 micrometer—that may enter the electrochemical process inside the fuel
cell. Siemens Energy has started the construction of the world’s largest green hydrogen
power plant, which is capable of producing 10 MW during the day and 3 MW during the
night. It will constitute a 16 MW electrolyzer, a 3 MW fuel cell, 33 MW of solar panels, and
20 MW of batteries in French Guiana [104–108].

5. Pumped Hydro

Pumped hydro has so far proven to be the most efficient energy storage technology
with the highest efficiency reaching 80%. This technology allows storing energy in the
form of the potential energy of water. Water from a lower reservoir is pumped to a higher
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reservoir, hence inducing potential energy to the water. The pumping of water to the
higher reservoir is done during off-peak hours when the energy cost is minimal. During
peak-energy demand hours, the water from the higher reservoir is released and made to
flow through a turbine and into the lower reservoir. The turbine is connected to a generator
and produces energy [109]. Pumped hydro storage roughly has a starting energy density
of 0.5–1.5 Wh/L. The schematic view of pumped hydro energy storage system is depicted
in Figure 6.
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Figure 6. Representation of a pumped hydro energy storage system.

The system consists of an upper reservoir which stores energy in the form of potential
energy, a lower reservoir, a turbine, generator, and a control valve. The water that falls from
the upper reservoir converts the initially stored potential energy into kinetic and potential
energy. This is used to rotate the turbine and eventually generate energy that is transported
via transmission lines.

Reversible turbine/generator assemblies act as pumps or turbines. The energy needed
for pumping the water to the higher reservoir may be produced using solar energy as per
application. Pumped hydro is of different types based on its application: pico, micro, small,
and large. Pumped hydro plants with a rated power of more than 1 MW are considered
large pumped hydro. Small pumped hydro has a maximum rated power of 10 kW. Micro
pumped hydro has a maximum power rated 100 kW, while pico pumped hydro has a
maximum rated power in the range below 5 kW [110–113]. Due to high energy storage
capacity, pumped hydro has the ability to track load changes and adapt to drastic changes.
However costly demanding pumped hydro is, globally, hydro pumped is regarded as an
effective way to tap renewable energy and support peak power adequacy. Worldwide,
there are more than 300 installations with a total capacity of 127 GW. Pumped hydro
storage is also used to clip the irregularities produced by wind energy. This is called a
wind-pumped hydro energy system (W-PHES). W-PHES will not directly participate in
the energy production and will take part as a reservoir to provide stored energy during
unpreferable weather conditions. A photovoltaic pumped hydro energy storage is also
being used to bridge the intermittency of the nature of solar energy. Energy is stored during
off-peak hours in the upper reservoir and then released during peak-energy demand hours.
These are called wind-photovoltaic-pumped hydro energy storage (W-PV-PHES).

Currently, there is only one seawater pumped hydro energy storage plant commercially
put into use, and that is in Japan. This plant, located just 600 m from the coast, is octagonal-
shaped and has an effective storage capacity of 564,000 m3 and a depth of 25 m. It is capable
of producing 30 MW. The pumped hydro energy storage plant built on the Three Gorges of
the Yangtze River in China is the largest of its kind. Equipped with 34 generators, each with
a capacity of 700 MW, and two plant power generators with a capacity of 50 MW, the plant
can produce a total of 22,500 MW of electricity. The Three Gorges uses Francis Turbines.
Its reservoir covers a total area of 1084 km2. In the year 2020, this plant produced a total
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of 111,800 TW of electricity [114–116]. Table 1 is the list of the top global hydro energy
producers in the world [117,118].

Table 1. Global availability of renewable energy sources.

Source of Energy Global Energy Potential (in Trillion Watts)

Wind 1700
Wave 2700

Geothermal 45
Hydroelectric 1900

Tidal 3700
Solar (photovoltaic) 6500

Direct sunshine 4600

6. Power-to-Gas Technology Using Methane

Just like hydrogen fuel cells, power-to-gas (PtG) methane uses power obtained from
renewable energy sources to:

• First, convert water to produce hydrogen via electrolysis.
• Obtained hydrogen from electrolysis undergoes certain reactions to form methane.
• Methane is stored and transported as per application.
• Finally, methane may be poured into a natural gas grid if the purity requirement

is reached.

The conversion of power into H2 and then into CH4 is what PtG is all about. Before
being delivered to the grid, the acquired CH4 can be used for a variety of additional appli-
cations, including heat production, chemical industry raw materials, and so on [119–121].
Methanation is the name for the process of producing methane. Methane is becoming more
popular as a fuel, particularly in the energy and transportation industries. With today’s
infrastructure, methane has proven to be one of the easiest fuels to store and transport,
with a high calorific value. Storage and transportation facilities for methane are now being
developed, and methane’s dominance in the energy industry is likely to grow in future
decades [122–125]. Catalytic and biological methanation are the two types of methanation.
Biological methanation is the synthesis of methane in a technical system using highly
specialized microorganisms such as archaea. Methanogenesis is another name for this
process, which is an anaerobic metabolic route that converts hydrogen and carbon dioxide
into methane and water. Microorganisms like archaea use a bio-catalytic process to convert
hydrogen and carbon dioxide into methane and water [126]. As a result, the metabolic
process takes place in an aqueous environment under strict anaerobic circumstances. An
aqueous state with 50% water and a redox potential of −330 mV must be maintained for
the microorganisms—methanogens—to function. In a slightly acidic or slightly alkaline
media, a temperature range of 4 to 110 ◦C is sufficient.

2H2 + CO2 → CH4 + 2H2O (16)

∆G◦ = −136.0
kj

molCH4
(17)

If methanation takes place at a temperature lower than 70 ◦C in a stirred tank reactor
or a trickle-belt reactor, it is called biological methanation. If methanation takes place above
250 ◦C in a fixed-bed reactor, it is called catalytic methanation. Catalytic methanation
is further divided into two types: CO methanation and CO2 methanation [126]. CO
methanation is when carbon monoxide and hydrogen are used as educts in the catalytic
reaction to produce water and methane. The educt gases are most commonly obtained
from the biomass gasification synthetic fuel production plants.

Figure 7 is a flowchart of CO methanation: an exothermic process. Carbon monoxide
and hydrogen are used for the catalytic production of methane and water. They are the
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educt gases. Educt gases such as these are primarily produced from coal. At times, they are
also produced from biomass gasification at synthetic fuel production facilities.
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CO2 methanation is when carbon dioxide and hydrogen are used as educts. When
the hydrogen is produced from the electrolysis of water and supplied as educts, CO2
methanation permits the chemical storage of electricity. Figure 8 is a representation of the
CO2 methanation process and reactions. It uses carbon dioxide and hydrogen as educts.
With the help of the electrolysis process, the supplied hydrogen gas behaves as an educt
and CO2 methanation permits the chemical storage of electricity. This is the power-to-gas
energy storage system [73].

CO + 2H2 
 CH4 + H2O(g) − 206 (kJ/mol) at 298 K. (18)

CO2 + 2H2 
 CH4 + 2H2O(g) − 164 kJ/mol at 298 K (19)
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CO methanation and CO2 methanation are exothermic reactions. Stoichiometric
methanation of carbon monoxide releases 206 kJ heat per mole. Stoichiometric methanation
of carbon dioxide releases 164 kJ heat per mole. For 1M3 of methane produced per hour,
the heat produced is 2.3 kW for CO methanation and 1.8 kW for CO2 methanation. In
addition to the above, the reaction is also characterized by a significant volume contraction
of reacting gases [74],

CO: volumetric 50% reduction
CO2: volumetric 40% reduction

O2 + H2 
 CO + H2O(g)41 kJ/mol at 298 K (20)

After vigorous research for the past 50 years, several methanation concepts have been
developed and implemented worldwide. Two such concepts are given below:

6.1. Adiabatic Fixed-Bed Methanation

The company Air Liquide perfected a methanation process that is based on two fixed-
bed reactors that also included an intermediate cooling and gas recycling. This technology
is still available for commercial applications from Air Liquide. Coal gasification plants and
crude oil refineries tap on this technology for production. Two such plants are located in
the USA and Austria [127,128].

6.2. Cool Fixed-Beam Methanation

The company Linde perfected a methanation process that is based on fixed-bed reactors
that also included a cooled reactor with an integrated contorted heat exchanger and a second
adiabatic reactor. Between both the reactor—so as to increase control over the heating rate
inside the reactor—and the carbon monoxide, the educt gas is added in a required and
flexible manner. Unlike the adiabatic fixed-beam methanation technology, the cool fixed-
beam methanation technology has not been introduced by Linde for commercial purposes
yet. It is still under research. The cool fixed-beam methanation technology provided an
impetus to Linde for pursuing the development of isothermal reactors which are very
rampantly applied in methanol synthesis processes worldwide [129]. Over the recent
decade, several other concepts have been developed and applied worldwide including
fluidized-bed methanation and three-phase methanation. Table 2 presents a list of the top
methanation producers worldwide against the method of production implemented.

Table 2. Top global pumped hydro energy producers.

Country Capacity

China 30,320 MW
Japan 21,894 MW

United States 19,140 MW
Germany 5355 MW

India 4786 MW
South Korea 4700 MW

Italy 3940 MW

In North Dakota, USA, the Great Plains Synfuels Plant in 1984 began operation of the
first-ever large-scale coal-to-syngas facility with a capacity exceeding 1000 to 1500 MW
syngas from lignite. The Great Plains Synfuels Plant is equipped with Lurgi fixed-bed
gasifiers, Rectisol gas scrubbing, and Lurgi fixed-bed methanation. The CO methanation
projects are in commercial use. Table 3 is the list of the top methane-producing plant names
against their location.
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Table 3. Top methanation producers worldwide.

Supplier Technology Employed

Air Liquide Lurgi methanation
Haldor Topsoe TREMP

Clariant and Foster Wheeler Vesta
Johnson Matthey HICOM

Linde Linde isothermal reactor

GAYA, a project launched in France by the eleven companies—headed by ENGIE—is
a project to attempt the production of biomethane from dry biomass-to-gas which can
be transmitted via current networks or directly used in natural gas vehicles from waste
materials such as wood and straw [130,131]. Its capacity is expected to reach 400 kW syngas
output after completion of construction. GoBiGas plant in Sweden has a capacity of 20 MW
syngas output and is commercially operational. It also happened to be the very first plant
to inject biomethane into natural grids, and the first plant to produce high-quality biogas
from biomass using gasification [132–135].

7. Lithium-Ion Battery

The lithium-ion battery is a type of rechargeable battery constructed of cells which
allow the movement of lithium ions from the negative electrode to the positive electrode
via an electrolyte. It was first developed in the year 1985 and later developed through the
years until it was widely used in portable electronics and electric vehicles in military and
aerospace applications. Lithium-ion batteries have energy density of 250–670 Wh/L. Just
like every other battery, the Li-ion battery also consists of an anode, cathode, electrolyte,
separator, and two current collectors [133–135]. Figure 9 is a diagram of the Li-ion cell.
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Below are the chemical reactions taking place in the Li-ion battery:

CoO2 + Li+ + e− 
 LiCoO2 (21)

The above is the half-reaction in the cathode: Li-doped cobalt oxide substrate.

LiC6 
 C6 + Li+ + e− (22)

The above is the half-reaction in the anode: graphite

LiC6 + CoO2 
 C6 + LiCoO2 (23)

The above is the full reaction during charging

Li+ + e− + LiCoO2 → Li2O + CoO (24)
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The above reaction takes place due to the overcharging of supersaturated lithium
cobalt oxide that eventually leads to LiO.

LiCoO2 → Li+ + e− + CoO2 (25)

The above is the reaction that takes place when the overcharging takes place up to a
voltage of 5.2. This finally leads to the synthesis of cobalt oxide. This reaction has been
observed and confirmed using X-ray diffraction [136–140]. The anode of a Li-ion battery
essentially consists of carbon graphite that is coated in copper foil. The graphite, in its
crystalline form, intercalates with lithium. So, lithium is found between several layers
of graphite. The reason why graphite is preferred as the element to be intercalated with
lithium is that, during the recharge process, graphite has the ability to sustain several
thousand reversed cycles in the battery. The lithium atom, as it is ready to lose its outermost
electron, loses it to an external circuit that is directly connected to the load, hence separating
the lithium ions, positively charged. The copper foil acts as the current collector. Wrought
copper is employed in RA-types for it is very compatible with high-energy and high-
power applications—drivetrains and other power tools. On the other hand, loads such as
laptops and cell phones—devices that usually function using Li-ion cells—demand high
anti-corrosion properties and optimally space-consuming profiles. Hence, nickel foils are
employed. Nickel foils are ideal for high-energy, yet low-power applications [141,142].
In the cathode, the primary active material that is employed in a Li-ion battery is cobalt.
The material used in the cathode has to have high-purity levels which imply it should be
devoid of unnecessary particles of iron, sulfur, and so on. Sometimes, the cobalt at the
cathode is also replaced with alternatives such as nickel, manganese in its crystalline form.
For RA-type batteries, for high-energy and high-power applications, wrought copper or
aluminum foil is employed as the current collector. Unlike the cathode, at which wrought
copper is strictly employed, the anode still remains as an area accommodating research
and enhancements [143,144]. Figure 10 is a diagram of the Li-ion battery during two
stages: charging and discharging. In the figures are the cathode (usually aluminum current
collector), anode (usually current collector), electrolyte, and the separator represented.
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The electrolyte used in Li-ion batteries at room temperature is classified broadly into
different types. The first is a non-aqueous electrolyte in which the lithium salt is solubilized
in an organic solvent mixture [101]. The advent of rechargeable Li-ion batteries was started
by Sony Corporation in 1990. The electrolyte that was introduced by Sony Corporation was
a non-aqueous electrolyte containing lithium hexafluorophosphate—LiPF6—salt dissolved
in organic carbonates. Mixtures of ethylene carbonate with dimethyl carbonate, propy-
lene carbonate, dimethyl carbonate, and ethyl methyl carbonate. Fluoro-compounds have
gained recent attention as a promising electrolyte solvent for high voltage conditions as fluo-
rinated molecules have higher oxidation potentials due to the strong electron-withdrawing
effect of fluorine atoms [145,146]. For small loads, the demand for high efficiencies, devices
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such as portable electronics, organic electrolytes had proven to maintain stability and allow
optimum functioning with power density. However, when organic electrolytes are used
in large-scale applications, organic electrolytes become flammable. Hence, there arises a
need for an electrolyte with higher ionic conductivity. To tackle this predicament, in 1991
the Dahn Group created an aqueous Li-ion battery using lithium nitrate as the aqueous
electrolyte. Unfortunately, this attempt exhibited poor-cycle performance [147–150]. After
this attempt, manufacturers have been experimenting with several other alternatives such
as lithium sulfate and lithium nitrate. These alternatives have certainly elevated the cycling
ability. Lithium sulfate was once also reported to show over 90% capacity retention up
to 1000 cycles consisting of LiTi2(PO4)3eLiFePO4 in 0.5 M Li2SO4 aqueous solution by
eliminating oxygen in order to adjust the pH values of the electrolyte. Ionic liquids have
gained recent attention in the advancements of Li-ion batteries. Their non-flammable
and non-volatile nature has proven to act as a safer electrolyte compared to the already
employed organic liquid-based electrolytes. The advantages of ionic liquid are high ion
conductivity, high electrochemical stability, large solubility of organic and inorganic com-
pounds, and high chemical stability. Researchers are currently attempting to rectify their
high viscosities and reduce conductivity and mobility, and also reduce the hiked costs.
With the help of new cations and anions, mixtures, and traditional organic carbonates, the
aforementioned disadvantages can be addressed. Imidazolium, quaternary ammonium,
pyrrolidinium, and piperidinium, while anions are PF6, BF4, trifluoromethane sulfonyl
imide (TFSI), are common cations used for ionic liquid electrolytes. Polymer electrolytes is a
new development that tackles the low-mechanical strength and safety of liquid electrolytes.
Polymer electrolytes can be classified into solid polymer electrolytes and gel polymer
electrolytes. Polyethylene oxide, the most commonly used solid polymer electrolyte, when
complexed with an alkali metal ion, was used for the first time in batteries in 1979. Its
safety and dimensional stability prevent lithium dendrite growth [151]. Due to Li-ion
batteries’ high energy density and a high number of cycles (usually 10,000), researchers are
constantly trying ways to improve its functioning. However diverse its chemistry might be,
the cathode is always in development.

Currently, three types of cathodes are being employed, namely layered lithiated
transition metal oxides, Mn-based spinels, and polyanion-type cathodes. Each of the afore-
mentioned types of cathodes has its own advantages and disadvantages [152]. The fully
developed synthetic routes, ability for facile processing, and high capacity are some of
the reasons why lithiated transition metal oxide has not lost its stronghold in the devel-
opment of Li-ion batteries. However, oxygen evolution at high charging potential still
remains an inevitable demerit of lithiated transition metal oxide type cathodes. Due to
this reason, Li-ion batteries with lithiated transition metal oxide type are only used in
small-scale batteries for portable electronics. For power tools, Mn-based spinels (LiMn2O4)
are used. With Mn-based cathodes’ high thermal stability and low cost, it has become a
good choice for the cathode in Li-ion batteries [153]. Even polyanion compounds such as
LiFePO4 have been studied over the past decade. Just like the lithiated transition metal
oxide type cathodes, the polyanion compound cathodes also have high cycle stability, are
very environment-friendly, and have low cost. However, unlike lithiated transition metal
oxide cathodes, the polyanion compound cathode batteries are believed to pave the way
for the future of electric vehicles. They will also be instrumental in the development of
plug-in hybrid vehicles.

Titanium-based materials have gained popularity as a substitute for graphite-based
Li-ion anodes. Titanium-based anodes have several advantages which include efficient
cycle property, high potential plateau, and high structural stability. Lack of formation
of lithium dendrites due to high potential plateau reduces the energy density of the full
battery [154]. In order to enhance power and energy densities within the stable region of
the electrolyte, titanate-based material with a lower potential plateau is expected. Mixed
titanium oxides are expected to replace Li4Ti5O12 for future applications. The working
voltage of MLi2Ti6O14 can be reduced by simply introducing alkali derivatives into titanium
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oxides. A low voltage of anode implied full battery with high open-circuit voltage. This
in turn will result in an increase in mass-energy density and volume energy density of
the full battery. So, the special three-dimensional framework of MLi2Ti6O14 (M = 2Na, Sr,
Ba, Pb) is what results in the different behavior [155]. Table 4 presents the list of the top
projects worldwide having Li-ion storage systems against their capacities and locations.
The top-rated capacity of Li-ion energy storage systems around the world are presented in
Table 5 [156].

Table 4. Top methane-producing plant names against their location.

Plant Name Location (Country)

GAYA France
GOBIOGAS Sweden

BioSNG Austria
Great Syn Fuels Plant USA

DemoSNG Sweden
CPIProject China

Keqi Project China
POSCO Project South Korea

Table 5. Top-rated capacity Li-ion energy storage systems worldwide.

Project Capacity Location

Hornsdale Power 150 MW Australia
Stocking Pelham 50 MW Germany

Jardelund 48 MW United Kingdom
Minamisoma Substation 40 MW Japan
Nishi-Sendai Substation 40 MW Japan

Laurel AES 32 MW United States

Tesla and PG&E have commenced the construction of a project in Moss Landing,
California—a Li-ion battery facility which is expected to reach a total capacity of 1.2 GW.
Initially, the project was expected to deliver 730 MW hours of energy to the electrical
grid at a maximum rate of 182.5 MW for four hours using 256 stacked Tesla Li-ion mega-
packs [157–160]. Figure 11 is a picture of the expected result of the ongoing construction of
Tesla and PG&E’s Li-ion megapack battery facility in Moss Landing, Southern California.
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Figure 11. Moss Landing, Southern California.

However, recent updates suggest that Tesla and PG&E have decided to uplift the
capacity to 1.2 GW hours, to deliver energy to every household in the San Francisco area
for six hours. Tesla and PG&E envision a quick transition from a hydrocarbon-based
energy system and regard this project as an attempt to increase the usage of renewable
energy. With the completion of this project, traditional wires solution and more expensive
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equipment will be eradicated, making the Moss Landing Megapack the yardstick for future
development of Li-ion battery systems.

The sodium-ion battery is another recent energy storage system with a functioning
very analogous to that of a lithium-ion battery, but sodium-ion battery uses sodium ions as
its charge carriers. Due to the environmental impact the resources needed for construction
of lithium-ion batteries require, sodium-ion batteries are now viewed as an idea alternative.
Despite the similar power-delivering capabilities of the lithium-ion battery and the sodium-
ion battery, the sodium-ion battery has not gained enough market share in the battery
market. This is mainly due to its higher cost [160–168].

8. Flywheel Energy Storage

A flywheel can act as an energy storage system by storing energy in the form of kinetic
energy in a rotating mass. This energy is stored as rotational energy. Various components
of a flywheel energy storage system are depicted in Figure 12.
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A very rudimentary model of the flywheel energy system consists of a magnetic
bearing, generator unit, shaft, composite flywheel, vacuum chamber, and a vacuum pump.
The energy produced is eventually transported via a transmission line.

A generator/motor assists the rotating mass to transfer the stored kinetic energy out
of the flywheel depending on the load angle. The generator/motor hence, supplied to
the stator winding, is finally converted to torque which is applied to the rotor, causing
the rotating mass to spin faster and gain kinetic energy. The kinetic energy stored in the
rotor applies torque which is converted into electrical energy [169,170]. In order to mitigate
friction-loss from the surrounding air and suspended by the bearing for smooth operation,
the flywheel is placed in a vacuous container. The inertia and speed of the rotating mass
determine the amount of stored kinetic energy. Its energy density is roughly 28 kJ/kg, that
is, 8 Wh/L. Most modern high-speed flywheel energy storage systems consist of a rotating
cylinder with a large diameter that is supported in a stator, held by magnetically levitated
bearings. The weight of the flywheel is supported by permanent bearings by repulsion
forces and stabilized with electromagnets.

Ek =
1
2

Iω2 (26)

where I is the moment of inertia and ω is the angular velocity of the rotating disc; when
ω or I increase, the energy of the system increases. The moment of inertia is a function
of mass and shape for any object. The components of a flywheel used for commercial
energy storage purposes extend beyond the aforementioned. Power electronics are usually
required to control the power in and output, the rotational speed of the flywheel, and
frequency. The first designs of flywheels were made of steel. Such flywheels were not built
to operate at high speeds. They were usually employed to operate at slow speeds, slow
rotations. They usually had large diameters and produced low energy densities with low
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power. However, with research, certain highly efficient and high-speed flywheel energy
systems were also developed [171].

ESP =
KSσm

ρ
(27)

The maximum specific (per unit mass) energy density ESP that can be stored in a
flywheel may be written as above. Where σm is the maximum tensile strength of the
flywheel material, ρ is the density of the flywheel, and KS is the shape factor. Commercially
available steel flywheels exhibit a maximum tensile strength of 2.7 GPa. The density of
the flywheel is mostly around 8000 kg/m3 and has a maximum specific energy density
of 47 Wh/kg. In order to allow the flywheels to operate at higher speeds, the material
employed needs to be improved. Several new materials such as carbon fiber, glass, and
resin have come to attention. Flywheels made of such materials are coined composite
material flywheels. By using a composite material flywheel, the energy storage capability
can be improved three times. Composite material flywheels need to be employed so as
to meet energy demands using renewable energies. Therefore, the composite material is
supposed to allow the flywheel to spin at faster speeds hence allowing storage of more
energy [172].

Currently, the highest tensile strength flywheel energy storage systems are not made
from steel. Most high tensile strength flywheel energy storage systems use composite
materials. As composite flywheels spin at high speeds, they store more energy. Sometimes
during operation, the flywheel may tend to exceed the safe maximum speed rating. When
this happens, the composite flywheels will begin to delaminate and gradually disintegrate
from the outer circumference. Thus, a warning will be given for change maintenance of
the material. Composite flywheels do not explode without warning when operation speed
exceeds safe maximum speed like steel flywheels. E-glass material shows a maximum
tensile strength of 3.5 GPa. The density of the flywheel is mostly around 2540 kg/m3 and
has a maximum specific energy density of 190 Wh/kg. S-glass material shows a maximum
tensile strength of 4.8 Gpa. The density of the flywheel is mostly around 2520 kg/m3 and
has a maximum specific energy density of 265 Wh/kg. T-700 graphite material shows
a maximum tensile strength of 7 Gpa. The density of the flywheel is mostly around
1780 kg/m3 and has a maximum specific energy density of 545 Wh/kg. Other alternatives
to steel, such as Kevlar, T-1000 graphite, Spectra 1000, are also employed.

The specific energy of the rotor can be calculated using the shape factor formula (Ks)
for isotropic material flywheel systems (steel). The shape factor is the measure of the
efficiency of the rotor in the stress limited case. Carbon composite materials flywheels are
anisotropic in nature. Hence, they are not regarded as the same as isotropic materials while
designing. The analysis of anisotropic materials is different as the maximum stress not
only depends on the rotor shape but also on the composite material type system, loading
conditions, and other factors. The main rotating body of the flywheel undergoes two
main types of resonance: rigid body and flexural resonance nodes. Stiff-bearing systems
will result in all these criticals occurring above the operating frequency of the rotor. This
eventually leads to high losses. A soft bearing system is more than sufficient to make sure
that the rigid body criticals are passed at low speeds. After the criticals are passed on
the run-up, the rotor will spin about its center of mass with low damping losses and low
forces on the bearing system. This is only achievable with a highly balanced rotor with a
low mass center shift. With the bearing stiffness chosen, the length of the rotor affects the
conical rigid body mode. The length-to-diameter ratio of the rotor is specifically chosen to
be significantly greater or less than 1:1 to avoid exciting this model in the cycling range of
the machine. Thus, the choice is between a disc and a cylinder. The length is simply chosen
to be the maximum safe length below the speed of the rotor when it is running at its speed
of maximum stress [173]. A flywheel energy storage system is considered to be an ideal
energy storage system that can be twinned with renewable energy sources. Experiments
have proven that flywheel energy storage systems deliver highly efficient operation in a
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wide range of temperatures and exhibit a long cycle-life. On a mass and volume basis, the
power and energy density are favorably high.

Figure 13 is an image of the flywheel module designed by NASA for the G2 module.
This flywheel has the ability to rotate at a speed of 60,000 rpm, produce 525 Whr, and
a 1 kW system. It was built for the NASA laboratory environment. The purpose of this
flywheel design was to use it as an aerospace energy storage system, integrating power
and altitude control applications. The rotor blades of this flywheel are made of a multilayer
carbon fiber rim fitted with a titanium hub. Other components of the flywheel system are
mounted on the hub. This flywheel system was designed by Texas A&M.
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Flywheel energy storage gained popularity when NASA implemented them as a
primary energy source for space missions [123]. At the NASA Glenn Research Center in
the United States, a development flywheel test facility center was built. Several notable
advancements in flywheel energy storage technology have been made using this facility
center, and control algorithms have been optimized. The NASA Glenn Research Center
envisions a complete replacement of battery-based energy storage systems with a flywheel
energy storage system in the International Space Station. Due to its long cycle life and
highly efficient operation at a wide range of temperatures and higher depth of discharge,
the flywheel energy storage system is ideal for space transport applications. Currently
employed flywheel energy storage systems by US Flywheel Systems and other organi-
zations can deliver operations of efficiencies of 93%, operational speed of 110,000 rpm,
and above 11.9 kW/kg [174]. While hybrid vehicles are paving the way for the future of
road transportation. Engineers have recognized the need for an alternative energy storage
system to the currently implemented nickel–metal hydride battery. Figure 14 is a top-down
illustration of the GT3 R Hybrid’s powertrain [125]. The components in red are the flywheel
hybrid system, power electronics, and the two electric motor/generator units.
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GT3 R Hybrid Porsche

Hybrid vehicles are vehicles that operate on a conventional gasoline cylinder and at
least one electric motor. The uniqueness of hybrid vehicles is that their system recaptures
energy using regenerative braking. So, hybrid vehicles are neither strictly gas engines nor
are they strictly electric motor driven but instead a combination of both. This arrangement
leads to efficient operation and less gasoline consumption. The fuel economy is benefit-
ted [175]. Figure 15, in a road car, would depict the front passenger seat. In the GT3 R
Hybrid, it was reserved for the flywheel [176].
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The torque is applied by actively controlled transmission to the flywheels. Hence,
the flywheel acts as a passive device of two possible types: mechanical transmissions and
electrical transmissions. While electric transmissions can allow flywheel energy storage
systems to permit flexible power train functioning, mechanical transmissions can allow
flywheel energy storage systems to effortlessly integrate with conventional vehicle systems
and cost less than electrical transmissions [177]. In most hybrid vehicles, the primary
energy source is considered to be the internal combustion engine assisted by an energy
storage device. The energy storage device in the hybrid vehicle should accept power
from the vehicle during braking and from the primary power, and also deliver the power
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to the vehicle for traction and auxiliary power loads. Composite material flywheels are
implemented in hybrid vehicles. They are expected to perform with high specific energy
and specific power. These features help in automotive regenerative braking with a usual
charging time being an order of 10 s. The construction of a 20 MW system in Stephentown,
New York by Beacon Power is in progress. A similar design has only been tested on
a smaller scale before. Beacon Power, with the completion of this project, would have
constructed the largest active flywheel system discharging 1 MW energy for 15 min to
the electric grid [178]. In recent years, a neighboring natural gas plant supplements the
electric grid so as to boost energy delivery performance during high demand. This flywheel
system is expected to replace the natural gas plant. It consists of a total of 200 carbon fiber
flywheels levitating in a vacuous magnetic field. Hence, minimal friction is experienced by
the spinning flywheel. Hence, the spinning flywheels require a minimal amount of input
energy to continue spinning [179,180].

9. Stacked Concrete Blocks Energy Storage System

While hydro pumped energy storage is the most widely applied energy storage system
(about 96% of the world’s energy storage), it results in myriad different demerits [181].
Hydro-pumped energy storage demands a lot of surface area for construction. Construction
of massive energy storage systems such as this usually results in the displacement of a
significant number of people. A notable number of forests and their ecosystems have been
disrupted and hydro pumped projects also increase the risks of flooding. Also, it is pivotal
to note that three-quarters of all the hydro pumped energy storage systems have been built
in only ten countries. Studies show that a lot more hydro pumped energy storage projects
need to be constructed to meet the energy demands using renewable energies like solar
and wind [182,183]. Figure 16 is projected imagery of how the finished full-scale project
would look like.
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Figure 16. Full-scale project prediction.

When excess electrical energy is required, the excess electrical energy is tapped to
pump water to an altitude in a reservoir. During peak-energy demand time, the water
is released from the altitude and made to fall so as to spin a turbine. Electrical energy is
restored and linked to the local power grid [184]. In an attempt to decrease the world’s
energy demands from hydro pumped energy storage, a Switzerland-based startup called
Energy Vault believes that the ideal alternative to pumped-hydro is a stacked concrete
energy storage system. Energy Vault’s project was brought to light during the Kent Presents
ideas festival in Connecticut. The working principle in a rudimentary sense suggests the
energy used to lift a mass against gravity can be retrieved while letting it fall. Since concrete
physical properties possess more density than water, it is used as the mass to be lifted to the
altitude. Each mass of concrete is packed in barrels and stacked to form a tower. During
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excess energy, electricity is tapped to lift the concrete and used to store energy at a higher
altitude using a crane. During peak-energy hours, the concrete is dropped using a crane.
When the concrete mass is dropped, a turbine is gradually rotated and used to generate the
electricity back. Whenever the twinned grid runs low, the barrels are dropped and used to
rotate the motor. Figure 17 above is a picture of the crane that is meant to be used in the
project. The crane is to be used to lift and drop the concrete blocks to store energy for a
long duration of time.
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Energy Vault in Milan, Italy, in 2018 completed the construction of one-tenth of the
full-scale operation. Each barrel of the one-tenth model project weighed 500 kg and was
20 m in height. The full-scale operation is expected to have a capacity of 20 MW, enough to
power 2000 houses, having an efficiency of 85%. One-tenth of the full-scale project took less
than $2 million to complete in nine months. Each barrel is lifted by a 120 m six-armed crane,
and weighs 35 tons. The crane is equipped with a computer that is programmed to deliver
an algorithm that operates the crane arms to identify and locate the barrel. This function
is executed using a camera that is attached to the crane arm’s trolley. The hardware used
to build this project is available prefabricated. The concrete used in the project costs less
than using other conventional energy storage methods such as Li-ion cells. Inorganic waste
building materials in cities’ properties are optimized so as to be used to create low-cost
concrete to fill the barrel. The primary advantages of the endeavor include low-cost and
low-tech. While today the Li-ion battery storage system costs between $250 to $350 per
kWh, Energy Vault estimates the cost of each kWh to drop to $10 by the construction of its
tenth project [185–187].

10. Redox Flow Battery

The redox flow battery is viewed as a promising and alternative energy storage system
for future large-scale grid storage. It is used to convert electrical energy to chemical energy
and vice-versa without degradation in the battery’s performance. This feature is enabled
in flow batteries as redox reactions are reversible hence deeming the redox fuel battery
as a secondary battery system [188]. It primarily consists of two soluble redox couples
contained in external electrolyte tanks. These tanks are of sizes according to the required
capacity application. The flow battery is notably different from a conventional battery as
the energy is stored in incoming fuels as redox pairs that are meant to convert electricity
in the electrodes. Redox flow batteries have an energy density of about 30 Wh/L. With
the number of cycles more than 20,000 at 600 mA/cm2, they exhibit a peak power density
of 2.78 W/cm2. Conventional batteries on the other hand store electrical energy in their
electrodes [189]. The redox flow battery comprises two tanks that hold electrolyte-fluid
and a cell stack situated in between them. Also, the electrolytes that are made to flow
through the electrodes, the cathode, and the anode are called catholyte and anolyte. A very
thin ionic membrane separates the two electrolytes from mixing. At the same time, it is
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also permissible and allows the exchange of ions [190]. The first redox flow battery was
made by NASA in the 1970s for space application. The redox flow battery soon gained
popularity. The first redox flow battery to be made was an iron–chromium redox flow cell.
Ions—Fe3+/Fe2+ and Cr2+/Cr3+ are used to generate electric current.

Cathode half-reaction:
Fe3 + e− 
 Fe2+ (28)

Anode half-reaction:
Cr2+ − e− 
 Cr3+ (29)

Overall cell reaction:

Fe3+ + Cr2+ 
 Fe2+ + Cr3+ (30)

Figure 18 is a diagram of the Fe3+/Fe2+ and Cr2+/Cr3+ redox flow battery [191].
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The standard voltage of the cell is 1.18 V, with power densities ranging from 70
to 100 mWcm−2 and a DC efficiency of about 80%. This system usually operates at a
temperature of 65 ◦C, which is higher than the usual ambient temperature. Cr2+/Cr3+

results in the evolution of hydrogen gas during charging due to low potential (−0.41 V).
This also results in limiting fuel use and the lowering of coulombic efficiency. Hydrogen
rebalance cells are normally employed to balance the gas evolution. Fe3+/Fe2+ redox couple
shows properties such as high reversibility and fast kinetics on carbonaceous electrodes—
usually carbon or graphite. On the other hand, Cr2+/Cr3+ shows low electrochemical
activity and demands catalyst loading to be done on the electrode. An all-vanadium redox
flow battery is another kind of redox flow battery that is widely used around the globe. As
the name suggests, the battery functions using the different oxidation states of vanadium
ions in order to form two redox couples [192,193]. The energy conversions are dictated by
changes in the valence state of vanadium. Figure 19 is a diagram of the all-vanadium redox
flow battery [194]. The valence change occurs via the following reactions:

Cathode half-reaction:

VO+
2 + 2H+ + e− 
 VO2+ + H2O (31)

Anode half-reaction:
V2+ − e− 
 V3+ (32)

Overall cell reaction:

VO+
2 + 2H+ V2+ 
 VO2+ + H2O + V3+ (33)
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These redox couples are separated into anolyte and catholyte with only one active
element on both sides. The cross-transport of vanadium, being the active metal, in the
vanadium redox flow battery is controlled. The cell voltage for a vanadium redox flow
battery overall rounds up to 1.26 V when operated at 25 ◦C. The vanadium redox battery
mostly demands an active heat management system for smooth operation [144]. The
heat management system results in a lowering of the system’s efficiency due to parasitic
energy losses [195]. Other types of redox flow batteries include batteries that employ
sodium bromide and sodium polysulfides as electrolytes. The standard voltage of the
electrochemical reaction in this type is 1.36 V. Advantages of this type of redox flow battery
are that the chemicals can easily be procured as they are abundantly found, and they are
soluble in an aqueous medium

Cathode half-reaction:
Br3−

3 + 2e− 
 3Br− (34)

Anode half-reaction:
2S2−

2 − 2e− 
 S2−
4 (35)

Overall cell reaction:

2S2−
2 + Br3−

3 
 S2−
4 + 3Br− (36)

Advantages of Redox Flow Batteries

The novel working of redox flow batteries allow them to store electrical energy of very
large capacities, even large quantities of energy: megawatts (MW) and megawatt-hours
(MWh). Hence, redox flow batteries have the potential to solve energy storage problems of
a very wide spectrum of capacities and energy usages. Currently, it is being successfully
employed in utility-scale in MWh to household power backup in kWh. Most importantly,
the flexibility of energy capacity as per application while using redox flow batteries is
because the power capability of a redox flow battery is not dictated by the storage capacity
of the electrolyte-fluid storage tank but rather the size of the cell stack. Another advantage
of the redox flow battery is that in case of a failure in the hardware used in the project if the
two electrolytes get in direct contact with each other, there will be no serious implication
of any kind of explosion. A case of internal short-circuiting will not result in anything
catastrophic either as the reactive materials used are stored separately. The redox flow
battery system is deemed as an energy storage system with comparatively advantageous
thermal management qualities and a safe energy storage system.
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11. Conclusions

Renewable energy has shown to be a future-proof energy source, therefore appropriate
energy storage methods must be investigated. Wind energy applications are well-suited
to compressed energy storage. They have not achieved much appeal, however, due of
exorbitant building and upkeep costs. They also risk water loss due to evaporation and
necessitate complex infrastructure. A regenerative fuel cell has the advantage of being
smaller and lighter. However, the catalyst (platinum) used is costly. In addition, there
is a scarcity of efficient hydrogen storage and distribution systems. Among the other
widely used technologies, hydrogen energy storage has the least environmental impact.
However, because hydrogen is lighter than gasoline, transporting and storing it is extremely
challenging. Combusting methane is safer for the environment than other fossil fuels in
power-to-gas technologies. However, because methane is still flammable, it must be
handled and transported with care. It also contributes to the greenhouse effect, and it is
nonrenewable, just like other fossil fuels. Because it is rechargeable and has a higher energy
density, lithium-ion batteries perform better than nickel–cadmium batteries. Multiple
charge and discharge cycles are also possible with this battery. However, it is extremely
sensitive to high temperatures and only lasts three years after production. The fundamental
benefit of a flywheel energy storage device is that it has a lengthy life cycle and requires
little maintenance. Mechanical stresses and fatigue limits exist in the flywheel energy
storage system. It has a fast discharge rate. Energy storage using stacked concrete blocks
is still being studied, and its potential as a future energy storage system is still unknown.
So far, it has shown to be the most efficient and environmentally beneficial way. The
redox flow battery is a low-cost alternative that also has a long life. Its power output is
proportional to the PEM surface, whereas its scalability is related to its electrolyte holding
capacity. However, redox flow batteries use expensive fluids that are frequently poisonous
and corrosive.
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