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Abstract
Energy storage is an important element of an energy system. In the power system, energy storage can be defined
as components that can be employed to generate a form of energy or utilize previously stored energy at different
locations or times when it is required. Energy storage can enhance the stability of the grid, increase the reliability and
efficiency of integrated systems that include renewable energy resources and can also reduce emissions. A diverse set
of storage technologies are currently utilized for the energy storage systems (ESSs) in a varied set of projects. This
chapter provides information about the current ESS projects around the world and emphasizes the leading countries
which are developing the applications of the ESSs. The main categories of ESSs are explained in this chapter as
follows: electrochemical, electromechanical, electromagnetic, and thermal storage. Moreover, the energy storage
technologies are utilized in power grids for various reasons such as electricity supply capacity, electric energy timeshifting, on-site power, electric supply reserve capacity, frequency regulation, voltage support, and electricity bill
management. Additionally, by integrating the various energy forms and developing the concept of multi-energy
systems, ESS become a fundamental component for the efficient operation of multi-energy systems. The main role of
ESSs in multi-energy systems is to compensate for the fluctuations in power output from renewable energy resources.
Moreover, the performance of the multi-energy system increases when it got integrated with an ESS. In this chapter,
the applied ESS technologies in the context of the multi-energy systems are presented and explained.

Keywords: Electrochemical, Electromechanical, Energy storage technologies, Multi-energy systems,
Power systems.

I. List of Abbreviations
ESS

Energy storage system

CAES

Compressed air energy storage

PHS

Pumped hydroelectric storage

SMES

Superconducting magnetic energy storage

BESS

Battery Energy Storage Systems

TES

Thermal energy storage

II. Introduction
Energy storage systems (ESSs) play an essential role in multi-energy systems. These storage systems
not only allow for the balancing between fluctuations in energy supply and demand but can also offer
important means to convert energy from one form to another. This ability of energy storage systems to
store energy across time, location and energy type greatly increases the flexibility of the integrated
energy systems [1]. This chapter provides a comprehensive overview of energy storage technologies
being applied to multi-energy system and show how these emerging technologies and systems play a
critical role in any future energy system. Expectations are that needs for energy storage systems will
triple by 2030 [1].
As the energy system evolves into one dominated by intermittent renewable energy sources, energy
storage systems have experienced a massive increase in research and development from both academic
and commercial developers [2]. This has led to immense reductions in cost and improvements in system
efficiency and this is expected to continue in the near-term future. Despite these improvements, there
still needs to be further development in this sector. This can be done through a combination of
deployment led innovation and active policies and regulation which shape research and development
[3].
The breadth of energy storage applications is rapidly accelerating and is shown in the emerging sector
of hybrid or multi-energy systems energy systems. These are systems that combine a various renewable
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energy, traditional energy sources and storage systems which complement each other to develop energy
systems that take advantages of each of the component systems [2].
Within multi-energy systems, energy storage technologies can be applied at nearly all scales and
timeframes [4]. Each of the different energy storage technologies have their own advantages and
disadvantages and the exact combination of technologies for a given application should be carefully
studied to ensure that the full potential of energy storage systems in multi-energy systems is harnessed
[5].
This chapter introduces the concept of energy storage and discusses the various types of energy
storage systems. Recent projects using energy storage systems are highlighted to show the diversity of
applications of energy storage systems. Then the concept of multi-energy systems is discussed briefly,
with a detailed focus on the application of energy storage technologies to multi-energy systems.
III. Energy storage
In the energy system, an important component is energy storage. Within the power system, the energy
storage can be defined as a component that can be employed to generate a form of energy or storing
energy for use at a different time or location.
A. The main concept of energy storage in the power system

Applications of renewable energy resources around the world have developed and increased
exponentially due to their advantages over traditional energy resources such as power plants that use
fossil fuels. Despite these advantages, the fast growth of renewable energy resources has bought some
challenges to the power system as well. One of the main issues of the renewable energy resources is the
intermittent generation which is dependent on many factors such as solar irradiation, wind speed and
direction among others [6], [7]. These factors lead to fluctuations in electricity generation from renewable
energy resources. Utilization of ESSs can address this issue and play a complementary role for renewable
energy resources in order to create a reliable and sustainable energy system.
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Fig. 2. The cumulative capacity of ESS of each continent [8]

The top countries in terms of installed ESS projects or those to be built, are shown in Fig. 1. The total
capacity of ESS that these 20 countries is approximately 175.45 GW [8]. According to this figure, the
US is the country with the highest capacity of ESS. The US has around 33.5 GW of ESS capacity [8],[9].
China and Japan are at the second and third places with 31.7 GW and 28.1 GW of capacity, respectively.
If we take a deeper look at Fig. 1, there is a major difference in capacities of these three countries relative
to the remaining 17 countries. For instance, Germany’s ESS capacity is 7.8 GW which is around four
times lower than the ESS capacity of the US. This can indicate that ESSs are considered as an important
component of the energy system in the US, China and Japan. Where the dimensions of Germany and
Japan are almost same, however, the ESS capacity of Japan is much greater than Germany. However, the
observed data shows that the dimensions of the country have a positive relation on the ESS capacity on
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most of the cases. Another important observation from Fig. 1 is related to the share of ESSs in each
continent. For instance, in Asia and Australia, considering China, Japan, India, South Korea, Taiwan and
Australia, the ESS share is equal to 79 GW. In European counties, this figure is 56 GW of ESS capacity
which includes Spain, Germany, Italy, Switzerland, France, Austria, United Kingdom, Portugal, Ukraine,
Russia, and Poland. North America has 38.3 GW of capacity that includes the US and Canada. Finally,
South Africa is the only country from Africa that is listed in the top 20 countries with an ESS capacity of
2 GW. Therefore, Asia and Australia are the leading followed by Europe and then North America. This
number of the ESS capacity for Europe indicates that if the energy network of European countries is
connected together, their real ESS capacity is higher than the three top countries in the list.
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Fig. 3. Type of the ESS ownership [8]

The ownership type of the current ESS projects is given in Fig. 3. As shown in this figure, there are
five main categories of ESS ownership. Most of the ESS projects are Investor-Owned projects which
means that they belong to the investment companies that are developing the project. There are 640
projects that are being implemented and managed by their investors. Public-Owned ESS projects are in
second place and then, Federally-Owned and State/Municipal-Owned are next. 188 projects are
considered to be Publicly-Owned projects and there are 53 projects which are owned by Cooperatives.
In Fig. 3, there are two projects fall outside of the above-mentioned categories. In other words, their
ownership is not belonged to the public, state, investor or other above-mentioned categories.
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B. Different types of energy storage systems
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Fig 4. The various ESS technologies [8]

Many different technologies are being utilized for current ESS projects. The classification of these
technologies is dependent on many factors such as the purpose of energy storage. For instance, they can
be classified according to their operation duration, or type of function [10], [11]. Electrical and thermal
are the main types of energy that are being stored. The different energy storage technologies are listed in
Fig. 4. In this list, the main storage systems are as follows: mechanical storage, pumped hydro storage,
lithium-ion battery, liquid air energy storage, lead-carbon, hydrogen storage, electromechanical,
electrochemical, and thermal storage systems [12]–[19]. According to the information provided in the
literature, electrochemical energy storage systems are the most popular and common storage technology
[10]. There are currently at least 998 project around the world that are categorized as electrochemical
energy storage systems [8]. Pumped hydro storage technology is another common type and there are
more than 350 projects which employ pumped hydro storage technology. There are 220 projects using
thermal storage technology according to the information shown in Fig. 4. However, there are some
technologies which are less common and popular for companies which are designing and implementing
energy storage technologies for the energy network. These less-common technologies are liquid air
energy storage and lead-carbon technologies [15], [16].

Table 1: The rated power of each ESS technology
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ESS Technology

Rated Power (GW)

Electrochemical storage

118.2

Compressed Air Energy Storage

1.6

Electromechanical

4.5

Hydrogen Storage

1.3

Lead-carbon

0.02

Liquid Air Energy Storage

0.33

Lithium-Ion Battery

1.7

Pumped Hydro Storage

51.8

Thermal Storage

12.5

Based on a report from the US Department of Energy, the global capacity of energy storage systems
is equal to 191.2 GW in 2020 and this is a 12% increase comparing to 2017 [20]. Table 1 shows the
cumulative capacity of energy storage systems for each type of energy storage technology. According to
this table, electrochemical systems have the greatest capacity of rated power among all currently available
storage technologies at 118.2 GW. Lithium-ion batteries are also becoming an important source of energy
storage due to their application in the electric vehicles section.
Then, the pumped hydro storage with 51.8 GW captures the second greatest cumulative rated power
capacity. The lithium-ion battery is also becoming an important source of energy storage due to its
application in the electric vehicles sector [21]. Next in terms of installed capacity, there is pumped hydro
storage with 51.8 GW of rated power capacity.
It should be noted that in this chapter, energy storage systems are classified into four main categories
which are electrochemical energy storage, electromechanical energy storage, electromagnetic energy
storage, and thermal energy storage as depicted in Fig. 5. Each category will be introduced and explained
in the next sections.
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Fig. 5. The main classification of energy storage systems [22]
1) Electromechanical energy storage systems

The most established ESS in high power application is Pumped hydroelectric storage (PHS) which
has been used since the 1890s. PHS is a sustainable energy source, with the flexibility and storage
capacity to improve grid stability [23]. PHS is operated in low demand periods, extra energy is used from
the grid to pump water from a lower to an upper reservoir. Low-cost surplus off-peak electric power is
normally used to run the pump. In high demand periods, the opposite occurs with water flowing from the
upper reservoir to the lower one and turning a turbine to generate electricity to export to the grid. The
gravitational potential energy of the stored water determines the energy storage potential [22]. PHS
allows energy from renewable sources like solar and wind, or excess electricity from sources like coal or
nuclear, to be saved for periods of higher demand. PHS is a suitable technology for small autonomous
island grids and large-scale energy storage. The energy efficiency of PHS is approximately 70 to 80%
[23].
Another type of mechanical energy storage is compressed air energy storage (CAES). It also has a
relatively simple operating principle. Air is compressed by an electrical compressor and this compressed
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air can be stored in suitable storage vessels. In fact, electrical energy is changed to potential energy of
compressed air. An air turbine expands the air and it releases back the energy to the grid [24]. In
comparison with other energy storage systems, CAES has a large storage capacity, low self-discharge
and a long lifetime [25]. These characteristics make CAES very suitable and cost-effective for bulk
energy storage systems. In advanced CAES projects, the efficiency has been improved (around 70%–
80% efficiency) [26]. A vast amount of compressed air can be stored underground so, CAES can provide
a large amount of the world's future energy storage demands [25].
Another common type of electro-mechanical storage technology are flywheels [27]. Flywheels consist
of a massive rotating cylinder, attached to a shaft, which is supported on a stator. The cylinder rotates
and stores kinetic energy. The flywheel is connected to a motor-generator that interacts with the grid
through advanced power electronics. When the system is utilized as a motor and a generator, it is being
charged and discharged, respectively. Nowadays, some magnetic bearings are used in order to decrease
friction and shear. To maintain efficiency, the flywheel system is operated in a vacuum to reduce drag.
Low maintenance, long lifetimes and low environmental impacts are some of the advantages of
flywheel energy storage systems. Flywheels are more applicable to short-term storage systems as the selfdischarge rate is nearly 20% of the hourly stored energy [22]. Flywheel energy storage systems are good
choices for various applications in power systems such as power quality improvements, power smoothing,
renewable energy integration support and stability improvements [28].
2) Electromagnetic energy storage systems

One of the systems used to store the energy electromagnetically is supercapacitor. It is made from
electrochemical cells containing two electrodes, an electrolyte and a membrane. The porous membrane
provides an area for the ions to transfer between the electrodes. No chemical reaction occurs in
supercapacitors in contrast to what happens in batteries. Supercapacitors store the energy in the cells
electrostatically. The anode contains negative charges, the cathode contains positive charges, and the
electrolyte contains both. By applying a voltage to the electrodes, an electrical double layer forms in the
vicinity of the anode and cathode. In fact, the electric field created by these double layers is where the
energy is stored [22].
Because of the fast charge/discharge and high-power density, supercapacitors are applicable as
supplementary energy sources in electric vehicles, consumer electronics and industrial fields. However,
due to their fast self-discharge and low energy densities, supercapacitors are not suitable as primary
power sources [29]. To overcome the issues, some improvements are needed in configuration, electrode
material and electrolyte.
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Another system for storing energy in a magnetic field is superconducting magnetic energy storage
(SMES). SMES system stores energy in a magnetic field. This magnetic field is generated by a DC current
traveling through a superconducting coil [30]. The wire is made of a superconducting material that is
cryogenically kept cold so the electric current passes through the coil with almost zero resistance. This
allows the energy to be stored in the system for a longer period. Normally the superconducting material
can be mercury, vanadium, and niobium-titanium. To discharge the stored energy in an SMES, the
conductive coil is connected to an AC power convertor. SMES systems are very efficient storage systems
(around 90 % efficiency), but they have very low energy densities and they are still far from being
economically lasting [30], [31].
3) Electrochemical energy storage systems

Hydrogen energy storage is a form of electrochemical energy storage in which electrical power is
converted into hydrogen by an electrolyzer [32]. Later, this stored energy can be released by using the
gas as fuel in a combustion engine or a fuel cell [33]. Electrolysis of water is a simple process to produce
hydrogen. The efficiency of water electrolysis depends on the technology, the hydrogen production rate
and the pressure level [22]. Most commonly, hydrogen is stored as a compressed gas in a container. Also,
it can be stored in very low temperature as a cryogenic liquid. Some other methods like metal hydride
materials or chemical hydrides can be used to store hydrogen. In this method, the hydrogen is bonded to
a material and it can be released as required. Hydrogen can be utilized as fuel in a gas turbine, piston
engines and hydrogen fuel cells. Hydrogen energy storage systems can provide much longer duration
storage compared to batteries [33].
Battery Energy Storage Systems (BESS) are a family of technologies developed for storing electric
charge by using batteries. In most of the energy storage systems with batteries, electrical energy is
converted into chemical energy and vice versa. Redox, reduction and oxidation reactions occur in the
battery cell. Each battery consists of two electrodes, electrolyte, a separator and a container. The
electrolyte is a material in which the ions can be transferred between anode and cathode, and the redox
reaction can take place. This electrolyte is an electronic insulation material. The separator prevents
internal short circuits of the battery from occurring and the container is needed to enclose and to protect
the battery cell [22].
Battery energy storage systems have the advantages of small footprint and no restrictions on
geographical locations where they could be located. Other storage technologies such as PHS and CAES
are only suitable for limited number of locations. For instance, topological conditions, long development
time and large land use are the main constraints in development of PHS projects [34]. Batteries are of
various types such as Lithium-ion, Lead-acid, Sodium Sulfur, Zinc bromine and Flow.
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4) Thermal energy storage systems

Another form of energy storage is thermal energy storage (TES). In thermal energy storage systems,
thermal energy is stored by heating or cooling a storage medium [35], [36]. The stored energy can be
released later for power generation and other demands where it can generate steam for electricity
production [3]. In this storage system, different materials with different thermal properties can be used
and various results can be achieved. TES systems are commonly used in buildings and in industrial
processes. Solar thermal systems are the most common application in TES systems. There should be a
heat sensitive material in a solar power plant like molten salt. The solar field gathers the energy from the
sun and heats up the molten salt. A heat transfer fluid is heated up by the hot salt through heat exchanger
and then a turbine (connected to a generator) is spun using this fluid. Even if there is no sun, the turbine
can be run with the heat stored in the molten salt [22].
C. Advantages of storage in the energy system

The energy storage technologies are employed in power grids for various reasons [37]–[39]. The most
common advantage of the application of energy storage systems are given in Table 2. In this table, the
various services that the storage technologies are being used for are listed in the first column. In the first
row, the different storage technologies are given. Different services for the storage are electric supply
capacity, electric energy time-shift, on-site power, electric supply reserve capacity, frequency regulation,
voltage support, and electricity bill management. According to this table, it is shown that electrochemical
energy storage is broadly employed for electric energy time shift, frequency regulation, and renewable
capacity firming. For example, there are 267 projects that are employed the electrochemical energy
storage system for electric energy time shift service. There are also 225 electrochemical energy storage
systems that are designed or operating for the purpose of frequency regulation.
Furthermore, through analysis of Table 2, it can be seen that electric energy time shift service is the
only service that uses all types of energy storage technologies. Besides that, electrochemical storage is
also being used for all of the power grid services. As there are no services that do not use the
electrochemical type of energy storage. The electrochemical energy storage with 998 projects worldwide
is the most popular storage technology that used to supply one of the services to power grids.

Table 2: The Energy Storage Systems Projects based on their storage type and services [8]
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Fig. 6. Number of the ESS projects in the top countries [8]
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According to data published by the US Department of Energy [8], there are 1698 projects that are
based on the development of the ESSs until 2020. Thus, the number of the ESS projects in the top
countries regarding implementation of this technology is depicted in Fig. 6. As illustrated in this figure,
US by working on more than 740 projects is the world’s lead country in this regard. China and Germany
are in the next places by running 101 and 97 ESS projects, respectively. However, all of the projects are
not in the operational phase. In order to present a better view regarding the applied ESS projects around
the world, Fig. 7. is representing the current situation of the total ESS applications around the world. This
figure indicates that there are 1363 projects out of 1698 which their design and construction is done and
they are in the operational mode. This number is equal to almost 80 percent of all of the currently
published ESS projects. 180 projects are also in the announcing phase and from this number there are 9
ESS which were announced but they were never built. More details about the current situations of the
ESS programs can be followed in Fig. 7.
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Fig. 7. The current situation of the total ESS applications around the world [8]

13

IV. Energy storage technologies application in the multi-energy systems
The significance of energy storage systems in the power grid has been explained and discussed in the
previous sections. ESS are expected to become more significant in future energy systems, especially in
multi-energy systems [40].
The different forms of energy storage such as electrical and thermal are being combined in in multienergy systems. These multi-energy systems include several energy resources, including diesel engines,
gas turbines, or renewable energy resource such as wind turbines, photovoltaics, etc. For optimal
operation of multi-energy systems in the presence of various energy resources, the utilization of the
energy storage system is one of the most important factors [41]. The energy storage can be installed in
the several points of the multi-energy system. It is common to install the storage in the output sector of
the energy hub. Energy hub is defined as a place that the integration and management of several energy
components such as production, conversion, storage, and consumption of different energy carriers in the
multi-energy systems occurs [42]. While installment of the storage in the input side of it is also proposed
in some cases. Thus, hydrogen and electrical storage can be installed in both sides of the hub, i.e., input
side or output side. However, the thermal storage is usually employed in the output side of the hub. The
usual structure of the multi-energy system in the presence of ESS is depicted in Fig. 8. In Fig. 8. (a)., a
simple energy-hub is drawn based on the definition which was provided in [43]. According to the concept
of energy hub in this study, any structure that correlates the generation and the consumption sides through
transmission, conversion and ESS can be defined as an energy hub. In Fig. 8. (b). more comprehensive
structure of the multi-energy system is presented where demand can be supplied through electrical,
cooling and heating forms of energy.
The impact of storage size and forecasting period in the optimal operation of the multi-energy systems
has been studied in [44]. This study proves that there is a reverse relation between the size of the energy
storage system and operational cost of the multi-energy system. In other words, larger energy storage
will lead to a lower cost in the multi-energy system. However, the impact of the size of the energy storage
is lower than the length of the forecasting horizon. Long forecasting horizon for the energy storage can
lead to a reduction in the costs of the energy hub. Moreover, Ivalin Petkov et al. proved that the
application of ESS has the capability to reduce emissions by 90% in multi-energy systems which include
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renewable energy resources [45]. To better highlight the advantages of ESS in multi-energy systems,
several applications of the energy storage systems are summarized in the following part of this section.
With the aim of optimization of the total operation cost of the energy hub and to consider the
uncertainty posed from the distribution system including electricity, heating and cooling loads, a power
to gas storage with tri-state compressed air energy storage system is proposed in [46]. Authors in [45]
implemented a conditional value-at-risk approach for managing the uncertainties originating from wind
power generation, electrical and thermal loads in a multi-energy system which utilizes a compressed air
energy storage system in order to decrease the fluctuations caused by the renewable energy resources as
well as increase the freedom of the multi-energy system’s operator. An underground hydrogen storage
system is proposed in [47] in order to minimize the CO2 emissions in the context of an integrated energy
system by developing a mixed-integer linear program optimization model which focuses on the dynamics
of the stored energy during the hydrogen injection and withdraw processes.
The ESS is also a complementary component in the multi-energy systems for the demand response
programs [48]. Since the goal of the operator from employment of the demand response programs is to
meet the amount of the generation with the required load especially during the peak period. The energy
storage technology can also support this goal by providing a percentage of the demand to the consumers
when there is a lack in the supplying side and it is not possible for the consumers to participate in the
demand response programs. Therefore, the storage can be charged in the multi-energy systems through
the acquired demand response during the off-peak period. This aggregated demand response can be
discharged in the multi-energy system during the peak period to meet the consumers’ demand and reduce
the pressure from the generation side. For instance, the authors in [49] presented an optimal model for
the operation of energy hub by utilization of renewable energy resources, demand response program and
energy storage system. In order to provide more flexibility for the operation of the energy-hub, several
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demand response programs for the residential sector of the consumers such as shifting program, curtailing
program are proposed as a complementary component of the energy storage system in [50].

Fig. 8. Multi-energy structure in presence of ESS [42]

V. Conclusion
Energy storage is a necessary component in the energy system in order to store the generated energy
to reuse whenever it is required. There are various regimes that could be defined for the status of the ESS
such as the charging regime, storing regime and discharging regime. The energy storage is considered to
be one of the most important components in the energy system that can be employed to generate a form
of energy or use the stored energy in the moment or place that is required. The application of ESSs can
lead to a grid with enhanced stability, increased reliability in the integrated systems that include
renewable energy resources and improve efficiency of the energy system and reduce the environmental
emissions.
Many storage technologies are being employed in current energy storage systems. The most recent
information of the current ESS projects around the world has been presented in this chapter by
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emphasizing the leading countries which are developing the ESS projects. The US, China and Germany
are the top three countries in the world with the highest number of ESS projects.
The classification of these technologies is dependent on many factors, including the purpose of storing
energy. Electrochemical, electromechanical, electromagnetic, and thermal storage are considered as the
main four categories for the ESSs technologies and they are presented and explained in detail. The
advantages of the energy storage technologies are presented as well. The implementation of ESS in the
power system is done to meet different services. The most common services for the application of energy
storage systems are discussed in detail in this chapter such as electric supply capacity, electric energy
time-shift, on-site power, electric supply reserve capacity, frequency regulation, voltage support, and
electricity bill management. Additionally, by integration of the various energy forms and developing the
concept of the multi-energy systems, one of the key components of multi-energy systems are ESSs. The
main role of the ESSs in multi-energy systems is to compensate for the fluctuations introduced by
renewable energy resources. In this chapter, ESS technologies in the context of the multi-energy systems
are presented and explained.
Furthermore, in the context of multi-energy system, the storage unit can be installed in both sides of
the input or output of the system as hydrogen and electrical storage can be installed in both sides, while,
the thermal storage usually is employed in the output side of the system. Moreover, it is shown that the
ESS can also be a complementary component for the demand response actions to provide more flexibility
for the operation of the energy hub especially during the high consumption periods.
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