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In the modern world, the consumption of oil, coal natural gas, and nuclear
energy has been causing by a serious environmental problem and an ongoing
energy crisis. The generation and consumption of renewable energy sources
(RESSs) such as solar and wind tidal, can resolve the problem but the nature
of the RESs is fluctuating and intermitted. This evolution brings a lot of
challenges in the management of electrical grids. The paper reviewed the
advancements in energy storage technologies for the development of a smart
grid (SG). More attention was paid to the classification of energy storage
technologies based on the form of energy storage and based on the form of
discharge duration. The evaluation criteria for the energy storage
technologies have been carried out based on technological dimensions such
as storage capacity, efficiency, response time, energy density, and power
density, the economic dimension such as input cost and economic benefit;
and the environmental dimension such as emission and stress on ecosystem,
social demission such as job creation and social acceptance were also

presented in this paper.

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Surender Reddy Salkuti

Department of Railroad and Electrical Engineering, Woosong University
17-2, Jayang-Dong, Dong-Gu, Daejeon-34606, Republic of Korea
Email: surender@wsu.ac.kr

1. INTRODUCTION

Day-by-day the share of energy storage technologies with renewable energy sources (RESS) is
gradually increasing. The economic growth of any developing and developed country depends upon electrical
energy generation and consumption. Electrical energy consumption and production is an important factor for
the growth of any nation. The future vision of the electrical energy system is the smart grid (SG). It is the
great ambition and endeavor of our time. The integration of the RESs with the grid is an important
component of the SG. Due to the increase in population and industrial area, the dependency on electrical
energy is increasing day by day. The major challenge facing the modern world is low energy efficiency,
environmental impact, low power quality, and varying load. The traditional grid contains centralized power
generation and unidirectional power flow at the distribution side and weak integration, but an SG consists of
centralized power generation and bi-directional flow of energy. The official definition of SG provided by the
energy independence and security act 2007, which was approved by US Congress states that “an array of new
functionalities and application is due to the implementation of two-way communication and bi-directional
flow of energy [1]-[3]. National smart grid mission (NSGM), Ministry of Power, Government of India
defines that the SG as an electrical grid with a combination of communication, IT system, and automation
that can monitor the flow from the generation side to the consumption side and controls the power flow

(4], [5].

Journal homepage: http://ijece.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

3422 O ISSN: 2088-8708

An SG can be achieved by integrating the hybrid RESs with the grid, a more efficient transmission
& distribution (T&D) system, and consumer integration. The main motivation is that the use of an SG
reduces the need for expensive investments in the physical integration of the power generation, transmission,
and distribution sides. The integrated renewable energy-based SG reduces the global climate change,
ecofriendly power with low carbon foot emission [6]. The SG has two main principal visions; one is to
enhance the integration of hybrid RESs with grid and end-user customers. The second one is by inserting the
energy storage technologies and providing control automation to the grid which can improve the system
reliability [7], [8].

The integration of RESs with energy storage is one of the important features of SG. Ma and Li [9]
proposes a hybrid intelligent home renewable energy management system, which reduces the energy
consumption by 48% and the RE consumption by 60% of the total energy generated. To control the consumer
electricity resources properly, demand management is a very effective way. The proposed approach not only
saves energy or reduces the electrical energy bills but also increases the efficiency of the power grid.
Integration of smart buildings with SG will decrease the consumption of fossil fuel and increases the
consumption of RES. Buildings are the biggest consumer of the electric grid and could be among the biggest
producer of RE. There will be no smarter building without a smart user [10]. Butt et al. [11] presents the
comparison between the SG and conventional grid. Various research activates associated with SGs are
energy management, the internet of things (loT), SG with electrical vehicles (EVs), microgrids, and
integration of RESs, big data, and energy storage. Ourahou et al. [12] presents that electrical energy
management is required to reduce CO; emission, pollution, and increase energy security. Maintaining the
continuous electrical supply, increase power quality, and reduce electrical energy costs are the main
challenge in the 21% century. The electrical network is more frangible. Due to the growth of the market, the
frangibility will be increased. Therefore, to reduce the risk of incident, preparation, and monitoring are
required. Zame et al. [13] proposes that SG provides various opportunities to improve the operations of the
grid by increasing the use of two-way communication and bi-directional flow of energy. Energy storage
technologies also enhance the efficiency of the operation of the grid. Two power plants working together
(wind and pumped hydropower plant) which reduces the operating cost of the energy system have been
presented in [14]. In the future, a significant saving can be done by using existing technology by integrating
the transport sector, heat, and electricity. Abdelshafy et al. [15] presents that a double storage system means
coupling of PHES and batteries storage systems which can reduce the cost of electricity by 22.2%. The main
objective of this work is to select the energy storage technologies for SG development. A comprehensive
review of the energy storage technologies, i.e., mechanical, thermal, chemical, electrical, and electrochemical
energy storage were also presented in this paper.

2. CLASSIFICATION OF ENERGY STORAGE TECHNOLOGIES

Nowadays the energy storage technologies play an important role in the future of power generation.
Storing the electricity directly is not cheaper, it can be simply stored in another form, and when we needed it
can be converted into electricity. When the power is surplus or off-load period, the electrical energy can be
stored in another form and the electricity cost is low at this time. During the peak demand time, the stored
energy is converted into electricity to meet the load demands [16]. Various technologies are used for storing
the energy and they are presented in this work. The future flow of the electrical system is shown in Figure 1.
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Figure 1. Future flow of the electrical system
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The energy storage techniques are classified based on discharge duration and the form of energy
stored [17]. Energy storage technologies are dependent upon the drain period or discharge period. Based on
the discharge duration, they are classified into 3 categories, i.e., short-term, medium-term, and long-term.
Long-term energy storage is classified as pumped hydro energy storage (PHES), hydrogen energy storage,
and compressed air energy storage (CAES). Molten-salt energy storage, lead-acid, lithium-ion, sodium
sulphur, redox flow energy storage falls under medium-term energy storage. Short-term energy storage is
classified as flywheel energy storage, supercapacitor energy storage, and superconducting magnetic energy
storage. Energy can first convert in a different form for storing and then converted back in a useful form.
Based on the form of energy stored, the energy storage is classified into five categories [18], i.e., electrical
energy storage, mechanical energy storage, thermal energy storage, electrochemical energy storage, and
chemical energy storage [19]. This classification has been depicted in Figure 2.
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Figure 2. Classification of energy storage techniques based on the form of the energy stored

3. ENERGY STORAGE BASED ON THE FORM OF ENERGY STORED
3.1. Mechanical energy storage
3.1.1. Pumped hydro energy storage

Pumped hydro energy storage (PHES) system stores the energy in the form of potential energy (PE)
by pumping the water from a lower to a higher reservoir. Whenever the energy is required, then the water is
released from the higher reservoir to the lower reservoir, and the stored potential energy is converted into
electrical energy by the water turbine during peak load time. While the off-load time, the potential energy is
stored in a higher reservoir by pumping water from a lower reservoir [20]. The efficiency of the PHES lies
between 75-85%. Some specific conditions are required for PHES such as availability of water, the
difference in water level or water elevation, and land. If the conditions are not met, then PHES is impossible
to install. Around the world, the size of the PHES is in the range of 100-5,000 MW. PHES system has a very
long lifetime around 40-60 years and 10%-6x10* cycles. The capital cost of the PHES system is around
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600-2,000 $/kW and the cost per unit of energy stored is around 5-100 $/kWh. Energy density of PHES
system is 0.2-2 W/L [21], 0.5-1.5 Wh/kg, 0.5-1.5 kW/km? and power density is 0.5-1.5 kW/m?. PHES system
is the best option for the renewable energy system as well as the power grid. Some of the main drawbacks of
the PHES system are high capital cost, the size of the unit is very large, and topographic limitation [22].

3.1.2. Compressed air energy storage

In the Compressed air energy storage (CAES) system, the air is compressed and stored. During the
energy demand or peak hours, the compressed air can be released to a turbine and generate electricity [23],
[24]. The efficiency of the CAES lies in the range of 70-89 % and it is a mature technology. The lifetime of
the CAES is 20-40 years and 10%-3x10* cycles. The capital cost of the CAES system is around 400-800 $/kW
and the cost per unit of energy stored is 2-50 $/kWh. The energy density 30-60 Whi/kg (mass), 2-6 kKW/m?
(volumetric), 2-6 W/I and power density is 0.2-0.6 kW/m?® (volumetric) [25]. It requires less maintenance and
operation costs. The main disadvantage of the CAES system is low volumetric energy storage capacity which
requires high storage volume [26].

3.1.3. Flywheel energy storage

It is a type of kinetic energy (KE) storage system. In a flywheel, the energy is stored in the form of
mechanical energy. During the charging time, the KE can be absorbed with the electric machine acting as the
motor. While discharging time, the KE can be released with the electrical machine acting as a generator.
While selecting a flywheel energy storage for an application some of the important points that should be
considered are bearing, rotor material, container, generators characteristics, connection with the load, and
cooling system. A flywheel is considered a short-term energy storage system as the flywheel can release a
huge amount of energy within a second or less than a second [27]. The cycle efficiency of the flywheel lies in
the range of 93-95% [28]. The lifetime of the flywheel energy storage system is 20-30 years and
10%-10° cycles. Energy density is 20-80 WH/I, 10-30 Wh/kg, 20-80 Wh/m3, and the power density is
1,000-2,000 kW/md. The capital cost of the CAES system is around 250-350 $/kW and the cost per unit of
energy stored is 1,000-5,000 $/kwWh. The applications of flywheel energy storage are grid storage with
stabilization and vehicle propulsion. Advantages of a flywheel energy storage system are no pollution; high
energy storage capacity and it requires small area. The main drawback of flywheel energy storage is that
flywheel cannot store energy for the long term [29].

3.2. Electrical energy storage
3.2.1. Supercapacitor energy storage

A supercapacitor is also known as an ultracapacitor. It is a high-power electrical energy storage
technology. It consists of two electrochemical layers of charge to store energy. When the voltage is applied,
ions are attached to the electrode while charging time, and ions are returned to the solution while discharging
time. Supercapacitors are highly efficient in the range of 80-90% and the lifetime is more than 20 years and
100,000 cycles. The supercapacitor is considered a short-term energy storage technology with an energy
density of 0.5-5 Wh/kg, 2-10 kW/m?® and power density is more than 10°. The capital cost of the CAES
system is around 100-300 $/kW and the cost per unit of energy stored is 300-2,000 $/kWh [30]. The
supercapacitor can operate at a temperature range from -40 to 70 °C. Various applications of supercapacitors
are personal electronics, power buffer, and vehicle application. Some of the main advantages of
supercapacitor energy storage are high response time, long life, high efficiency, and multisector integration.
However, the main drawbacks are low energy storage capacity, low power output, and cannot be used in long
term [31].

3.2.2. Superconducting magnetic energy storage

In superconducting magnetic energy storage (SMES) system, the energy is stored in the form of a
magnetic field. It consists of a superconducting material that has no resistance. While the direct current (DC)
flowing in a superconducting coil creates a magnetic field in which the energy is stored. To maintain the
superconducting properties, a cooling system (liquid nitrogen) is required. SMES system is a short-term
energy storage technology [32]. It requires less maintenance and achieves high efficiency, only 2-3% losses
occur due to the conversion of alternating current to direct current. The cycle efficiency of the SMES system
is 85-95%. The lifetime is more than 20 years and 10%-10° cycles. Energy density is 0.2-14 kW/m? and the
power density is 300-4,000 kW/m?. The capital cost of the SMES system is around 200-300 $/kW and the
cost per unit of energy stored is 1,000-10,000 $/kWh. Various applications of SMES are grid backup, pulsed
power, and grid stabilization. Some of the main advantages are high efficiency, quick response, high power
density, less charging time, and requires less maintenance. Some drawbacks of this technology are the high
cost of energy, system complexity, and short-term energy-storing technology [33].
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3.3. Electro-chemical energy storage
3.3.1. Lithium-ion batteries

The operation of lithium-ion batteries is different from normal batteries. In 1991, sonny has
commercialized lithium-ion batteries. The electrolyte used in lithium-ion batteries consists of lithium salts
i.e., LiPFs. During the charging time, lithium-ion in the cathode becomes ions, which are moved from
cathode to anode through an electrolyte. This process is vice versa while lithium-ion batteries start
discharging [34]. The efficiency of lithium-ions lies between 90-97%. The lifetime is 5-15 years and
103%-10* cycles. Energy density is 200-500 kW/m3, 75-200 Wh/kg and power density is 1,500-10,000 kW/m?
[35]. The capital cost of the lithium-ion energy storage system is around 1,200-4,000 $/kW and the cost per
unit of energy stored is 100-2,500 $/kWh [36]. The main application of these batteries is in electric vehicles
(EVs) [32]. The usage of lithium-ion batteries has been increased due to their advantages over the other
technologies such as long-life span, high efficiency, energy density, power density, and low self-discharge
performance. Some of the drawbacks of these technologies are highly reactive, flammable, and natural
degradation [37].

3.3.2. Sodium sulphur (Na-S) batteries

Na-S batteries are also named as molten-salt batteries. In Na-S batteries electrodes consist of liquid
sulphur and liquid sodium. Liquid sodium acts as an anode and liquid sulphur acts as a cathode. The anode
and cathode are separated by a solid ceramic, sodium beta alumina which acts as an electrolyte. Na-S
batteries are based on the electrochemical charge-discharge reaction [38]. Na-S required a temperature range
of 300-360 °C to keep the sulphur and sodium in a molten state. The efficiency of Na-S is around 85% and
the response time is in milliseconds. Energy density is 150-250 kWh/m?, 10-250 Wh/kg, and power density is
140-180 kW/m?3, 150-240 W/kg. The life span of Na-S is 15 years and 4,500 cycles [39]. The discharge time
of Na-S is about 6.0-7.2 hours [28]. The capital cost of a Na-S energy storage system is around
1,000-3,000 $/kW and the cost per unit of energy stored is 300-500 $/kWh. The main application of Na-S
batteries is renewable energy stabilization and peak shaving [40]. The advantages of Na-S are high energy
density and long cycle life. Major drawbacks of Ns-S are the need for thermal management and safety
concerns due to the reaction of sodium with sulphur.

3.3.3. Lead acid batteries

These batteries consist of two electrodes, i.e., cathode (positive) and anode (negative). The cathode
consists of lead dioxide (PbO,) and the anode consists of lead. During the discharging, the anode and cathode
electrode uses sulfuric acid (H2SO4) is converted it into lead sulfate (PbSQ,). During charging the lead sulfate
(PbSQy) is converted back into sulfuric acid [41]. The efficiency of these batteries is around 75-90%, energy
density is 50-80 kW/m?3, 30-50 Wh/kg, and power density is 10-400 W/m?, 75-300 W/kg. Due to the short
life cycle of the 100-2,000 cycle, lifetime is 5-15 years and low energy density. These batteries are not used
for grid storage applications. The capital cost of lead-acid batteries is around 300-600 $/kW and the cost per
unit of energy stored is 200-400 $/kWh [42]. Lead-acid batteries were commonly used for EVs, but
nowadays, they are replaced by lithium-ion batteries.

3.3.4. Redox flow batteries

In these batteries, electrolyte contains ions that move from the negative electrode to a positive
electrode while charging and discharging through a membrane. A cooling system is required because while
charging and discharging a huge amount of heat is produced. The chemical composition of electrolytes is
vanadium and zinc-bromine. The operating temperature of redox flow batteries is usually 20-40 °C [43]. The
efficiency range lies between 65-80%. The lifetime is 15 years and 10,000-20,000 cycles. Energy density is
16-33 kW/m?3, 15-50 Wh/kg, and power density is 0.5-2 kW/m?, The capital cost of the redox flow batteries
energy storage system is around 600-1,500 $/kW and the cost per unit of energy stored is 150-1000 $/kWh
[44]. Various applications of redox flow batteries are the vehicle, off-grid, emerging power systems, grid
energy storage. Some of the drawbacks are high cost, more complex than other batteries, and early stage of
development. VVarious characteristics of electrochemical batteries have been presented in Table 1.

Table 1. Various characteristics of electrochemical batteries

Battery Type Cycle at 80% Operating Electrolyte Life Life
DOD Temperature (°C) (years) (cycles)
Lead-acid 600-1,250 -510 40 Sulfuric acid (H2SO4) 5-15 500-1,000
Lithium lon 4,000 -30to 60 lithium salts (LiPF6) 5-15 103-104
Sodium sulphur 4,000 300-360 Ceramic (sodium beta alumina Al203) 15 4,500
Redox flow 10,000 20-40 VIV, FelCr, Zn/Br2, SIBr2, VIBr2, 15 104-2x104

Ce/Zn, and Pb/Pb

Advancements in energy storage technologies for smart grid development (Pankaj Sharma)
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3.4. Molten salt energy storage

Thermal energy storage means the storage of energy by heating or cooling a medium like phase
change materials (PCMs), molten salts, and water. Molten salt is a mixture of 60% sodium and 40%
potassium nitrate which is nontoxic and nonflammable. The molten salt is stored in liquid form in the cold
storage tank. Molten salt is pumped to a receiver tower, where it gets heated by a concentrated solar power
plant (CSP) through sunlight. The hot molten salt is then stored in an insulated hot storage tank. The hot
molten salt is pumped to the superheater then goes to the steam generator which generates the steam and runs
the mechanical steam turbine coupled with generators, and it generates the electricity. The cold molten salt
again is stored in an insulated cold molten salt storage tank. Storing of energy is up to 20 hours. Molten salt
can be used at a higher temperature range of 550-570 °C [45]. Molten salt is a mixture of KNO3z and NaNOs.
Efficiency is in the range of 80-90%. Energy density is 80-500 kW/m?3, 80-250 Wh/kg. The capital cost of the
molten salt energy storage system is around 400-700 $/kW and the cost per unit of energy stored is
3,500-7.000 $/kWh. The application of a molten salt energy storage system is hot water production, space
heating, and electricity generation [46]. Some of the major drawbacks are molten salt is corrosive and limited
to CSP technology.

3.5. Hydrogen energy storage

This storage system can convert the electricity into hydrogen by chemical conversion. The
electrolyte can split water into oxygen and hydrogen. The process can be reversed, and hydrogen and oxygen
generate electricity, which feeds to the grid. Hydrogen can be stored in different forms such as liquified gas,
metal hydrides, and compressed gas. Efficiency is in the range of 35-55%, the lifetime is 5-15 years, and life
cycles 1000+[46]. Energy density is 500-3,000 Wh/m?, 500+ W/kg and power density is 500+ W/m?. The
capital cost of the molten salt energy storage system is around 500-10,000 $/kW and the cost per unit of
energy stored is 6,000-20,000 $/kWh. This technology has low environmental impacts. Some of the major
drawbacks of this technology are low round trip efficiency, the low energy density at ambient temperature,
high capital cost, and safety concerns.

4. COMPARATIVE ANALYSIS OF ENERGY STORAGE TECHNOLOGIES

Various technical characteristics of energy storage technologies such as efficiency, lifetime,
maximum cycle charging time, discharging time, self-discharge, energy density, power density, and capital
cost, are presented in Tables 2 and 3. Technically PHES is matured, Hydrogen energy storage is under the
developing stage, whereas all other storage systems are developed. Flywheel, supercapacitor, and SMES are
the short-term energy storage technologies, sodium sulphur, lithium-ion redox flow, lead-acid batteries are
the medium-term energy storage technologies, whereas PHES, CAES, and hydrogen energy storage are long
term energy storage technologies.

Table 2. Various technical characteristics of energy storage technologies

Storage Type Power Cycle Response Maximum Life Time Charge Discharge Self-
Rating Efficiency Time Cycle Time Time Discharge
PHES (100-5000) (75-85)% sec-min 10000- 40-60 years hour- 1-24 hour +  very small
MW 6x100000 month
CAES (5-300) (70-89)% min 10000- 20-40 years hour- 1-24 hour + small
MW 3%10000 month
Flywheels (0-250) kW (93-95)% ms-sec 10000- 15 years+ sec-min ms - 15min 100%
100000
Super (0-300) kW (90-95)% ms 100000+ 20 years+ sec-hour ms - 60min (20-40)%
capacitor
SMES 100 KW- (95-98)% <100 ms 100000+ 20 years+ min-hour ms - 8 sec (10-15)%
10 MW
Sodium 50 kW- 85% ms 4500 15 years sec-hour sec - hour 20%
Sulphur 8 MW
Lithium-lon (0-100) kW (85-95)% ms 1000-10000  5-15 years min-day min - hour  (0.1-0.3)%
Redox Flow 30 kW- (65-85)% sec 10000- 15 years hour- (1-24) small
3 MW 20000 month hour+
Lead Acid (0.05-40) (75-90)% sec 500-1000 5-15 years hour- (1-24) small
MW month hour+
Molten salt (0-60) MW (80-90)% min - 30 years+ hour- (1-24) 1%
month hour+
Hydrogen (0-50) MW (35-55)% sec 1000+ 5-15 years hour- (1-24) almost
month hour+ zero
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Table 3. Technical characteristics of various energy storage technologies such as power density,
energy density, environmental impact, and capital cost

Storage  Power Density Power Energy Energy Energy  Friction Capital Cost Capital Cost Environmental
Type (KW/m3) Density  Density Density Density  Losses ($/kw) ($/kWh) Impact
(W/kg) (Wh/L) (Wh/Kg) (KW/m3)

PHES 0.5-1.5 0 0.2-2 0.5-1.5 0.5-1.5 Yes 600-2,000 5-100 Negative
CAES 0.5-2 0 2-6 30-60 3-6 Yes 400-800 2-50 Negative
Flywheels 1,000-2,000 400-1,500  20-80 10-30 20-80 Yes 250-300 500-1,000  Almost Zero
Super 100,000+  500-5,000 2-10 0.05-5 2-10 No 100-300 300-2,000 Small

capacitor
SMES 100,000+ 500-2,000 0.2-2.5 2.5-15 10-20 No 200-300 1000-10,000 Negative
Sodium 140-180 150-230  200-400 100-250 150-250 No 1,000-3,000 300-500 Negative
Sulphur
Lithium-lon 1,500-1,000 150-315 20-70 75-200 200-500 No 1,200-4,000 100-2,500 Negative
Redox Flow 0.5-2 0 16-33 15-50 16-33 No 600-1,500 150-1,000 Negative
Lead Acid 10-400 75-300 50-80 30-50 50-80 No 300-600 200-400 Negative
Molten salt - 0 435 80-250 80-500 No 400-700 3,500-7,000 Small
Hydrogen 500+ 500+ 600 800-10,000  500-3000 No 500-10,000  3,500-7,000 Small Positive
(at 200 bar)

The charging time and discharging time are less. The only main drawback of these technologies
cannot be used for long-term energy storage technologies. The response time of the flywheel, supercapacitor,
SMES, sodium sulphur batteries, lithium-ion batteries are approximately or about in milliseconds. PHES,
CAES, and flywheels energy storage technologies have friction losses while other technologies do not have
any type of friction losses. The self-discharging of hydrogen energy storage technologies is almost zero. The
environmental impact of flywheel energy storage technologies is almost zero, whereas all other energy
storage technologies have a little environmental impact. PHES technologies are the largest grid-connected
energy storage technologies in the world.

5. CONCLUSION

A comparative overview of available energy storage technologies such as electrical, mechanical,
electrochemical, thermal, and hydrogen energy storage has been presented in this work. These technologies
include PHES, CAES, flywheel, hydrogen, molten salt, supercapacitor, SMES, lead-acid batteries, Na-S
Batteries, Li-ion batteries, and redox flow batteries. Various evaluation criteria such as the economic
dimension, technological dimension, environmental dimension, and social dimension are discussed in this
paper. To enhance the efficiency and operation of the grid, energy storage technologies provide a significant
role. After doing a comparative analysis among various types of energy storage technologies, the best way to
use these energy storage technologies are integration. Among the various storage technologies hydrogen have
low cyclic efficiency but the self-discharging time is almost equal to zero. Flywheel, SMES, and
supercapacitor energy storage technologies are short-term energy storage technologies, but the response time
of these technologies is very low. The environmental impact of the flywheel is almost equal to zero.
Flywheel, CAES, and PHES have friction losses whereas all other technologies do not have any friction
losses.

ACKNOWLEDGEMENTS
This research work was funded by “Woosong University’s Academic Research Funding-2022”.

REFERENCES
[1]  Office of Electricity “Grid modernization and the smart grid,” Office of Electricity, Projects, Technology Development. pp. 1-6,
2017.

[2]  United States Congress, “Energy information and security act of 2007,” United States Congress. 2007.

[3] 1 Alotaibi, M. A. Abido, M. Khalid, and A. V Savkin, “A comprehensive review of recent advances in smart grids: a sustainable
future with renewable energy resources,” Energies, vol. 13, no. 23, Nov. 2020, doi: 10.3390/en13236269.

[4] National Smart Grid Mission Ministry of Power, “National smart grid mission (NSGM),” National Smart Grid Mission Ministry
of Power, Government of India. 2021.

[5] A. Kumar, “Beyond technical smartness: rethinking the development and implementation of sociotechnical smart grids in India,”
Energy Research and Social Science, vol. 49, pp. 158-168, Mar. 2019, doi: 10.1016/j.erss.2018.10.026.

[6] M. Hasanuzzaman, U. S. Zubir, N. I. [lham, and H. Seng Che, “Global electricity demand, generation, grid system, and renewable
energy polices: a review,” WIREs Energy and Environment, vol. 6, no. 3, May 2017, doi: 10.1002/wene.222.

[71  N. Gupta, N. Kaur, S. K. Jain, and K. S. Joshal, “Smart grid power system,” in Advances in Smart Grid Power System, A. Tomar
and R. Kandari, Eds. Elsevier, 2021, pp. 47-71.

[8] M. Q. Taha, “Advantages and recent advances of smart energy grid,” Bulletin of Electrical Engineering and Informatics (BEEI),

Advancements in energy storage technologies for smart grid development (Pankaj Sharma)



3428 O ISSN: 2088-8708

vol. 9, no. 5, pp. 1739-1746, Oct. 2020, doi: 10.11591/eei.v9i5.2358.

[91 Y. Ma and B. Li, “Hybridized intelligent home renewable energy management system for smart grids,” Sustainability, vol. 12,
no. 5, Mar. 2020, doi: 10.3390/su12052117.

[10] F. Wurtz and B. Delinchant, “‘Smart buildings’ integrated in ‘smart grids’: a key challenge for the energy transition by using
physical models and optimization with a ‘human-in-the-loop’ approach,” Comptes Rendus Physique, vol. 18, no. 7-8,
pp. 428-444, Sep. 2017, doi: 10.1016/j.crhy.2017.09.007.

[11] O. Majeed Butt, M. Zulqarnain, and T. Majeed Butt, “Recent advancement in smart grid technology: future prospects in the
electrical power network,” Ain Shams Engineering Journal, vol. 12, no. 1, pp. 687-695 Mar. 2021, doi:
10.1016/j.asej.2020.05.004.

[12] M. Ourahou, W. Ayrir, B. EL Hassouni, and A. Haddi, “Review on smart grid control and reliability in presence of renewable
energies: challenges and prospects,” Mathematics and Computers in Simulation, vol. 167, pp. 19-31, Jan. 2020, doi:
10.1016/j.matcom.2018.11.009.

[13] K. K. Zame, C. A. Brehm, A. T. Nitica, C. L. Richard, and G. D. Schweitzer III, “Smart grid and energy storage: policy
recommendations,” Renewable and Sustainable Energy Reviews, vol. 82, pp. 1646-1654, Feb. 2018, doi:
10.1016/j.rser.2017.07.011.

[14] D. Connolly, H. Lund, B. V Mathiesen, E. Pican, and M. Leahy, “The technical and economic implications of integrating
fluctuating renewable energy using energy storage,” Renewable Energy, vol. 43, pp. 47-60, Jul. 2012, doi:
10.1016/j.renene.2011.11.003.

[15] A. M. Abdelshafy, J. Jurasz, H. Hassan, and A. M. Mohamed, “Optimized energy management strategy for grid connected double
storage (pumped storage-battery) system powered by renewable energy resources,” Energy, vol. 192, Feb. 2020, doi:
10.1016/j.energy.2019.116615.

[16] A. K. Rohit, K. P. Devi, and S. Rangnekar, “An overview of energy storage and its importance in Indian renewable energy
sector,” Journal of Energy Storage, vol. 13, pp. 10-23, Oct. 2017, doi: 10.1016/j.est.2017.06.005.

[17] M. Simeon, A. U. Adoghe, S. T. Wara, and J. O. Oloweni, “Renewable energy integration enhancement using energy storage
technologies,” in 2018 IEEE PES/IAS PowerAfrica, Jun. 2018, pp. 864-868, doi: 10.1109/PowerAfrica.2018.8521075.

[18] X. Zhou, Z. Fan, Y. Ma, and Z. Gao, “Research review on electrical energy storage technology,” in 2017 36th Chinese Control
Conference (CCC), Jul. 2017, pp. 10674-10678, doi: 10.23919/ChiCC.2017.8029057.

[19] P. Kumar and V. Kumar, “Energy storage options for enhancing the reliability of power system in the presence of renewable
energy sources,” in 2020 Second International Conference on Inventive Research in Computing Applications (ICIRCA), Jul. 2020,
pp. 1071-1076, doi: 10.1109/ICIRCA48905.2020.9183349.

[20] R. A. Dunlap, “Renewable energy: volume 2: mechanical and thermal energy storage methods,” Synthesis Lectures on Energy
and the Environment: Technology, Science, and Society, vol. 3, no. 1, pp. 1-85 Feb. 2020, doi:
10.2200/S00930ED1V02Y202002EGY006.

[21] S. R. Salkuti, “Energy storage technologies for smart grid: a comprehensive review,” Majlesi Journal of Electrical Engineering,
vol. 14, no. 1, pp. 39-48, 2020.

[22] Y. Balali and S. Stegen, “Review of energy storage systems for vehicles based on technology, environmental impacts, and costs,”
Renewable and Sustainable Energy Reviews, vol. 135, Jan. 2021, doi: 10.1016/j.rser.2020.110185.

[23] H. Lund and G. Salgi, “The role of compressed air energy storage (CAES) in future sustainable energy systems,” Energy
Conversion and Management, vol. 50, no. 5, pp. 1172-1179, May 2009, doi: 10.1016/j.enconman.2009.01.032.

[24] M. Aneke and M. Wang, “Energy storage technologies and real life applications — a state of the art review,” Applied Energy,
vol. 179, pp. 350-377, Oct. 2016, doi: 10.1016/j.apenergy.2016.06.097.

[25] A. H. Alami, Mechanical energy storage for renewable and sustainable energy resources. Cham: Springer International
Publishing, 2020.

[26] M. Lehner, R. Tichler, H. Steinmiller, and M. Koppe, Power-to-gas: technology and business models. Cham: Springer
International Publishing, 2014.

[27] R. A. Dunlap, “Renewable energy: volume 3: electrical, magnetic, and chemical energy storage methods,” Synthesis Lectures on
Energy and the Environment: Technology, Science, and Society, vol. 3, no. 1, pp. 1-99, Feb. 2020, doi:
10.2200/S00931ED1V03Y202002EGY007.

[28] 1. Purohit, S. Sundaray, and S. Motiwala, “Familiarization with energy storage technologies and their relevance for renewable
energy (RE) based power generation,” in Green Energy and Technology, 2018, pp. 273-326.

[29] T. Chen et al., “Applications of lithium-ion batteries in grid-scale energy storage systems,” Transactions of Tianjin University,
vol. 26, no. 3, pp. 208-217, Jun. 2020, doi: 10.1007/s12209-020-00236-w.

[30] M. K. Tran and M. Fowler, “A review of lithium-ion battery fault diagnostic algorithms: Current progress and future challenges,”
Algorithms, vol. 13, no. 3. Mar. 2020, doi: 10.3390/a13030062.

[31] S. Koohi-Fayegh and M. A. Rosen, “A review of energy storage types, applications and recent developments,” Journal of Energy
Storage, vol. 27, Feb. 2020, doi: 10.1016/j.est.2019.101047.

[32] R. Bisschop, O. Willstrand, and M. Rosengren, “Handling lithium-ion batteries in electric vehicles: preventing and recovering
from hazardous events,” Fire Technology, vol. 56, no. 6, pp. 2671-2694, Nov. 2020, doi: 10.1007/s10694-020-01038-1.

[33] N.-K. C. Nair and N. Garimella, “Battery energy storage systems: assessment for small-scale renewable energy integration,”
Energy and Buildings, vol. 42, no. 11, pp. 2124-2130, Nov. 2010, doi: 10.1016/j.enbuild.2010.07.002.

[34] X. Fan et al., “Battery technologies for grid-level large-scale electrical energy storage,” Transactions of Tianjin University, vol.
26, no. 2, pp. 92-103, Apr. 2020, doi: 10.1007/s12209-019-00231-w.

[35] S. R. Salkuti, “Comparative analysis of electrochemical energy storage technologies for smart grid,” TELKOMNIKA
(Telecommunication Computing Electronics and Control), vol. 18, no. 4, pp. 2118-2124, Aug. 2020, doi:
10.12928/telkomnika.v18i4.14039.

[36] A. Zablocki, “Energy storage: fact sheet (2019),” Enviromental and Energy Study Institute. pp. 1-8, 2019.

[37] F. Hussain, M. Z. Rahman, A. N. Sivasengaran, and M. Hasanuzzaman, “Energy storage technologies,” in Energy for Sustainable
Development, M. D. Hasanuzzaman and N. A. Rahim, Eds. Elsevier, 2020, pp. 125-165.

[38] V. A. Boicea, “Energy storage technologies: the past and the present,” in Proceedings of the IEEE, Nov. 2014, vol. 102, no. 11,
pp. 1777-1794, doi: 10.1109/JPROC.2014.2359545.

[39] World Energy Council, “Innovation insights brief - five steps to energy storage,” World Energy Council. 2020.

[40] J. Whang, W. Hwang, Y. Yoo, and G. Jang, “Introduction of smart grid station configuration and application in Guri Branch
Office of KEPCO,” Sustainability, vol. 10, no. 10, Sep. 2018, doi: 10.3390/su10103512.

[41] G. Zhao, L. Shi, B. Feng, Y. Sun, and Y. Su, “Development status and comprehensive evaluation method of battery energy

Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3421-3429



Int J Elec & Comp Eng ISSN: 2088-8708 O 3429

[42]

[43]

[44]
[45]

[46]

storage technology in power system,” in 2019 IEEE 3rd Information Technology, Networking, Electronic and Automation Control
Conference (ITNEC), Mar. 2019, pp. 2080-2083, doi: 10.1109/ITNEC.2019.8729448.

Z.Yan, Y. Zhang, R. Liang, and W. Jin, “An allocative method of hybrid electrical and thermal energy storage capacity for load
shifting based on seasonal difference in district energy planning,” Energy, vol. 207, Sep. 2020, doi:
10.1016/j.energy.2020.118139.

M. Y. Suberu, M. W. Mustafa, and N. Bashir, “Energy storage systems for renewable energy power sector integration and
mitigation of intermittency,” Renewable and Sustainable Energy Reviews, vol. 35, pp. 499-514, Jul. 2014, doi:
10.1016/j.rser.2014.04.009.

A. Castillo and D. F. Gayme, “Grid-scale energy storage applications in renewable energy integration: a survey,” Energy
Conversion and Management, vol. 87, pp. 885-894, Nov. 2014, doi: 10.1016/j.enconman.2014.07.063.

Y. Cho and H. A. Gabbar, “Review of energy storage technologies in harsh environment,” Safety in Extreme Environments, vol.
1, no. 1-3, pp. 11-25, Dec. 2019, doi: 10.1007/s42797-019-00002-9.

L. Meng et al., “Fast frequency response from energy storage systems-a review of grid standards, projects and technical issues,”
IEEE Transactions on Smart Grid, vol. 11, no. 2, pp. 1566-1581, Mar. 2020, doi: 10.1109/TSG.2019.2940173.

BIOGRAPHIES OF AUTHORS

o

Pankaj Sharma B P received the B.Tech. degree in electrical engineering from
Himachal Pradesh Technical University, India, in 2015 and the M.Tech. degrees in Renewable
Energy from Shri Mata Vaishno Devi University, Katra, India, in 2018. He is an online
research intern at the Department of Railroad and Electrical Engineering, Woosong University,
Daejeon, South Korea. His research interests include renewable energy, power generation,
power grids, power supply quality, power system stability, battery chargers, hydroelectric
power stations, load flow control, particle swarm optimization, and artificial intelligence
applied power system. He can be contacted at email: pankajsharma_@hotmail.com.

Surender Reddy Salkuti ) E:{ B4 ® received the Ph.D. degree in electrical engineering from
the Indian Institute of Technology, New Delhi, India, in 2013. He was a Postdoctoral
Researcher with Howard University, Washington, DC, USA, from 2013 to 2014. He is
currently an Assistant Professor with the Department of Railroad and Electrical Engineering,
Woosong University, Daejeon, South Korea. His current research interests include power
system restructuring issues, ancillary service pricing, real and reactive power pricing,
congestion management, and market clearing, including renewable energy sources, demand
b response, smart grid development with integration of wind and solar photovoltaic energy

. . sources, artificial intelligence applications in power systems, and power system analysis and
optimization. He can be contacted at email: surender@wsu.ac.kr.

Meldllh

Seong-Cheol Kim B P received B.S., M.S., and Ph.D. degrees, in Electronic

Engineering from Korea University in 1987, 1989, and 1997, respectively. He is currently

serving as Head of Railroad and Electrical Engineering Department, Woosong University,
- Korea. His research interests are mobile communication system and pulsed power system. He
o~ ¥ can be contacted at email: kmin@wsu.ac.kr.

Advancements in energy storage technologies for smart grid development (Pankaj Sharma)


https://orcid.org/0000-0003-0068-5591
https://www.scopus.com/authid/detail.uri?authorId=57222551276
https://publons.com/researcher/4874055/pankaj-sharma/
https://orcid.org/0000-0002-3849-6051
https://scholar.google.co.in/citations?user=yZze_g4AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=54419090000
https://publons.com/researcher/1577714/surender-reddy-salkuti/
https://orcid.org/0000-0002-1722-054X

