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Abstract: Energy systems play a significant role in harvesting energy from several sources and converting it to the energy
forms needed for applications in numerous sectors, e.g., utility, industry, building, and transportation. In the coming years,
energy storage will play a key role in an efficient and renewable energy future; more than it does in today’s fossil-based energy
economy. There are different strategies for energy storage. Among these strategies, storage of mechanical energy via suitable
media is broadly utilized by human beings. Mechanical energy storage systems (MESS) are among the utmost effective and
sustainable energy storage systems. There are three main types of mechanical energy storage systems; pumped hydro, flywheel,
and compressed air. This review discusses the recent progress in mechanical energy storage systems focusing on compressed
air energy storage (CAES). It also discusses the advances and evolution in compressed air energy storage (CAES) technologies
which improve the thermal process and incorporate CAES with other subsystems to improve system efficiency and compares
these technologies in terms of their performance, capacity, response, and utilizations as well as the challenges facing CAES as
emissions that may harm the environment, the consumption of fossil fuels or requiring certain geological formations then
modifications and developments to overcome these challenges.

Keywords: Mechanical Energy, Energy Storage, Compressed Air Energy Storage,
Energy Storage Technologies and Applications

Energy storage is expected to play a substantial role as the
world moves to a low carbon economy somewhere more
energy is predicted to be produced from renewable resources.
Renewable energy resources, especially solar and wind are
facing a main challenge as they occur intermittently which
creates unreliable steady energy supply. This can be attained
by storing the excess energy produced when the renewable
resources are available and re-use it again when the
renewable resources are not available [1].

1. Introduction

Cumulatively, over years energy consumption has been
growing significantly. According to the published statistics
by the International Energy Agency (IEA), about 13,371
Million Tons of Oil Equivalent (Mtoe) of energy is supplied
worldwide in 2012. This is near 10% and 119% higher than the
statistics in 2009 and 1973 values respectively. Despite there is an
increasing tendency in the global energy supply, the percentage
share of fossil fuel has been declining gradually due to the
advances in renewable energy systems [1].

Energy storage is a crucial link in energy supply chain. For
example, actually there is no system that is 100%

2. Importance of Energy Storage

Energy storage has lots of benefits. Storage of secondary

thermodynamically efficient. The energy losses in different
systems happen in the Energy storage has many benefits. It is
important in energy management to reduce energy wastage
and maximize the efficiency of energy utilization of process
systems [2, 3].

energy systems as electricity and heat is important to reduce
the amount of primary energy forms (fossil fuels) that have
been consumed to generate them. This results in not only
decrease CO, and other greenhouse gas emissions that lead to
global warming [5] but also help to preserve fossil fuels which
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are supposed to be exhaustible. It can also play a essential role
in increasing the use of renewable, clean and irregular energy
resources such as wind energy, solar energy, and marine tidal
current to the grid as well as help in load shifting [4]. Energy
storage helps in the planning of power system, its operation
and frequency regulation [4, 5]. It helps to keep energy
systems stability, improve power quality in micro-grid systems
in addition match demand with supply [6].

There are many technologies used for energy storage drives.
These technologies can be generally categorized according to
the purpose for which the energy is stored. They include:

thermal energy storage and electrical energy storage. Figure 1
shows the diverse classes of energy storage technologies. From
the figure, it is shown that the technologies in which energy is
stored in the form of thermal energy and released in the
thermal form such as ice/chill water storage are categorized as
thermal energy storage technologies while those in which the
energy is stored in the form of thermal but released as
electrical energy such as liquid air energy storage are
categorized as electrical storage. In this review the emphasis is
on mechanical energy storage [1].
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Figure 1. Energy storage technologies classification [7].

3. Mechanical Energy Storage Systems

Mechanical energy storage systems (MESS) stored
mechanical energy as kinetic energy or dynamic energy. They
have main advantage as they are fast with direct release of
the stored mechanical energy [8].

MESS are classified mainly to Pump hydro energy storage
(PHES); compressed air energy storage (CAES) and
Flywheel energy storage (FES) [9, 10].

3.1. Pump Hydro Energy Storage

PHES stored energy through pumping water from a low
tank to a high tank; the low tank is altitude wise much lower
than the high one [11]. In addition to the two tanks a PHES
has an electric motor to be used as a pump while charging or

.Air in

Air storage
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used as a power generator while discharging [4]. The amount
of the stored energy is proportionate to the altitude difference
between the two tanks as well as the amount of stored water
[5]. Efficiency of PHES Storage system varies between 65%
to 85% [1, 5, 12].

3.2. Compressed Air Energy Storage

Operation concept of CAES is established on compressing
air using inexpensive energy; generated on low energy
demand times; and its future release onto a turbine for the
operation of an electric generator [4, 5]. The first CAES
system initiated operating in 1978 in Germany (290 MW).
Then it was followed by the Mclntoch CAES plant in
Alabama (110 MW) in 1991. These two systems are the only
operating CAES globally [12, 13].
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Figure 2. Chart diagram of a conventional CAES.
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A compressed air energy storage system (CAES) is
composed of a compressor; a storage tank and a turbine. The
turbines used in CAES for generating power are established
on Brayton’s thermodynamic cycle [14] Schematic diagram
of a conventional CAES is displayed in figure 2. The
operation of a CAES is much like to a common turbine. At
time of charging the generator works as a motor supplying
power to the air compressor. At time of discharging the
compressed air is place in the combustion chamber and then
is released on the turbine. The turbine role is to move the
electric power generator. Although CAES release CO, they
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can provide three times more electric power to the grip than a
common turbine for power generator; however consuming
the same among of fuel [4].

Compressed air energy storage (CAES) is a commercial,
utility-scale system that offers long-duration energy storage
with fast ramp rates and good part-load operation. It is
considered a promising storage technology for balancing the
large-scale use of renewable energies, such as wind and solar
power, into electric grids [12]. The process diagram of a
CAES is shown in Figure 3
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Figure 3. The process diagram of a CAES.

3.3. Flywheel Energy Storage

The kinetic energy is stored in a FES by enhancing the
revolutions per minute of a flywheel [4, 5, 15]. Flywheels
can be connected to an electric power generator; which
transform kinetic energy to electric [4, 5]. The energy
capacity of a flywheel is proportionate to its mass and the
square of its speed. The capacity of a FES differs according

to the durability of the flywheel’s material [5]. The
determinant factors of the energy density of a FES are the
flywheel’s geometry and material [4]. FES Storage
proficiency is approximately 90% [5]. Flywheels are
classified as low rpm flywheels and high rpm flywheels. Low
rpm flywheels are those who reach less than 6000 rpm. On
the other hand high rpm flywheels can reach 105 rpm [5.15].

Table 1. Advantages — Disadvantages of MESS and their use in RES systems.

MESS Advantages Disadvantages Use in RES system
PHES Quick respond time High construction cost Wind parks, hydro electrics
CAES Limited self-discharge CO; emission Wind parks, hydro electrics
FES Low maintenance cost Hi gh self-discharging Wind parks
Table 2. Technical and financial characteristics of MESS.
MESS Capacity (MW) Lifetime (years) Capital cost (€/kWh)
PHES 100 - 5000 40 - 60 4.5-90
CAES 3-400 20 - 60 1.8-90
FES 0.25 15 4487

3.4. Compressed-Air Energy Storage (CAES)

CAES systems store energy as a compressed air in
underground caverns, and the energy is then supplied to
electrical networks through a conversion process. The air is

usually compressed into an underground reservoir, which
enables the storage of energy in a ‘pressure gradient’; the
energy is generated through a combustion process in order to
operate an expansion turbine which turns an electrical
generator [16]. The thermal energy generated during air
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compression (charging) is released directly to the atmosphere,
and during operation of decompression (discharging), the air
necessities to be reheated, usually with a fuel [17]. The
Schematic diagram of a CAES is shown in Figure 4.
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Figure 4. Schematic diagram of CAES [16].
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Figure 5. Schematic diagram of CAES system (C—Compressor, G-T—Gas
turbine, M/G—Motor/Generator, P—Pump, R—Reservoir).

4. Components of CAES

A whole CAES system consists of primary components: (1)
compressors; (2) expanders; (3) air reservoirs; (4) combustor;
(5) motor/generator; (6) controlling system; (7) other auxiliary
equipment, such as fuel tanks, pipe connection and so on.

Compressors, expanders and air reservoirs play crucial roles in
the whole CAES system construction, and the descriptions of
each are presented below.

(1) Compressors and Expanders:

Compressors and expanders are planned according to the
used applications and the designed storage pressure of the air.
The level of compressed air may reach 30 MPa in a vehicle
cylinder on the other hand around 8 MPa in a large scale
CAES system for which multi-stage compressors are used.
[18, 19]. Similarly, the steam turbines in Huntorf are utilized
for the first-level expansion from 4.6 MPa to 1.1 MPa; and
gas turbines are used for the second-level expansion from 1.1
MPa to atmospheric pressure, in which the working medium
is flue gas released from the combustion of the air and fuel.

(2) Air Reservoirs

Large volume air reservoirs are needed for large scale
CAES systems, so manufacturing large storage containers is a
vital issue. This is the reason for using underground caverns
for storage in the existing operational CAES plants, in
particular, salt caverns. Recently, underground salt layers,
underground hard rock layers, and underground porous rock
layers considered the main suitable geological formations.
Table 3 displays the capital cost of an air reservoir for
numerous storage media and plant configurations [19]. The
cost is linked to the types of storage (containers/caverns),
power rating and the duration. Consequently, in Table 3, the
cost of power related components such as turbine, expander etc.
is presented as $/unit power and the cost of storage
components such as underground caverns and over ground
cylinders is related to their capacity and presented as $/unit
energy stored. At the present time, the two commercial CAES
storage systems plants that utilize underground salt caverns
with storage capacities of 310,000 m3 (Huntorf) and 560,000
m3 (Mclntosh), respectively. On the other hand there are some
challenges that appear in the formation and maintenance of salt
caverns such as rat holes, the damage triggered by small
animals, the treatment of salt water, etc. [20, 21].

Table 3. Different storage media and plant configurations of air storage reservoir [4].

Reservoir Size (MWe) CPRC ($/kW) CESC ($/kWh) ST (h) TC ($/kWe)
Salt 200 350 10 360
Porous media 200 350 0.1 10 351
Hard rock 200 350 30 10 650
surface piping 20 350 30 3 440

Abbreviations: CPRC, Cost for Power-Related Plant Components; CESC, Cost for the Energy Storage Components; ST, “Typical” hours of Storage for a Plant;

TC, Total Cost.

There are two main operation modes of an air reservoir,
sliding-pressure operation and constant-pressure operation.

Sliding-pressure operation with a constant volume: in this
operation the rising pressure results in a change of the
pressure ratio of the compressors leading to an increase in
losses which are irreversible. Also, there will be remnant air
at the end of the discharge that consequently reduces the
efficiency of the entire system.

Constant-pressure operation at both the charging and

discharging stages: provides efficient system under the
estimated conditions [21].

4.1. Description of Compressed Air Energy Storage (CAES)
Systems

The concept of compressed air energy storage system is
based mainly on compressing air and storing it in
underground cavern or an abandoned mine when more
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energy is accessible and exceed the needed quantity.
According to the energy demand, the stored compressed air is
released to a turbine to generate electricity. Caverns may
either be drilled in salt or rock formations, or utilizing
existing cavities such as aquifer strata. Such geological
formations do not exist all over and large steel tanks which
are utilized to maintain high pressures are sometimes
installed under the ground at a higher cost. Can be
economically attractive due to their capacity of compressed
air energy storage systems to shift time of energy use gives
an economic advantage in addition to the need to balance the
effects of intermittent renewable energy penetration in the
grid [23].

On the other hand using the excess available energy to store
liquefied air at cryogenic temperatures in low-pressure
completely insulated reservoirs is another alternative. In
comparison to compressed air, liquid air has much lower losses
because it could be kept at moderate pressures. Consequently, it
might be a superior option than compressed air for long-term
storage systems. Liquid air has other advantages over
compressed air as it is denser and with the opportunity to be
stored in smaller reservoirs. For a specified quantity of liquefied
air in a tank of 5000 m’, it is reported in a case study that the
CAES volume was approximately 310,000 m’ [24]. When
comparing between compressed air and liquefied air energy
storage systems it indicated that a higher efficiency for the
liquefied air energy storage systems [24]. To produce, the
simplest approach to obtain liquid air when excess energy is
existing is based on the Linde—Hampson cycle in which a Joule-
Thompson effect valve is used for the expansion. Other
variability of this cycle may also comprise cryogenic turbines
for expansion (e.g., Claude and Collins cycles) which lower the
operating pressures, and increase liquid air production amount as
well as efficiencies [25].

While discharging, liquefied air is pumped to high
pressure, evaporated and then heated to supply high pressure
air. There are two resources for heat provision, from ambient
temperature medium as air as well as from a higher-
temperature medium such as gases from natural gas
combustion. The specific work output and the system
efficiency can be improved through increasing the
temperature, making it near equivalent to other energy
storage technologies. Using air directly for combustion is an
alternative to increase the temperature. The air, or gas, from a
liquefied container can be expanded in turbines to generate
electricity. To improve the system efficiency authors
proposed various Methods to decrease liquefaction wastes
and external energy requirements of regasification of
liquefied air [26, 27, 28]. For instance, the use of the waste
cooling power from the liquid air evaporation stage in other
cycles (e.g., Rankine) can generate extra work and improve
the efficiency of system to more than 80% [25].

The cooled air can be used as a heat sink in a Brayton
cycle as well as in a cryogenic organic Rankine cycle. In a
Brayton cycle, the generated heat during air compression
before its liquefaction as waste heat could be stored and
utilized to heat the air again as passing through turbines as

well as to be as a source for heat. She et al. [26] propose a
Brayton cycle that utilizes the heat from liquefaction of air
and releases heat to the evaporator of a liquefied natural gas
storage system, therefore coupling the two systems for better
efficiency. The authors reported that system round-trip
efficiency is around 70%. Peng et al. [28] suggested packed
beds as direct contact heat exchangers to accumulate the
excess heat in the compression stage of liquefaction then
release it to the air in the expansion stage during discharging
process. Xie et al. [29] suggested that economic feasibility is
improbable for liquefied air energy storage systems without
the use of waste heat, and that increasing the feasibility with
larger plant installations. Reliant on how heat is controlled
and managed during compression as heat discharge and
earlier to the expansion stage as heat intake, there are three
different types of CAES: isothermal, diabatic and adiabatic.
CAES system has a RTE of 85%, with an expected life time
of about 20-40 years; it is considered a suitable possibility
for large-scale storage applications. There are many
challenges that CAES systems face which includes the
necessity for an underground cavern, dissipation of excess
heat into the atmosphere, consuming fossil fuels, and
production of pollutant emissions from the combustion
processes [30, 31].

The diabatic-CAES system has been described above;
however, recent technological efforts have led to
development of the following systems

VORVWYEG GEHEN

Figure 6. Diagram of the AA-CAES by RWE [33].
4.2. Adiabatic-CAES

Adiabatic-CAES was designed to remove the need for fuel
in CAES technologies, this happens through storing the heat
energy which generated during air compression, and then
utilize it to reheat the air during its expansion [30, 31]. In this
condition, thermal energy storage (TES) system is replacing
the combustion chamber in the conventional CAES.
Adiabatic-CAES is predicted to be a promising technology
because of its scalability, environmental — friendliness,
hybrid storage advantage (CAES/TES) and great energy
storage efficiency [32]; the removal of combustors and fossil
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fuels also makes it more economic than the conventional
CAES. The main constituents of an adiabatic-CAES plant

include compressor, TES, underground cavern and air turbine.

These components can be configured into the needed storage
scale. From the most suitable thermal energy storage
materials in adiabatic-CAES system, Salt and concrete. The
world’s first adiabatic-CAES plant, stated to advanced
adiabatic-CAES (AACAES) demonstration plant, is
projected to go ‘on stream’ in Germany by 2016, by RWE
Power and its partners [33, 34]. The aim of the project is to
obtain system efficiencies of 70%. The Advanced adiabatic-
CAES (AA-CAES) by Rheinisch-Westfdlisches
Elektrizitdtswerk (RWE) is shown in Figure 6.

4.3. Isothermal CAES

Isothermal CAES this new technology tries to overcome
particular challenges with conventional adiabatic- or
adiabatic CAES [31], by elimination the need for fuel and
‘high temperature’ heat energy storage, which results in
improved RTE of (70-80%) and reducing the cost making it
more economic. In this system, the air is compressed without
any change in temperature, permitting minimal work for
compression while maximizing the work required for
expansion, through effective heat transfer with surroundings
of the air vessel [32].

4.4. Small-medium Scale CAES

Small-medium scale CAES large-scale CAES plants
usually require suitable geological formations for storing air
[33, 34]. However, small-medium scale CAES, with a
capacity of 1-10 MW, having artificial pressure vessels is a
more flexible CAES technology that don’t need to caverns
and TES [35, 36]. This technology is suitable for a tri-
generation purpose, including distributed electricity
generation and storage, air-cycle heating and cooling in a
combined process [98], which leads to a significant reduction

in energy costs and greenhouse gas emissions in the coming
future.

4.5. Underwater/Ocean-CAES

Underwater/ocean-CAES this storage system is a
promising option in the absence of underground cavern,
which can be integrated with ‘offshore’ renewable energy
resources such as tides, wind and waves [31]. The
compressed air is kept in an underwater air storage chamber
installed on the seabed; the pressure of the compressed air is
maintained constant requiring no pressure throttling, thus,
allowing efficient release of energy from the compressed air.
The authors in Ref. have planned constant-pressure CAES
combined with pumped hydro storage, and conceptual design
of ocean compressed air energy storage (OCAES),
respectively. Also, an energy storage solution is patented by
Hydrostat, based in Canada. This technology uses ‘semi-
adiabatic’ underwater-CAES (UW-CAES) with a potential to
store large-scale electricity for around 448 h, at applications
between 1 and 50 MW [37]. UW-CAES is promising for
prospect applications of micro grids and DERs. It is also
projected to be delivered at optimal costs for the intended
markets.

5. The Current Development of CAES
Technologies

The drive for evolving CAES technology is actually to
achieve sustainable energy and to decrease emissions, so
current technology development target is to avoid using fossil
fuel in CAES systems. Table 4 shows simple comparison of
different CAES technologies currently under progress and
developments, which improve the thermal process and
incorporate CAES with other subsystems to improve system
efficiency [10].

Table 4. Comparison of various CAES technologies [10].

e o Energy Density Power Rating Storage Lifetime Discharge Cycling Times
(Wh/L) (MW) Duration (Years) time (Cycles)

Large CAES 2-6 110 & 290 Hours-months 20-40 1-24+h 8000-12,000

AA-CAES 2-6 110 & 290 Hours-months 20-40 1-24+h -

LAES 8-24 03&25 - 20-40 1-12+h

SC-CAES 8-24 110 & 290 Hours-months 20-40 1-24+h -

Small CAES 2-6 0.003 & 3 Hours-months 23+ Up to-hour Test 30,000

Abbreviations: AA-CAES, Advanced Adiabatic Compressed Air Energy Storage; LAES, Liquid Air Energy Storage; SC-CAES, Supercritical Compressed Air

Energy Storage; Cycling times—number of cycles.

6. Advanced Adiabatic Compressed Air
Energy Storage (AA-CAES)

In a traditional CAES system, during compression process
there is a huge amount of heat released to the atmosphere
through coolers. During the expansion stages, a large amount
of heat is required to enhance the power, which is obtained
from combustion of fossil fuel (or any other heat resources)
to increase the temperature of air inside the expanders to

enhance the power capability. Therefore, the use of the
compression heat reduce fossil fuel use and consequently
improve the efficiency of the whole system [27, 28].

For an AA-CAES with thermal storage integration, heat
released from compression stages can be stored in adiabatic
containers and used again during the expansion stages. The
basic working concept of AA-CAES is illustrated in Figure 7,
from which it is clearly shown that the thermal storage is in
use before the air enters the air reservoir.

Yang et al., reported that there is indirect relationship
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between the compression stage and the output power of the
system. The fewer the compression stages that are utilized
with the same expansion pressure, the greater the system
output power will be; and the more expansion stages that are
used with the same compression pressure, the more the
output power of the air unit mass will be [29, 30]. Zhao et al.,
designed a dynamic model of the hybrid energy storage with
wind and the simulation results showed that the power output
can satisfy the load demand [31]. Compared with the original
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CAES, there are additional heat exchanger units and storage
units, which are the crucial parts of AA-CAES. Luo et al.
built an AA-CAES model with a low-temperature thermal
storage system, and the parameters of the whole system were
adjusted by simulation study [32]. From the study of Liu et
al., it is reported that the exhaust temperature is too high
from the AA-CAES low pressure turbine, resulting in a lot of
waste, and an approach was recommended for improvement
of energy efficiency of AA-CEAS systems [33].
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Figure 7. Schematic diagram of AA-CAES system [10].

Barbour et al., suggested the use of packed bed (PCB) heat
exchangers as an alternative to indirect heat exchangers in the
AA-CAES system, and the whole cycle thermal efficiency was
claimed up to be 70% with the energy stored and utilized by
the cascades structure [34]. Sciacovelli et al., constructed a
dynamic model of the AA-CAES with PCB thermal energy
storage, and then addressed the transient characteristics of the
thermal energy storage stages, caves, compression and
expansion stages and integrated system. The results revealed
that the total system efficiency reached 70%, when reservoir
thermal efficiency reached 95% [35]. Tessier et al., designed a
new type AA-CAES with cascades of phase change materials
(PCMs) to improve system efficiency and 85% efficiency is
shown by the simulation results [36].

7. Applications of CAES Recently

The application prospects and the potential of CAES in
supporting power system operation have been widely
documented. It is expected to play more and more important
role in the energy management and development of the time
of separation between generation and the usage of power.
The potential applications of CAES are commonly
considered twofold: suppliers and consumers (behind the
meter). For the power supply side, the transmission and
distribution network operators can utilize CAES for bulk
energy rescheduling for maintaining the load balance. In
addition, the users can use CAES to control the electricity
usage obtained from the suppliers based on the energy price
to reduce their energy bill. The potential applications of
CAES are discussed below.

7.1. Peak Shaving and Demand Side Management

For electric power enterprises, peak shaving means the
process of storing energy during off-peak periods and

compensating electrical power generation shortfalls during
the periods of high demand. In the different price tariff
periods associated to the peak and off-peak durations, users
can use CAES to manage the demand side energy by storing
energy at the lower price and releasing the stored electrical
energy during the periods of higher electricity price. In this
way, the consumers can reduce their electricity costs.
Considering the durations of long and medium term storage,
Wang et al., established a demand response dynamic analysis
model, which can help the owners of CAES design a target
incentive mechanism that can attract the support at the
project development ecarly stage and also estimate the
potential operation revenue generation [38]. Li et al,
established an optimal time-of-use pricing response model,
which can improve the load curve and obtain better
resolution for load shifting effectively which is verified by
many tests [39].

7.2. Integration of More Renewable Power Generation
Plants

CAES can support the seamless integration of renewable
power generation plants into the existing power network to
realize the goal of stable power grids, which can help solve the
problems of the inherent intermittence and instability of
renewable power generation [40]. In the micro-grid concept,
CAES can rapidly suppress the micro-grid power fluctuations
and improve power supply quality, which is important for the
reliable operation of micro-grids [41, 42]. Tang et al., established
a simulation and experimental platform, including energy
storage, photovoltaic, asynchronous wind turbines and typical
load in micro-grids. The results from their study showed that
effective control of energy storage could help micro-grids
maintain good voltage and frequency stability during the
switching process patterns of off-grid/grid pattern [43].
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7.3. Applications to Smart-Grids and Wind Energy Network

Smart-grids, as the future direction and trend of the electric
power industry, aim to achieve energy management in both
directions, that is, from both supply and consumption with
the support of internet and big data technology [44, 45].
Traditionally, consumers have passively accepted the
electricity supplied to them so it is a direction of supply and
consumption relationship; however, smart-grids will
transform this structure by involving the active selection of
supply, integration of local generation and dispatching energy
storage sources. Rifkin, a famous American economist,
believed that energy internet would be the core in the third
industrial revolution, which will have a great influence on the
development of society [46]. The energy internet is called
smart-grid V2.0 by Li, et al., and energy storage is thought to
be as the main enabling technologies of energy conversions
and their integrated applications [2].

7.4. Applications to Compressed Air Engines

The compressed air energy can be converted into other
different forms of mechanical energy through compressed air
engines as in air-powered vehicles [47, 48]. Chen et al.,
performed a detailed a recent review on the advances in
research and development of air-powered vehicles and
revealed that the current work should be based on the
principle and the structure optimization of air-powered
automobile engines, the distribution forms and the reducing
pressure technology [49].

7.5. Applications in Other Fields

In the case of power supply system failure, CAES systems
can be used as a back-up power or uninterrupted power
supply (UPS), which can supply adequate power to important
users, such as banks, data processing centers, hospitals and
other important sectors [6, 19]. CAES systems could provide
the capacity of black-start in a power shutdown condition.
For example, the Huntorf plant offers black-start power to the
nuclear units located near the North Sea [49].

8. Conclusions

The paper explained the types of energy storage systems
with interest in mechanical energy storage. This review
focused on the operating principles and concepts of CAES
and presented a detailed comprehensive review on CAES
technology development. The paper discussed the basic and
vital information for CAES description, design, challenges
and developments. This paper covers the importance of
CAES, the recent advances in materials and information in
CAES development and efforts recently. The following
conclusions are made

1) The most basic Conventional CAES technologies are

suitable commercially for large-scale applications.
However, they face some challenges as they require
certain geological formations and fossil fuels.

2) The utilization of waste heat generated by air

compression process for air expansion is expected to
offer an emission-free storage solution, by reducing the
need for fossil fuels. This technology offers a much
better system efficiency therefore recommending
adiabatic-CAES for micro grids recently. However,
further research is required for their extensive
applications in the future. System efficiency of 70% is
being achieved by RWE Power for its AA-CAES plant.

3) Small-medium scale CAES is also a promising
development of CAES technology; it eliminates the
need for geological formations. This technology is
expected to thrive in the near future because of its tri-
generation capacity, which reduce carbon emissions and
energy costs, and improve distributed electricity
generation.

9. Recommendations for Future

From the previous review it is recommended;

1) To utilize Compresses air energy storage in large scale
systems as it provides reasonable efficiency however it
faces some challenges.

2) To use advanced CAES technologies to overcome the
common challenges as emissions that may harm the
environment and the consumption of fossil fuels.

3) Using advanced CAES technologies is recommended to
get better thermal process and better system efficiency.

4) Advanced CAES technologies can be integrated with
reasonable intermittent energy plants to give stable
grids and overcome the intermittent renewable sources.

5) CAES can be converted into other forms of mechanical
energy in addition to its use as backup power.

6) To utilize efficient and cost effective Adiabatic CAES in
micro grids as they provide an emission-free storage
appliance.

7) Use isothermal technology as they improve RTE of 70-
80% with low cost so they have economic advantage
over conventional CAES.

8) In absence of caverns it is better to use small-medium
CAES technology especially for a tri-generation
purpose due to its flexibility with no need for certain
geological configurations.

Nomenclature

IEA International Energy Agency

MTOE Million Tonnes of Oil Equivalent
CO, Carbon dioxide

CAES Compressed air energy storage
MESS Mechanical energy storage systems
MW Mega Watt

PHES Pump hydro energy storage

FES Flywheel energy storage

RES Renewable energy storage system
TES Thermal energy storage system
ACAES Adiabatic compressed air energy storage
AACAES Advanced adiabatic-CAES
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ICAES Isothermal CAES

OCAES Ocean compressed air energy storage
UW-CAES  Underwater-CAES

LAES Liquid Air Energy Storage

SC-CAES Supercritical Compressed Air Energy Storage
PCB Packed bed heat exchangers

PCMs Phase change materials

UPS Uninterrupted power supply

RTE Round trip efficiency
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