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A B S T R A C T   

The rapid growth in the usage and development of renewable energy sources in the present day electrical grid 
mandates the exploitation of energy storage technologies to eradicate the dissimilarities of intermittent power. 
The energy storage technologies provide support by stabilizing the power production and energy demand. This is 
achieved by storing excessive or unused energy and supplying to the grid or customers whenever it is required. 
Further, in future electric grid, energy storage systems can be treated as the main electricity sources. Researchers 
and industrial experts have worked on various energy storage technologies by integrating different renewable 
energy resources into energy storage systems. Due to the wide range of developments in energy storage tech
nologies, in this article, authors have considered various types of energy storage technologies, namely battery, 
thermochemical, thermal, pumped energy storage, compressed air, hydrogen, chemical, magnetic energy stor
age, and a few others. These energy storage technologies were critically reviewed; categorized and comparative 
studies have been performed to understand each energy storage system’s features, limitations, and advantages. 
Further, different energy storage system frameworks have been suggested based on its application. Therefore, 
this paper acts as a guide to the new researchers who work in energy storage technologies. The future scope 
suggests that researchers shall develop innovative energy storage systems to face challenges in power system 
networks, to maintain reliability and power quality, as well as to meet the energy demand.   

1. Introduction 

Renewable Energy Sources (RES) are increasing rapidly in the elec
trical grid due to the reduced dependency on conventional energy re
sources and the high demand of power to meet the requirements. The 
microgrid can be used to integrate renewable energy resources and the 
Energy Storage Systems (ESS) efficiently. Industries such as 
manufacturing, transportation and communication have significantly 
increased the demand of electrical energy [1]. To meet this high energy 
demand, RES play a crucial role. The usage of RESs is critical as they are 
abundant in nature, eco-friendly, scalable and can be applied in indus
trial, commercial, agricultural and residential areas [2]. However, RES 
are non-dispatchable and exhibits poor load following. The successful 
implementation of ESS can overcome these limitations. There are 
several options to store the energy generated from RES: batteries, flow 

batteries and supercapacitors. Supercapacitors have capabilities more 
than conventional capacitors and secondary ion batteries [3,4]. 

Thereby, ESS plays a significant role in power generation by sup
porting different energy sources to meet the requirement of loads. ESS 
can resolve power intermittency issues as most RES produce power 
based on atmospheric conditions. Hence, to produce continuous power 
supply to the customer, ESS such as batteries, ultracapacitors, flywheel 
and thermochemical storage systems can be widely used. Traditionally, 
fossil fuels are capable of generating power whenever the customer re
quires, and these resources can be stored easily. Unlike fossil fuel, RES 
produces energy only when the wind blows or the sun shines. Hence, ESS 
can store the energy during excessive generation or when energy is not 
in use. ESS can also help provide power quality improvement, frequency 
and voltage regulation, power variations and ancillary services [5]. With 
this motivation, an array of energy storage technologies have been 
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developed such as batteries, supercapacitors, flywheels, Super
conducting Magnetic Energy Storage (SMES), Compressed-Air Energy 
Storage (CAES), pumped hydro and hydrogen storage systems. These 
technologies are mainly categorized as chemical, electrochemical, me
chanical, and electrical. Among the ESS technologies, batteries are 
considered a prominent ESS to maintain power system stability [6]. 
Besides, ESS plays a crucial role in off-grid systems in regulating fre
quency, power fluctuations and stability. In addition, the combination of 
different energy storage systems are useful for storing and controlling 
the power, for use at the time of need [7]. McKinsey refers battery en
ergy storage system as a “disruptive innovation in the power sector”. As 
per the reports presented in [8], minimized cost of energy storage sys
tem could change the future power landscape. The implications are 
listed as follows:  

• At the present lower costs, storage is beginning to assume a more 
extensive part in energy markets, moving from specialty uses, for 
example, grid balancing to more extensive ones, for example, 
substituting regular power generators for reliability, giving power 
quality services, and supporting integration of renewables [9].  

• The installations of battery has increased by 27 percent to 431 MWh 
in 2017 and the capacity has doubled in 2018 [9].  

• As per the reports from Brattle Group, the storage market potential 
could grow by 55,000 MW in the next decade if the storage cost 
continues to drop, assisted by state administrative policies [10]. 

Battery energy storage system has evolved in the last few decades 
[11]. The innovation is expected to change certain areas of the economy, 
with the possibility to decarbonize of our energy system. Fig. 1 shows 

the value that can be derived from battery energy storage system. 
Fig. 1 shows the vital role of battery storage system in all fields and 

applications. This article collates numerous functionalities of ESS. 
Furthermore, different ESS features and limitations are critically 
reviewed and highlighted in this paper. Besides, various applications of 
ESS are discussed together with the challenges and future direction. 

The remaining sections of the article are as follows: Section 2 dis
cusses the types of energy storage, whereas the application of ESS to 
improve the reliability of power grid is detailed in Section 3. In Section 
4, the future of renewable energy via innovative energy storage tech
nologies is discussed. The challenges and future direction of ESS are 
presented in Section 5. Finally, the notable points and conclusion 
derived from this review article are listed in Section 6. 

2. Classification of major energy storage types 

Energy storage systems (ESS) can be classified into various types 
according to their form of energy. The application of these ESS tech
nologies depends on the charging and discharging rate and depth of the 
system. Fig. 2 shows the ESS technology classification. 

2.1. Electrochemical and electrical energy storage system 

Capacitors and batteries can store electrical energy in the electro
chemical form. Capacitors are widely classified into three types, which 
are electrochemical, electrolytic, and electrostatic capacitors. Among 
the capacitor mentioned above types, electrochemical capacitors may 
have a savvy structure of the electrode; thus, it has a high capacity per 
unit volume. These capacitors are also called ultracapacitors (UC) or 

Fig. 1. Value of battery energy storage system [11].  

Fig. 2. ESS technology classification.  
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supercapacitors (SC). Batteries have matured technology and high en
ergy densities. Many types of batteries are available in the market for 
various applications. To name a few, there are flow batteries, nickel- 
cadmium, lithium-particle, sodium-sulfur, zebra, lead-carbon, and 
stream batteries. A few new electrolytes and terminal materials have 
been inspected and proposed to enhance the battery’s cost, power, en
ergy density, safety, and life. In [12], the authors presented an overview 
and comparative studies on different electrochemical energy storage 
advancements, including leading corrosive batteries and nickel 
hybrid-related batteries. The authors’ discussion on recent advance
ments in battery technologies was highlighted in [13] to improve the 
battery technologies’ performance. In [14], the authors highlighted new 
initiatives by cutting down the dimensions of active materials, func
tionalization, doping, development of coatings over active materials, 
and moderation of electrolytes. 

Furthermore, the latest technologies, challenges, and features of 
cathode and anode materials for lithium batteries were also described in 
detail. Amid the different types of batteries, lithium-based (Li-based) 
batteries play a big role in ESS since they exhibit high energy density and 
specific energy. A charged Li-air battery can replace gasoline to drive an 
electric vehicle in terms of usable energy density. 

Before using the Li-air batteries, there exist few technical challenges 
which must be tended to (i) cathode structure reformation, (ii) down
play the compositions of electrolyte, and (iii) enlighten the chemical 
reactions while charging the discharging of batteries more easily 
[14-16]. Before using Li-air batteries, the authors attempted to present a 
comprehensive review in [14,15] for a clear understating of features, 
limitations, and challenges. Bruce et al. [17] performed the critical 
analysis by considering Li-air and Li-sulfur batteries and compared their 
features with Li-ion batteries and also possibilities to increase the ad
vancements of Li-ion batteries. From their analysis, it was found that 
Li-air and Li-sulfur were cost-effective than Li-ion batteries. But there is 
a good scope of research to analyze the chemistry involved in Li-air and 
Li-sulfur batteries. Authors in [18] elaborated on the factors that influ
ence the solid electrolyte interface and its influence on battery perfor
mance. A verifiable outline of lithium-ion batteries and their current 
trends can be seen in [19]. Because of the accessibility and low cost of 
sodium (Na) and the comparability of the chemical inclusion of lithium 
and sodium, Na-ions could be utilized in forthcoming batteries that may 
minimize the cost of smart grid integration into RES. With the active 
involvement of researchers and industrial experts, a good quantum of 
work has been done in the field of Li-ion and Na-ion technologies to fulfil 
the requirements of energy storage. Extensive research on ionic liquids 
has been carried-out by Watanabe et al. [20], who suggested using 
Li-ion, Na-ion, or Li-sulphur batteries for high ESS applications. In 
addition, authors in [20] also focussed on inimitable ionic liquids such 
as high thermal stability, ionic conductivity, and non-volatility. From 
the examinations done in [21], it was found that aluminium ion batteries 
can be treated as the most appropriate contender to supplant Li-ion 
batteries because of their extensive assets, economy, and ecological 
cordiality, together with its potential for faster-charging speeds and long 
run. These extensive features can help in the application of RES. 

Moreover, there is still room to improve its cell capacity, energy 
density, and stability as per the market trends. Further, selecting 
appropriate electrolytes and materials for the electrodes is still chal
lenging, and these are still in the theoretical stage. The experimentations 
carried-out found that electrolytes made with aluminium chloride, sul
fide, and carbonaceous materials are most suitable for positive elec
trodes. Electrochemical capacitors based energy storage devices will 
achieve storage efficiency higher than 95%. These types of batteries can 
run for a long time without losing their storage capacity. Even though 
these capacitors exhibit high efficiency, there may be chances of self- 
discharging, and operating voltages cannot exceed potential in the 
process of chemical reactions. 

To overcome these low voltage levels, electrolytic capacitors can be 
combined with batteries. With the presently available technology of 

electrochemical capacitors, they can store 1 or 2 orders of energy 
magnitude less than batteries [20]. Improving the nanoscale energy and 
power densities of electrochemical capacitors have become a popular 
research area in recent years. A complete review of principles and future 
applications of electrochemical capacitors was done in [22]. 

The development of nanoscale energy storage using electrolytic ca
pacitors was highlighted Lu et al. [23]. Electrochemical capacitors are 
categorized based on the storage mechanism and type of electrode ma
terials used. They are namely pseudocapacitors, double layer electro 
capacitors, or a combination of these two. In double layer electro
chemical capacitors, the conversion of solvated ions into electrolytes 
occurs faster. The formation of a double-layer behaves like two capac
itors connected in series via the electrolyte, and it endures charged even 
after the circuit is opened. Double layer electrochemical capacitors 
enhance the cell capacity. This supports the usage of electrode materials 
made with metal oxides, carbon, conductive and hybrid polymers. Au
thors in [24] examined different electrochemical double-layer capaci
tors technology and voltage levels testing. From the analysis, it is 
observed that the gradient of temperature and aging of cells results in 
variable capacitance. This can be observed clearly in double-layer ca
pacitors. Voltage differentiation between layers can be avoided by using 
voltage equalization circuits [25]. 

Batteries can store nearly 30 times higher charges than SC that has 
the same amount of mass. This high energy density can be achieved by 
storing charges in various materials. However, SC can deliver higher 
power than batteries as they can store energy in the electrode. Electro
chemical capacitors can run for longer duration or years when compared 
to batteries. To prove this, Miller and Simon in [26] executed a thorough 
comparative analysis between batteries and supercapacitors. The results 
shared in [27] show that the multi-electronic chemistry of electrolytes 
and electrode materials will increase the percentage of energy stored. 
Further, it is suggested that, by combining features of metal-ion batteries 
and electrochemical capacitors, hybrid devices can be derived to 
accommodate future energy storage requirements. 

Fixed electrode batteries may exhibit less energy density, and it can 
be compensated by solar or wind power for short time regulation. Flow 
batteries can serve as a proper solution for this. These flow batteries 
comprise two electrolyte reservoirs for electrolyte flow, and the mem
brane can separate the anode and cathode. The energy density of these 
batteries depends on the storage volume of the electrolyte. Further, it is 
self-reliant on size and electrochemical cell design, which characterizes 
the power density. For the storage applications with RES, a redox flow 
battery is most suitable. Redox vanadium (VRB), polysulphide bromide 
(PSB), and zinc bromide (ZnBr) can be used for the design of flux 
batteries. 

Comparison of different redox flow battery innovations that 
emphasized cell configuration, including the cell parts of electrolytes, 
terminals, and layers, for both watery and non-fluid systems was dis
cussed in [28,29]. These days, new technologies for redox flux batteries 
have been introduced, along with integrated electrochemical solid oxide 
cell with a redox cycle unit [30], a trapezoidal flow-through battery 
[31], and hybrid membranes for VRB [32]. These technologies enhanced 
the power capacity, density, efficiency, charging and discharge rates, 
electrolytes, non-toxic material usage, and the development of low-cost 
heavy metals. 

2.2. Thermal energy storage system 

Thermal energy storage is nothing but storing cold or heat in a 
medium-size storeroom. It mainly comprises of storage elements and a 
device to extract or inject heat from the storage medium. The storage 
medium can be a structure made with soil, or it can also be a container 
that avoids losses or adds heat from the atmosphere. There are three 
major thermochemical, latent, and sensible modes in a thermal energy 
storage system. Generally, the heat is stored in moderate heat, which 
helps to increase the containers’ heat. Storage of hot water, 
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underground thermal energy storage [33], and rock-filled storage are 
examples of thermal energy storage systems. The latent heat storage is a 
technique that incorporates changing period of storage material, regu
larly among strong and fluid stages, albeit accessible stage change of 
liquid, solid-gas, and solid-solid is additionally found. The latent heat 
storage system has received high consideration as of late, generally 
because of the isothermal nature of the stage change cycle and its less 
weight per capacity limit and conservativeness. Its thermal features 
improved in contrast with judicious heat storage materials, namely, high 
latent heat and stable phase change temperature. Phase change mate
rials that are used as storage medium comprise of esters, fatty acids, 
water, eutectic salts, and paraffin waxes. 

In the heat energy storage systems, variations in the supply of heat 
may occur seasonally or in fewer periods. The highest energy can 
maintain the heat required for storage systems use after a long duration. 
Ground heat storage is an example of this, where it is connected to the 
building to accumulate the heat. In this system, heat can be released 
during summer, and during frozen months, heat can be used. A 
comparative idea can be applied by stockpiling solar thermal energy in 
summer for winter. The systems store energy, generally in less capac
ities, and hold heat for a couple of hours to a couple of days. Such sys
tems can be utilized to store solar thermal energy during the day, and it 

can be utilized during colder hours in case of necessity. In houses, 
thermal energy storage systems can be used to minimize electricity costs 
by storing thermal energy during day time. 

Various advancements for heat energy storage systems has been 
detailed in [34–38]. These authors have discussed the thermal energy 
storage modes, heat material properties, design approaches, thermal 
improvement techniques for latent and sensitive heat energy storage 
systems. The research for latent heat-storing systems is of utmost 
importance for developing new storage media and enhancing thermo
dynamic media features [39]. Recently authors in [40] introduced fatty 
acids from animal and vegetable oils to develop phase change materials. 
Nazir et al. [41] carried out extensive research on applying various 
phase change materials based on the thermophysical, conductive, and 
energy thermal density. The carried-out studies found that phase change 
materials can be used in smart heating networks, including RES. To 
improve the usage of thermal energy storage systems, a critical review 
on terrestrial heat exchanger - models and their applications was dealt 
with by authors Florid et al. in [42]. The approach uses spaces to store 
sensible heat, such as heat storage systems in aquifers, wells, water 
tanks, and pits [37]. Water tanks are the most recommended alternative 
from the thermodynamic perspective because of the high specific heat of 
the water and discharge energy and high capacity [37,43]. 

Fig. 3. Aquifer heat storage.  

Fig. 4. Processes involved in a thermochemical energy storage cycle.  
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Aquifer Heat Storage Systems (ATES) shown in Fig. 3 use regular 
water in an underground layer as a storage medium [43,44]. In light of a 
country-specific analysis to eradicate the market nation’s detailed and 
measurable investigation, Feluchaus et al. [44] entered the market 
blockade by distinguishing a commercialization level from a developing 
business viewpoint sector, a development stage, and a developing stage. 
They noticed that, due to technical feasibility, lack of knowledge causes 
obstacles in the market trend. A technology grows towards the advanced 
stage, high initial cost, policy regulations, and legislation are noticeable 
barriers. 

Chemical reactions can be used to generate or consume thermal 
energy in thermochemical energy storage systems. These systems 
comprise of three stages, namely response items capacity, exothermic 
response, and endothermic separation. These processes are shown in 
Fig. 4. 

In the final stage, the materials are reproduced with the goal that the 
cycle can be rehashed. Thermochemical energy storage systems can be 
categorized into different types, appearing in Fig. 5. These systems may 
exhibit high storage density compared to latent and sensitive thermal 
energy storage systems. This reduces space consumption. This helps 
significantly in such applications where storage space is bounded and 
costlier. Thermochemical storage systems have attained high priority 
since it can run for long life than latent or sensitive thermal energy 
storage [45]. 

Nonetheless, thermochemical energy storage systems face a few 
difficulties in achieving effective operation. Appropriate materials or 
combinations are required to store energy with less heat losses and 
deliver it effectively. The materials used for the thermochemical system 
involves Ca (OH)2, MgSO4⋅7H2O, CaSO4⋅2H2O, and FeCO3. 

Lefevbre et al., in [46], proposed that combinations and materials 
with salt impregnations are reasonable for use in thermal chemicals. For 
thermochemical storage systems, enhancing the long run by adding salt 
to the adsorbent materials is the popular research topic. In [47], the 
authors reviewed the advancements and principles of thermochemical 
energy storage systems and correlated these with different thermal en
ergy storage systems. Because of the high material expenses and oper
ational issues, few thermochemical energy storage systems were in 
usage. Some investigations depict the physicochemical and thermody
namic properties of materials appropriate for long-term thermal energy 
storage [34,48]. Innovative technology for energy storage based on 
microwaves induced CO2 fumigations of carbon materials was proposed 
by Bermudez et al. [49]. Different carbon materials are to be examined 
for the consumption of energy. Two microwave heating techniques, 
namely multimode and single-mode ovens, were tested to identify FFI 
deficiencies regarding energy utilization and recovery. With the devel
oped technology, 45% of energy-efficient defects were rectified on a 
laboratory scale. 

2.3. Mechanical energy storage system 

Kinetic Energy (KE) storage is also known as a flywheel energy 
storage system. It is a mechanical energy storage that contributes to high 
energy and performance. In this system, KE is conveyed in and out of the 
flywheel with an electric machine that behaves like a generator or motor 
based on discharge/charging mode. Permanent magnet machines are 
regularly used as flywheels due to their high-efficiency defects, fewer 
rotor losses, and high power density [50]. Charging power in the 
rotating mass of a developed flywheel is stored in the form of kinetic 
energy. This stored energy can be utilized during the required time. The 
rotational mass is handled by magnetic bearings that work under vac
uum to eradicate frictional losses [51]. The rotational bearing system is 
a mechanical or magnetic system or hybrid by having both properties. 
Magnetic bearings are free from frictional losses as no need for lubri
cation. However, it consists of a complex control system and requires 
additional power to operate. 

Superconducting magnetic bearings are widely used for high-speed 
applications, although it needs electricity to operate a cryogenic cool
ing system. Density flywheels are most appropriate for attaining high 
speed and power since energy storage is proportional to the speed’s 
square and linearly proportional to the mass [13]. Flywheel rotors and 
their casings are made-up of composite materials, stainless steel alloys; 
with these materials, 10,000 RPM can also be achieved [50]. Fig. 6 in
dicates complete functional diagram of a Flywheel with its components. 

Flywheels store the energy in the form of kinetic energy in a rotating 
mass. It can be defined as a function of the angular velocity and the 
moment of inertia. The energy storage equation for flywheel is as fol
lows: 

E =
1
2

I × ω2 J (1)  

Where ω is the angular velocity and I is the moment of inertia. The 
moment of inertia is defined by the principal rotational axis, shape and 
mass of the flywheel. It can be given as in Eq. (2) 

I =

∫

x2dmx kg.m2 (2)  

Where x is the distance from the rotational axis of the differential mass 
dmx 

The utilization of composite materials empowers high speed at 
higher power densities over chemical batteries. The high power density 
is attractive in vehicles application. The high power is required while 
accelerating, and the high power is accessible in a brief timeframe while 
slowing down [52]. In contrast with batteries and supercapacitors, 
flywheel energy systems have lower power density and higher noise, 
cost, support, and well-being concerns [53,54]. To improve the power 
density, Toodeji [54] suggested s plan for a joint system wherein the 

Fig. 5. Chemical storage and sorption storage classification.  
Fig. 6. functional diagram of a Flywheel.  
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supercapacitor contains a rotating plate flywheel. This empowers the 
trading of pulsed energy with high energy capacity. 

Pumped Hydro Energy Storage (PHES) systems store electrical en
ergy in the form of hydro potential energy via an electric pump which 
transfers water from a stored container at low height via a pipe to a 
higher water tank; its representation is shown in Fig. 7 Energy can be 
generated by passing water to flow from a high to a lower altitude with 
hydraulic turbines. The channel flow of water to the turbine can be 
controlled, utilizing gates to permit variable output power. 

To regulate power while charging, frequency converters can be used. 
For effective operation and suitability of PHES, the following criteria 
should meet, such as place availability, different elevation to fetch 
water. Fulfilling these criteria is suitable for RES along with the grid. Its 
efficiency may vary between 70 to 80% [55]. Further, PHES can run for 
longer years, about 70 to 100 years, and involves less maintenance and 
operating costs. However, limitations of PHES are the high capital cost 
and suitability of topographical conditions. Underground PHES systems 
can overcome these challenges by adapting underground reservoirs 
[56]. 

From the above discussion, it is understood that PHES consists of a 
separate motor unit and turbine or generator unit together with RES to 
meet the required energy demand. The total stored energy in the active 

volume of a reservoir can be given as in Eq. (3) 

Et = ηt × ρ × g × H × V = ct × V kWh (3)  

where H is the net head (m), ηtis the efficiency of generator/turbine, V is 
the storage capacity in m3, g is the acceleration due to gravity in m/s2, ct 
is the generator/turbine generating coefficient in kWh/m3, ρ is the water 
density in kg/m3. 

Furthermore, the energy used to pump the water to a particular 
height with specific pumping efficiency can be described as shown in 
Eq. 4. 

Ep =
ρ × g × H × V

ηp
= cp × V kWh (4)  

where ηp is the pumping efficiency, H is the pumping head in m, cp is the 
water pumping coefficient of the motor/pump unit in m3/kWh. 

There were many research done to identify suitable locations viable 
for the installation of PHES [55]. The authors presented various methods 
and technical challenges to identify locations and advanced techniques 
in [57]. For less rated capacities, PHES systems’ design varies from 60% 
to full capacity, and generating capacity varies from 20% to full capacity 
[58]. The efficiency of individual PHES systems will be limited; 

Fig. 7. Illustration of pumped hydro storage with the pumping energy supplied by wind turbines: (a) charging at off-peak hours, (b) discharging at peak hours.  

Fig. 8. Production of hydrogen using RES.  
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however, when multiple machines’ capacities vary with different con
figurations [58]. A few control systems for various suitable levels for 
variable speed activity of PHESs have additionally been created [59]. 
The high performance of PHES systems with variable speed was shown 
in comparison among PHES systems with variable and consistent speed 
for managing wind power [60]. Power converters’ involvement also 
gives fast response in both phase and pump generation modes than 
mechanical-based fixed-speed control systems. This helps the microgrids 
explore the capability of converters and controls to strengthen a PHES 
system and organization in various working modes. As seen in regular 
usage, a prototyping climate is created [61]. 

Yang and Jackson [62] believed in the historical improvement of 
pumped water storage in the United States and new advancement ac
tivities in PHES technology. To overcome the climatic difficulties of 
PHES systems, researchers proposed ingenious steps, along with 
maximum usage of wastewater in PHES applications. Due to the rapid 
usage of ESS, the development of new methods were attracted by re
searchers. PHES can be widely used to couple recurrent RES. The 
advanced techniques proposed by authors in [63] solves the limitations 
of conventional PHES. These advancements help to abolish larger water 
tanks, long pipes and also can be designed for various capacities. 

2.4. Chemical energy storage system 

Chemical energy storage systems can be utilized as a reversible 
chemical reaction where a high amount of energy is consumed to store 
energy. The chemical energy storage systems can be categorized in terms 
of energy consumption, like electrochemical energy storage. 

In a hydrogen energy storage system, hydrogen is produced by an 
electrolytic process, direct or stored for some duration of time, and 
oxidized. The process is shown in Fig. 8. Hydrogen generates from the 
process of chemical reactions. For many years, electricity has been 
treated as a primary source than hydrogen. Hydrogen exhibits features 
that complement that of electricity. Researchers proposed the hydrogen 
economy, which consists of hydrogen energy and utilization, produc
tion, distribution, and storage [64]. Authors in [65] characterize the 
environmental relevance, hydrogen economy, and atmospheric condi
tions. its impact in the decarbonization of fossil-fuel power plants and 
electrical novel related non-heat motor energy converter power module 
in compact gadgets, in fixed and versatile applications. 

A typical technique for generating hydrogen is by separating the 
water. The energy required for this procedure can emerge out of pe
troleum derivatives and RES. RES is intermittent in nature and tempo
rary; thereby, it needs to be stored for longer usage. Environmentally 
friendly power is regularly brief and should be put away before it is 
required. Authors in [66] discussed the production of hydrogen from 
solar energy by considering the steps mentioned below: combining an 
electrolyzer with a solar cell, a combination of the solar thermal system 
along with electrolyzer and turbine; photo conversion, and a combo of 
solar concentration system with a thermochemical water-splitting cycle. 
The production of hydrogen from other sources was also discussed in 
[66]. Besides, RES like hydro, geothermal, ocean, wind, biomass waste 
was detailed for the reader’s clear understanding. Photovoltaic (PV) 
process and photosynthetic receives energy from the sun; at certain 
times, these two can be compared for understanding its process. How
ever, these two works in different and release various products. Blan
kenship et al. [67] contrasted with normal photosynthesis, flow 
innovations for photovoltaic water electrolysis to control hydrogen 
production, and show that electrolysis PV is fuelled and productive 
yearly premise. Manners by which new advancements in manufactured 
science can improve solar energy transformation proficiency are 
examining common photosynthesis. 

The development of innovations for hydrogen storage is a chal
lenging task, specifically for automotive applications. As hydrogen has 
less volume density than other fuels, it requires larger tanks for vehicles 
than vehicles run with diesel. Further, hydrogen is the lightest element 

due to this difficulty to liquefy than methane and propane. 

2.5. Electromagnetic energy storage system 

Electromagnetic energy can be contained in an electromagnet or in 
an electric field, including superconducting magnetic double-layer ca
pacitors (SMES). The two technologies are somewhat elementary: 
Electrical Double Layer Capacitor (EDLC) places energy between two 
oppositely charged electrodes separated by an insulator, whereas SMES 
uses current running a superconducting wire through a current to 
generate a magnetic field. Both of these storage systems have very high- 
power density, efficient use of energy and good tolerance to de-/ 
charging after multiple cycles. 

In ordinary capacitors, the electrolyte is in contact with the elec
trodes. The construction of an EDLC contains two electrodes connected 
by a porous material. The separator is a polymer membrane with a 
hundred nanometres thickness to keep the electrodes from touching 
each other. It is an electrolyte, allowing free passage of ions but blocking 
electronic movement Often known as supercapacitors or ultracapacitors, 
these capacitors have a very high capacitance. They are sealed up and 
put into a cylindrical jar with electrodes. This will make the corre
sponding electric field ions travel to the electrode surfaces when a 
voltage is applied to the electrolyte. A colloidal carbonized base has 
pores and can receive ions but does not contribute much to the build-up 
of electrostatic charge. Ionic layers therefore allow successful two layers 
of charges to form at the electrode surfaces, which results in the ca
pacitor’s 2-layer name (see Fig. 9). 

Although the applied voltage can go as high as 1–3 V [68], the dis
tance between separated charges is measured in nanometres. which 
generates a strong electric field in the two upper and lower layers (≈ 109 
V/m), which in turn results in high energy concentration. 

The energy density of EDLC can be given as in Eq. (5): 

E =
CV2

2
(5)  

where E is the energy stored in the capacitor, V is the applied voltage and 
C is the capacitance. 

The EDLCs are made up of porous carbons, like actuated carbons. The 
high capacitance i.e., 100–200 F g–1 is gotten from the high explicit 
surface area i.e., >1000 m2 g–1 in microporosity [68]. As a rule, it is 
accepted that there is a relative connection between’s specific surface 
area and the EDLC of actuated carbons as dependent on the accompa
nying condition.: 

C =

∫ ε0εr

δ
dS (6)  

where C is specific capacitance, ε0 is permittivity in vacuum, εr, δ are the 
relative permittivity and thickness of the double layer, and S is specific 

Fig. 9. An electrical double layer capacitor (a) un-charged, (b) charged.  
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surface area. 
Characteristics of electrical double-layer capacitors: 
In a double-layer capacitor, there are no chemical reactions taking 

place. The charge and discharge period therefore have virtually no effect 
on the lifespan of the battery, and it is expected to last for more than a 
million cycles. Here EDLCs are good for applications where high 
throughputs are needed. In general, EDLCs work above the defined 
temperature range for batteries. It has a wide surface area, and is more 
resistant to electrical fields, leading to low losses. That gives an effi
ciency of 95–99 percent and reduced internal heat. 

Application areas:  

• A battery that is connected in parallel with an EDLC is smaller, less 
expensive, and lasts longer. The EDLC can provide short bursts of 
high-level power during discharge. There are occasions where EDLC 
chargers can increase the battery life of the battery by smoothing 
damaging potentially damaging charges.  

• EDLCs processed renewable fuels can be used in situations where the 
power-to-to-energy ratio is very high, and the storage time is low. 
Transport applications that require regular acceleration include, for 
example, city buses, streetcars and local rail systems.  

• The EDLCs can be used to compensate for regenerative braking 
currents, and then use the energy that has been stored, in order to 
help accelerate.  

• The EDLC model focuses on power efficiency and voltage support of 
applications such as power improvements, sudden load shifts, and 
transient phenomena. In companies such as Maxwell Technology, 
EDs, backup power, self-surge power, and regenerative power have 
already been introduced. EDLC would cost about $350/kWh in the 
next decade [69]. 

Future possibilities: 
Today, an EDLC has a one percent of the energy density of a typical 

Li-ion battery. EDLCs aren’t widely used because of their limited energy 
density. Intended to combine the properties of capacitors and batteries, 
on-going research is currently aimed at better combining them. With 
improved parameters, there is the potential for high-power devices with 
broad energy storage capacities, limited power use, wide operating 
temperature ranges, and little degradation. If materials research results 
in commercially available devices with substantially increased energy 
density, EDs will explode in value. Compatible designs in the transport 
and energy storage on hours-long timescale would open the door to 
higher capacity and low-price alternatives on the power grid. 

Superconducting Magnetic Energy Storage (SMES) systems comprise 
of a giant superconducting coil. The superconducting coil is kept up at a 
cryogenic temperature utilizing compartments of liquid helium or ni
trogen. A portion of the energy losses are related to the cooling system 
that keeps the cryogenic temperature; however, the loop’s energy losses 
are right around zero because superconductors offer no protection from 
electrons flow. SMES coils can download a lot of energy in a split second 
and go through a boundless number of cycles of charge and release high 
productivity. Coil configuration, the power capacity, operating tem
perature, and arrangement are the critical design parameters of the 
SMES. 

SMES can be used for applications such as voltage, system stability, 
load levelling, frequency control, automatic generation control, and 
power quality enhancements. Different technology-based SMES like 
current source converter-based, voltage source converter-based, and 
thyristor-based were inspected by Hassan Ali et al. [70]. They recom
mended SMES technologies based on cost, energy storage, and power 
handling capacity. From the analysis, it was found that there exist 
substantial research possibilities in minimizing the cost of SMES. 
Further, authors in [71] reviewed SMES systems, which are most suit
able for power system applications. The authors in [71] presented the 
necessity of developing practical applications of SMES, compared to 
various studies done via simulations. The authors advised that new 

advancements of SMES technologies should require efficient control. An 
important advancement for small companies would be a super
conducting magnetic circuit diagram that involves a cryogenic enclo
sure, an electronic converter to connect the DC power in the 
superconducting part of the circuit to the AC power on the grid, and an 
electronic switch to regulate the flow of current through the magnet (see 
Fig. 10). 

Fig. 11 shows the comparison of different ESS technology in terms of 
their discharging power capability and discharging duration. 

3. Energy storage system to support power grid operation 

ESS is gaining popularity for its ability to support the power grid via 
services such as energy arbitrage, peak shaving, spinning reserve, load 
following, voltage regulation, frequency regulation and black start. 
Among all ESS types as presented in Section 2, Battery Energy Storage 
Systems (BESS) is gaining more popularity in recent years. This is mainly 
due to the following advantages of BESS:  

• Flexible to construct into various size and shape as required for the 
ESS application.  

• Unlike some ESS type, where specific location of installation is 
required (e.g. underground caverns, water dam, etc.), BESS can be 
installed almost anywhere. 

• Along with the increase of battery demand, the technology devel
opment has become more mature. BESS’s energy and power density 
is among the best options at a competitive price. 

Hence, it is noticeable that the following assessment of the latest ESS 
application has greater interest to adopt BESS as their storage option. 

3.1. Energy arbitrage 

Energy arbitrage plays a major role in the economic perspective of 
the grid operation. ESS is used to gain monetary profit by selling and 
buying energy at the appropriate time. The main objective is to sell the 

Fig. 10. Circuit diagram of SMES.  

Fig. 11. ESS technology comparison.  
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energy at a high price and storage when the price is low [72]. Due to 
economics and technical benefits, ESS is widely deployed in American 
and European markets. Among ESS’s advantages, one of them is to take 
part in a deregulated grid to maintain the grid’s stability. Due to envi
ronmental concerns, RES is widely used for power generation. But the 
unmanageable behavior of RES has increased the volatility in price. This 
leads to negative prices at a time, making energy arbitrage even more 
attractive for managing the demand and supply of electrical power. Due 
to several emerging technologies and advances, ESS can benefit 
economically by maintaining the system’s reliability and stability. 

3.2. Peak shaving 

Due to the rapid increase in commerce, industry, and population, 
energy demand is also increasing. Therefore, peak shaving is gaining 
interest to cover this extra energy demand with the help of ESS. The 
extensive increase and change in use have made a huge difference in the 
valley’s peaks and load profiles. For many years, it has raised concerns 
about the reliable and stable operation of the network. Due to the in
crease in the number of load profiles and the differences in the valley, 
the effective control of storage has gained significant importance in the 
electrical system’s operation [73]. 

Most industrial customers operate appliances and equipment that 
require large amounts of electricity in a relatively short period of time 
during a single day. Additional costs are accepted in maintaining peak 
demand in terms of customer demand fees. Therefore, industrial con
sumers are usually charged according to their maximum demand, and 
for energy consumption, that is averaged normally at a time period of 15 
minutes. These peak demand charges can cover half of the budget bill. 
Peak shaving is quite similar to energy arbitrage; the difference is that in 
peak shaving, there is no economic objective such as energy arbitrage; it 
is only installed to cover the peak loads. Peak shaving supports the peak 
demand with the help of ESS. On the other hand, peak shaving appli
cations are installed on the customer side, and energy arbitrage appli
cations are installed on the supplier side. The basic concept of peak 
shaving is given in Fig. 12 [73]. 

Since peak power only occurs for a short interval of time, these peaks 
increase the stress and reduce the grid’s overall efficiency. In some cases, 
microgrid operators keep their 10% capacity for peak shaving, which is 
done with diesel generators’ help. The operating and maintenance cost 
of microgrid increases for supporting peak demands, due to extra fuel 
and CO2 emissions. Therefore, peak shaving is an important area of 
research in the current era. 

3.3. Spinning reserve 

Ancillary services provide support for the system throughout the 
journey of electrical power from generation to utilization. This can also 
include backups and flexible adjustments in the grid variables using ESS. 
The spinning reserve is the part of the electrical system that is not used 
under normal conditions [74]. But this source is used only to cover the 
power shortage for a shorter period. The basic application of spinning 

reserve is to support the demand during the time of power outages. The 
spinning reserve must have the capability of supply power over at least 1 
hour [75]. 

3.4. Load following 

Frequent load variations are often observed in the electric power 
system, which causes various issues in the grid operation. ESS’s quick 
and sudden variations are more responsive than other generation types 
[76]. The main function of ESS in this application is to maintain the 
harmony between generation and load [77]. ESS is also suitable for 
following the load variations in both up and down directions [78]. 

3.5. Voltage regulation 

Voltage variation has a huge impact on the stability of the grid. 
Therefore, to maintain the system’s stability, the voltage must be kept 
within its permissible limits. The voltage and reactive power are de
pendants on each other; therefore, reactive power must be maintained 
for voltage support in the system [76]. On the other hand, to transfer the 
reactive power over a long distance, voltage support is a need; for this, 
ESS can be used to support this application [78]. 

3.6. Frequency regulation 

Frequency is a very important factor for maintaining the harmony 
between generation and load. Frequency controllers should be able to 
maintain the frequency within desirable limits, such as 50 Hz. To 
maintain the frequency in desirable limits, ESS is often used with fre
quency regulators. This regulation is usually very small; for example, 
frequency regulation of ±0.1 Hz is proposed in Northern Europe, ±0.2 
Hz in continental Europe [79–81]. These frequency regulators are 
classified as primary, secondary, and tertiary controls, as shown in 
Fig. 13. Primary control tries to balance the system frequency in the 
range of 5 to 30 sec over 5 minutes. The function of secondary control is 
to keep an eye on primary control regulation and maintain frequency if 
the primary controller does not control that. The tertiary controller 
function is also similar to the secondary. Here, the tertiary controller 
monitors the control of the secondary controller and acts as a backup. 
When it comes into action, this controller will maintain the frequency 
from 15 to 60 minutes duration. Overall the combination of these fre
quency controllers together balances the system between generation and 
load. 

3.7. Black start 

In the power system, blackouts are caused due to power interruption 
of unplanned events in single parts or the whole system. These in
terruptions threaten the stability of the system and cause a blackout. 
Some applications of ESS are also found for a black start, where ESS 
supports the voltage, maintains the balance between grid and consumer, 
and also provides a starting point for conventional generators [82]. 

Fig. 12. Peak shaving using ESS.  

Fig. 13. Three levels of frequency control.  
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3.8. Summary 

Each ESS services has different power requirement and duration of 
storage discharging time. By understanding the requirement of these 
services will help when selecting the appropriate ESS type and sizing. 
Fig. 14 presents the comparison of ESS application in terms of power 
requirement and discharging duration. The summary of the ESS appli
cation without the integration of RES is provided in Table 1. From this 
review, it can be observed that the selection of ESS technology depends 
on available resources to the particular grid operator. It is also found 
that Pump Hydro Storage (PHS) is mostly deployed in China for energy 
arbitrage, while Compressed-Air Energy Storage (CAES) is more famous 
in Canada. On the other hand, the arbitrage business, especially BESS, 
has gained interest due to innovative advances in ESS technologies and 
power electronics. 

4. Energy storage technologies and renewable energy 

For many decades, the global electricity network has heavily 
depended on power generation from fossil fuels. As fuel depletion and 
environmental pollution issues arise, many nations are now switching 
their power generation option to RES. Nevertheless, with the increasing 
role of the intermittent generation from RE, retirements of fossil fuel 
generation, and the varying consumer demand profile, maintaining the 
balance between power generation and consumption becomes extra 
challenging. ESS is a key component in overcoming this challenge due to 
its flexibility in storing and dispatching energy at any time and place. 
Recently, energy storage technology, especially battery energy storage, 
is experiencing a tremendous drop in cost. Many researchers and 
stakeholders have noticed this great potential in BESS, which will 
become an inevitable electric technology in the future smart grid system. 
This section discusses the methodology implemented worldwide to 
strike for more RE integration to the electricity network. 

4.1. ESS services for RE integration 

The responsibility and function of the ESS technology depends on its 
application’s location and scale. As shown in Fig. 15, the advantage of 
ESS to support RE integration to the power grid is achieved via the 
following operations:  

• Solving intermittent generation of RE,  
• Frequency stabilization,  
• Voltage compensation,  
• Prevent back feeding,  

• Improve system flexibility and  
• Improve system efficiency 

4.1.1. Solving intermittent generation of renewable energy 
Energy generation from RE is susceptible to environmental condi

tions such as wind speed, solar radiation, temperature, etc. This inter
mittent nature leads to an unpredictable fluctuation of RE power 
generation, which complicates its application in the power grid to meet 
electricity demand. Hence, ESS offers are generous to smooth the 
intermittent power produced from RE resources by regulating their 
power profiles [116]. Among many of the ESS technologies, BESS is a 
popular choice of ESS for regulating the RE intermittent generation. This 
is due to BESS’s characteristic in providing high power density, modu
larization, and flexible installation. In [117], Xu and Shen demonstrated 
BESS’s capability in solving RE intermittency in a microgrid. Centralized 
optimal energy management was used to control multiple distributed 
BESS in the microgrid to regulate the RE generation while minimizing 
the adjustment cost, considering the influences of the time-of-use tariff, 
power losses, and system efficiency. 

Even though the battery is known for its large power density and 
flexible installation quality, it has a limited power density and response 
speed. An oversized battery design is required to cater to these con
straints, which is a very cost-ineffective investment. Therefore, ESS’s 
hybridization is a new technique utilized where multiple ESS technol
ogies with complementing characteristics were combined to achieve a 
complete ESS system [118]. For instance, a battery has high energy 
density and low power density. In contrast, the supercapacitor has a high 
power density but low energy density. As presented in [119] and [120], 
battery and supercapacitor are proposed to use as a Hybrid Energy 
Storage System (HESS), which created a high power and high energy 
density ESS system. Research has shown that with HESS technology, the 
overall system stability was improved. 

Meanwhile, paper [121] introduced a solution to mitigate RE inter
mittency using a household battery pack and Plug-in Electric Vehicle 
(PHEV). The decision making is based on the power difference between 
PV generation and household power demand. The PV generation is al
ways fully utilized whenever the demand is greater than PV generation. 
Either ESS or the power grid will cover the shortfall of load demand. On 
the other hand, when the PV generation is greater than the load demand, 
excessive PV output will be stored in ESS or sold back to the power grid. 
The choice of power flow into ESS and the power grid is based on the 
building owner’s optimal economic advantage. 

4.1.2. Frequency stabilization 
Frequency stabilization require energy injected into or withdrawn 

from the grid to regulate the system frequency. This service requires a 
fast response speed, which can take place within seconds and last for a 
few minutes. The ESS requires a fast response time, high-performance 
rate, and high power capability to achieve this. Frequency stabiliza
tion is especially important for microgrids or islanded power grids, 
where a stronger power system does not drive their system. Hence, 
whenever there are a mismatch or power generation and system de
mand, ESS must regulate the system frequency and maintain system 
stability [116]. Li and the team presented a microgrid frequency stabi
lization technique using supercapacitor and battery HESS in [122]. A 
dynamic droop control was utilized to manage power-sharing between 
the capacitor and battery ESS. In addition, HESS using supercapacitor 
and battery is shown to have better frequency stabilization performance 
than ESS using the pure battery. 

4.1.3. Voltage compensation 
With more and more integration of RE into the modern power grid, 

the distribution network has become an active grid, where the bus 
voltage at RE distribution generator integration can be higher than other 
upstream buses. This has disrupted traditional voltage compensation 

Fig. 14. Requirement comparison of ESS services.  
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Table 1 
Summary of ESS application without RES integration.  

Ref. Objective Algorithm / Model ESS Technology Description / Contribution Content / Market 

[73] Peak load shaving Dynamic programming BESS Increasing economic benefit for the consumer by 
reducing peak demand with optimal operation and 
sizing. 

Simulation 

[83] Peak load shaving Mixed integer programming, 
rolling load forecasting 

BESS Minimize the daily load variance by reducing the 
difference between peak load and valley load with an 
optimization model using the rolling load forecasting 
method. 

Simulation (Billing 
Substation in Shen 
Zhen) 

[84] Load levelling - BESS Less computational burden for peak shaving. Simulation 
[85] Peak load shaving Demand side management Electric Vehicle (EV), 

BESS 
Comparative study on DSM, EV, and BESS. Review 

[86] Voltage regulation, peak 
load shaving 

- BESS Sizing and cost-benefit analysis of BESS. Simulation 

[87] Peak load shaving, 
power curve smoothing, 
voltage regulation 

Parallel load forecasting 
using a linear regression 
method 

BESS Less computational burden for peak shaving. Simulation, real data 

[88] Peak load shaving Decision tree-based 
algorithm 

BESS Less computational burden and more cost-effective for 
peak shaving for islanded microgrids. 

Simulation, real data 

[89] Peak load shaving Day-ahead scheduling Hydro power Dependent on the forecasting model for accurate 
results. 

Simulation, real data 

[90] Peak load shaving Multi-objective optimization Hydro power Cost-effective solution for peak shaving. Simulation, real data 
(China) 

[91] Peak load shaving - EV The lower the cost of EV batteries, the more the net 
income of a single EV user. 

Simulation 

[92] Peak load shaving - RCG, Rankine 
compression gas 
turbine 

RCG applications for peak shaving and rapid transient 
response. 

Hardware 
implementation of 5 kW 
system 

[93] Peak load shaving Modified differential 
evolution 

Hydro power Minimum residential load variance with  
calculation precision and rapid convergence rate. 

Simulation, case study 

[94] Peak load shaving Dynamic voltage tracking BESS Easy computational for peak shaving. Hardware 
[95] Peak load shaving Feed-forward ANN for 

forecasting 
pattern recognition 

BESS Proposed ANN for peak shaving to limit the usage of 
diesel generators. 

Simulation 

[96] Peak load shaving Mathematical model 
representation of power 
plant 

Nuclear power plant, 
PHS 

Consideration of technical, environmental, and 
economics indexes for peak shaving. 

Simulation, real grid 
data 

[97] Peak load shaving Mixed integer linear 
programming 

Thermal power plant Reduces the peak valley difference in the East China 
power grid. 

Case study of East China 
power grid 

[98] Peak load shaving Efficiency model of large 
scale ESS 

Vanadium redox 
battery (VRB) 

Energy conversion efficiency is increased by 6.26 % on 
average compared to the conventional strategy. 

Simulation 

[99] Peak load shaving Multi-agent system (MAS) 
framework 

- Net demand profile (reduce by 3.75%) and peak to 
valley ratio (reduced by 7.32%) is significantly 
reduced. 

Simulation 

[100] Peak load shaving - BESS Efficiency enhancement and electricity cost reduction 
in Naresuan University, Thailand. 

Simulation, real data 

[101] Peak load shaving Adaptive dynamic 
programming 

Modular lithium-ion 
battery 

Total cost reduction by 8%. - 

[102] Energy arbitrage Hybrid stochastic-robust 
optimization 

- Participation in RTM produces more profit but affects 
the lifespan of the battery. 

Simulation 

[103] Energy arbitrage Mixed integer linear 
programming  

According to the technological model, after 2024, 
lithium-ion arbitrage is going to be more profitable. 

Simulation (Spain) 

[104] Energy arbitrage - PHS Investigates the influence of parameters on profit. Australia 
[105] Energy arbitrage Economic dispatch model - Arbitrage influence on benefit and battery. Alberta - Canada 
[106] Energy arbitrage Technological model CAES, PHS, ZEBRA ESS has the greatest internal rate of return for arbitrage. U.S. markets 
[107] Energy arbitrage 24 optimal strategy PHS The proposed optimal strategy is better for arbitrage 

than Prognostic and historical approaches. 
11 countries 

[108] Energy arbitrage - NaS, PHS PHS has more economic merit compared to emerging 
technologies such as NaS. 

Alberta - Canada 

[109] Energy arbitrage - - Discuss the condition and profitability of arbitrage. Germany 
[110] Energy arbitrage Benders decomposition PHS The demand curve for more than 300 generators are 

used for optimal sizing and maximizing the benefit. 
Alberta - Canada 

[111] Energy arbitrage Mixed integer linear 
programming 

NMC-C, LFP-C, NCA- 
C, NCA-LTO, VRLA, 
VRFB 

Profitability analysis considering 6 different types of 
batteries in community energy storage. 

Switzerland 

[112] Energy arbitrage - NaS, Flywheel Benefits of high power and energy density storage 
system over traditional lead-acid batteries. 

New York 

[113] Energy arbitrage - BESS Optimal sizing. China 
[114] Energy arbitrage Mixed integer linear 

programming, DTMC-based 
probabilistic model 

CAES Optimizing operational strategies for maximum profit. Turkey 

[115] Energy arbitrage - CAES, LA, PHS, NaS, 
VRB 

Optimal sizing. Finland  
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methods such as on-load tap changer and reactive power compensator 
[123]. The traditional method usually increases the voltage level at the 
upstream of the power network, which in turn level up the voltage of the 
entire feeder of the distribution network. Nevertheless, with RE’s 
introduction into the system, voltage compensation at one node could 
result in a voltage violation at another system node. In [123], a coor
dinated voltage compensation method was introduced to regulated 
distribution network voltage by utilizing multiple distributed ESS. This 
method strategically divides the grid into multiple regions and imple
ments each region’s voltage compensation with a distributed ESS. Co
ordinated control is also inherited for system synchronization to prevent 
over-regulation and compensate each other whenever necessary. 
Distributed ESS was also utilized in [124] to achieve voltage compen
sation for a grid with concentrated RE penetration. The proposed 
method mange power outputs of each ESS using distributed control and 
localized State-of-Charge (SOC) control. 

4.1.4. Prevent backfeeding 
Backfeeding of power in the power network is known as the flow of 

electricity in the reverse direction of typical power flow. Unintentional 
backfeeding events can lead to unpredictable hazards to the system 
equipment and service personnel. As RE integration to the distribution 
power grid is growing, it has increased the risks of power backfeeding. 
The common practice to prevent reverse power flow due to the surplus 
of RE energy was to size the RE distributed generator smaller than the 
system through load, ensuring RE generation is always lower than en
ergy demand. In the case of excessive RE production, energy curtailment 
will be conducted. 

Nevertheless, these solutions limit the growth of RE and cause inef
fective energy utilization. Therefore, ESS is utilized to attain high self- 
consumption of RE power and minimize RE production surplus. Ke Jia 
and the team demonstrated the utilization of ESS in [125] to increase RE 
self-consumption. Variable charging and discharging threshold method 
were adopted to manage the ESS, improve energy efficiency, and avoid 

Fig. 15. Function of ESS to support RE in the power grid.  

Fig. 16. Region of application for ESS in the power grid.  
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Fig. 17. Framework of a thermal-compressed supercritical carbon dioxide ESS to support wind turbine generation [126].  

Fig. 18. Framework of a HESS to support wave energy plant [119].  

Fig. 19. Framework of a HESS to support solar distributed generator [127].  

K.M. Tan et al.                                                                                                                                                                                                                                  



Journal of Energy Storage 39 (2021) 102591

14

RE curtailment. 

4.2. ESS framework for RE integration 

The ESS contribution in supporting RE integration can occur in 
various power grid regions such as the power generation plant, distri
bution grid, AC/DC microgrid, standalone power network, and smart 
building, as illustrated in Fig. 16. This section discusses the various 
application frameworks for ESS in supporting the RE generation 

according to the integrated region. 

4.2.1. Power generation plant 
The inconsistent power production and high amplitude fluctuation 

are the main reasons for the restricted dispatchability characteristic of 
RE resources. These drawbacks limit the potential of RE penetration in 
the power grid. ESS is a promising solution to recover the mismatch 
between the RE inconsistent generation and varying electricity demand. 
As the RE generation plant’s location and structure are not heavily 

Fig. 20. Framework of a ESS to support a AC microgrid [117,122].  

Fig. 21. Framework of a dual ESS to support a DC microgrid [128].  
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dependent on the location of loading, the utilization of ESS can be much 
flexible. For instance, thermal energy can be stored in compressed-air 
ESS, and kinetic energy can be stored in flywheel ESS, and electrical 
energy can be stored in BESS. In [126], a thermal-compressed super
critical carbon dioxide ESS (T-CCESS), as shown in Fig. 17, was proposed 
to store the wind turbine generation in the form of thermal energy. The 
T-CCESS consisted of two caverns for carbon dioxide (CO2) storage, 
where one is in high pressure and another in low pressure. When there is 
excessive power generation, electricity produced is used by a 
compressor to compress CO2 released from a low-pressure cavern and 
transferred to a high-pressure cavern. The heat generated during the 
compression is stored in the thermal ESS. In contrast, when energy de
mand increases, CO2 from a high-pressure cavern is released and heated 
in the turbine to generate electricity. 

Authors in [119] introduced the utilization of HESS to regulate the 
harvest of wave energy. The system framework of the wave energy plant 
is presented in Fig. 18. Wave energy converter is utilized to transform 
wave energy into AC electric energy. Meanwhile, the rectifier converts 
the AC power into DC power, which then stores in a BESS. This BESS can 

regulate the dispatchability of the power plant before transmitting the 
energy to load. 

4.2.2. Distribution grid 
Distributed generation using RE resources is gaining more attention 

recently. Electricity generation on a smaller scale and closer to the end- 
user can greatly reduce energy losses, improve grid resiliency, reduce 
carbon emissions, and defer transmission network upgrade. To increase 
RE distributed generation flexibility, authors in [127] proposed HESS 
track the feed-in schedules of a distributed solar generator. As shown in 
Fig. 19, HESS with a combination of hydrogen and battery ESS is 
adopted. This system conducted short term system regulation using 
batteries, which can provide a fast system response. Meanwhile, long 
term and large scale ESS are achieved using hydrogen ESS, which has a 
larger capacity and lower system losses. 

4.2.3. Microgrid 
A microgrid is a self-sufficient electricity network with a discrete 

geographic footprint such as a neighborhood, school, office building, or 

Fig. 22. Framework of a HESS to support an AC microgrid [120,129].  

Fig. 23. Framework of a HESS to support a DC microgrid [130].  
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hospital. This electric network consists of its own electric generator, 
distribution system, storage system, and loads. With an appropriate 
energy management system, the microgrid can achieve self-sustain, 
energy arbitrage, and carbon reduction benefits. A microgrid can oper
ate in both grid-connected mode or islanded mode. Energy can be sold to 
or buy from the power grid whenever necessary. To achieve these 
functions, ESS is an inevitable element of a microgrid. In [122] and 
[117], the microgrid introduced was operated mainly in AC power 
mode. All power generated from wind and solar generators was con
verted into AC power and distributed to loads through AC bus. Fig. 20 
illustrates the framework of AC microgrid with integrated ESS. 

Subarto and the team proposed a dual ESS consists of a battery pack 
and supercapacitor for a DC microgrid [128]. The grid is powered by PV 
solar generator and supported DC loads, where the system framework is 
illustrated in Fig. 21. This DC microgrid has various benefits, including 
its effectiveness in utilizing solar power generators with fewer power 
converters required, simpler application structures, and higher power 
efficiency. In [120] and [129], the DC microgrid was modified to sup
port both DC and AC loads. Hence, an AC/DC inverter was utilized to 
convert DC power into AC power, as shown in Fig. 22. 

4.2.4. Standalone power system 
Energy transmission to a rural area with low electricity demand is 

not a practical solution: a standalone power system or off-the-grid 
network is usually constructed in a remote area where electric net
works are unavailable. A sufficient capacity of ESS is essential for a 
standalone network to sustain its electricity supply, especially when 
powered by intermittent RE resources. In [130], the authors introduced 
a standalone power network to support basic household appliances in a 

rural area. This standalone power network framework is shown in 
Fig. 23, where the system consists of a solar generator, ESS, and AC/DC 
inverter. This network can support both AC and DC loads. The ESS 
comprises both batteries and supercapacitor, which are passively con
nected to the common DC bus. This configuration increases the ESS 
flexibility and energy efficiency. 

4.2.5. Smart building 
Smart buildings and residential areas equipped with RE power 

sources, especially rooftop solar technology, are developing quickly in 
recent years. Depending on the RE sizing and generation output, the 
building demands will be supported by either RE itself or both RE and 
power grid. The power grid serves as a backup supply to the system 
whenever the RE generation is lower than the building demands. In 
general, there are two types of framework connections for a smart 
building with a solar generator and ESS, where both elements are having 
a common AC bus [116] or a common DC bus [131]. Fig. 24 illustrates 
both frameworks for a smart building. As solar generator outputs DC 
power, it is more energy and cost-efficient to utilize the common DC bus 
connection. 

Electric Vehicle (EV) market is growing drastically in recent years. 
This trend has opened up a brand new concept, namely Vehicle-to-Grid 
(V2G) technology, where EV is utilized to replace ESS. Authors in [121] 
adopted this concept and successfully utilized EV to conduct energy 
management and mitigate a smart home’s intermittency, as illustrated 
in Fig. 25. Table 2 summarizes the recent research and development of 
ESS technologies to support the deployment of RE integration. 

Fig. 24. Framework of ESS to support a smart building, (a) with common AC bus [116] and (b) with common DC bus [131].  

Fig. 25. Framework of EV to support a smart home [121].  
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Table 2 
Summary of the research and development of ESS technologies to support the 
deployment of RE integration.  

Ref. Description ESS type Application 
network 

Main Function of 
ESS 

[132] Proposed of a 
dynamic 
simulation model 
of a two-tank 
indirect thermal 
ESS for a solar 
power plant 

Thermal ESS Power 
generation 
plant 

Mitigate RE 
intermittency 

[119] Energy 
management 
control for battery- 
super capacitor 
ESS for a grid- 
connected wave 
energy park 

Battery - SC Power 
generation 
plant 

Mitigate RE 
intermittency 

[126] Designed a 
stochastic dynamic 
simulation system 
for a hybrid 
thermal- 
compressed 
carbon dioxide 
ESS integrated 
with a wind farm 

Hybrid 
thermal- 
compressed 
carbon 
dioxide 
storage 
system 

Power 
generation 
plant 

Improve RE 
dispatchability 

[116] Evaluate the role 
of Lithium-Ion 
battery integration 
to large scale grid 
in an application 
such as frequency 
regulation, peak 
shifting, 
integration of RE, 
and energy 
management 

Li-Ion battery Distribution 
grid, grid- 
connected 
system 

Frequency 
regulation, peak 
shifting, 
integration of RE 
and energy 
management 

[123] Coordinated 
control for voltage 
regulation of ESS 
and PV integrated 
distribution 
system 

Battery Distribution 
grid, grid- 
connected 
system 

Voltage 
regulation 

[124] Coordinate control 
method with 
localized and 
distributed 
controls to achieve 
voltage regulation 
of distribution 
network with high 
penetration of 
rooftop solar panel 
using BESS. 

Battery Distribution 
grid, grid- 
connected 
system 

Voltage 
regulation 

[120] Development of a 
smart energy 
management 
algorithm for an 
ESS in smart grid 
applications, 
mainly to support 
RE integration 

Battery - SC Distribution 
grid, grid- 
connected 
system 

Mitigate RE 
intermittency 

[133] Optimal planning 
and scheduling of 
ESS for congestion 
management in 
electric power 
systems including 
generation from 
RE resources 

ESS Distribution 
grid, grid- 
connected 
system 

Relief system 
congestion 

[127] Proposed of three- 
stage scheduling 
scheme for HESS 
to track scheduled  

Distribution 
grid, grid- 
connected 
system 

Improve system 
flexibility  

Table 2 (continued ) 

Ref. Description ESS type Application 
network 

Main Function of 
ESS 

feed-in solar 
generation 

[134] Proposed of the 
distributed 
optimal solution 
for ESS to maintain 
generation and 
demand balance, 
while maximizing 
system efficiency 
of a microgrid 

Battery AC Microgrid Improve system 
efficiency 

[122] Design of a HESS 
for primary 
frequency control 
using a dynamic 
droop method in 
microgrid 

Battery 
-SMES 

AC Microgrid Frequency 
regulation 

[125] Design of adaptive 
Intelligent 
technique to 
improve the 
energy 
management 
efficiency of a 
microgrid 

Battery - SC AC Microgrid Prevent 
backfeeding 

[117] Proposed optimal 
control-based 
energy 
management for a 
multi ESS to 
maintain the 
supply-demand 
balance in a 
microgrid. 

Battery AC Microgrid Mitigate RE 
intermittency 

[129] Proposed of a 
Hierarchical 
Control Structure 
for Distributed ESS 
for a DC microgrid 

Battery DC Microgrid Energy 
balancing and 
system stability 

[128] Development of an 
energy 
management 
system for a DC 
microgrid with 
dual ESSs 

Battery - SC DC Microgrid System stability 

[135] Design of 
coordinated 
control strategy for 
DC microgrid with 
HESS to smooth 
solar and wind 
generation 

Battery - SC DC microgrid Frequency 
regulation, 
system stability 

[136] Design and 
Implementation of 
BESS in DC 
microgrid utilizing 
fuzzy current and 
voltage control 

Battery DC microgrid System stability 

[130] Study of HESS for 
standalone solar 
power generation 
plant in rural 
electrification 
network 

Battery - SC The 
standalone 
solar grid in a 
rural area 

System stability 

[137] Techno-economic 
analysis of ESS to 
support wind 
generation 

CAES and 
battery 

Standalone 
power 
network 

System stability 

[131] A heuristic control 
strategy to 
alleviate voltage 
fluctuation in 
distribution grid 
due to PV 
generation 

Battery - SC Smart 
building 

Reduce voltage 
fluctuation 

(continued on next page) 
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5. Challenges and future prospects 

In the modern power network, ESS plays an inevitable role in 
maintaining the power grid reliability and sustainability. Nevertheless, 
the integration of ESS to the power grid can be challenging. Hence, to 
success the ESS integration, the following challenges shall be 
encountered. 

5.1. Battery ESS degradation 

As one of the most common ESS types adopted, the battery faces 
degradation problems, which can shorten the storage life span. This is 
due to the cycling of battery charging and discharging that elevated the 
battery temperature, and aging reduces the performance over time. In 
[138], the authors introduced a control strategy to centrally control a 
distributed BESS in a microgrid, which had the goal of enhancing the 
ESS life span. The proposed strategy evaluated the BESS status of health 
based on battery SOC and maximum capacity. The controller then 
prioritized the BESS with better health and higher capacity for power 
grid services and proven the concept had improved the overall BESS life 
span by 57%. 

5.2. ESS energy efficiency 

With respect to the application of ESS to support distributed RE 
generators, ESS was widely distributed installed to meet the local de
mand of energy consumers. Nevertheless, the uncoordinated control of 
these distributed ESS usually leads to unbalance SOC. This can result in 
certain ESS to quit operation due to low SOC; whilst some ESS with high 
SOC remains unused. This condition caused inefficient energy utiliza
tion. Wei Jiang and the team proposed a hierarchical control strategy in 
[129], which coordinated the operation of these distributed ESS to 
achieve higher system SOC and improved overall system efficiency. The 
control strategy allowed capacity sharing among ESS units using droop 
control, which successfully achieved balance SOC and improved all ESS 
efficiency. 

5.3. ESS sizing and allocation 

Sizing and allocation of ESS heavily depended on the system func
tion. Inappropriate ESS sizing can lead to, inefficient system service, 
unnecessary energy curtailment, and insufficient energy supply. Hence, 
research was conducted to perform ESS sizing to determine the optimal 
system capacity to fulfill its application’s technical requirements. In 
general, the methodology utilized to solve ESS sizing and allocation 
problem include the analytical method, mathematical programming, 
exhaustive search and heuristic methods [139]. For instance, authors in 
[140] demonstrated an ESS sizing and allocation technique using Par
allel Particle Swarm Optimization – Genetic Algorithm (PPSO-GA) 
optimization method. The proposed algorithm deployed the battery and 
supercapacitor’s output power according to the system operation period 
and cutoff frequency. Later, this information was utilized to deduce 
ESS’s optimal sizing, which intended to achieve a balance system costs 

and lifetime. 
BESS has limited lifespan, which can be affected by the frequency of 

charging/discharging cycle and its depth of discharge. Overtime, BESS 
maintenance and replacement is essential to maintain the system reli
ability and operational feasibility. Sizing and replacement plan of BESS 
for an off-grid microgrid application was presented in [141]. A 
multi-stage and multi-timescale BESS planning considered the short 
term random factors (e.g. fluctuation of RE generation, varying power 
demands, etc.) and long term dynamic factors (e.g. growth of power 
demand, BESS capacity degradation, etc.) was proposed to scale the 
investment required for BESS renewal and maintenance purposes. 

ESS is also a key factor to enable regulation of RE generation, mainly 
for smoothing the power output. Throughout these ESS operation, bat
tery SOC shall not be fully charged, nor fully discharge easily. Ideally, 
the storage SOC shall maintain around 50 percent to ensure good storage 
capacity to charge and discharge for effective RE output regulation. 
Authors in [142] developed a storage sizing method which aims to 
obtain a more dispatchable wind power system. The proposed 
control-based sizing method is capable of facilitating the robust unit 
commitment via regulating the generation of wind plant according to a 
preset system reference. The controller monitors the storage SOC 
throughout its operation to avoid it being fully charge during the 
regulation. Meanwhile, the simulation results are utilized to determine 
the optimal sizing for the ESS. 

Financial risk analysis is always an important first step for any 
business investment. In [143], Zao Tang and team presented a bi-level 
optimal sizing approach for HESS integration to a high RE penetration 
distribution grid. The proposed dual layer sizing method can analyze the 
investment risks due to intermittent RE generation. The first layer 
investigate the economic composition related to HESS initial investment 
cost; whilst the second layer optimize the strategies to minimize the 
operation cost. In the meantime, Ahmad and team concerned about the 
development plan of joint transmission network and integrated energy 
storage in a wind powered grid [144]. Utilizing the conventional hourly 
discrete time model can lead to high operation cost and non-optimal 
system sizing and placement. Research in [144] presented a 
continuous-time hybrid robust optimization, which determine the 
optimal investment plan for transmission line and energy storage in a 
wind turbine powered grid. 

5.4. ESS financial feasibility 

ESS integration for smart grid advancement is a relatively new 
technology introduced in the latest decade. Besides understanding the 
technical aspect of this technology, its application’s economic feasibility 
is also important to ensure the technology practicality. Nevertheless, 
ESS’s economic studies were rather limited, where most of the case, only 
the system capital cost was addressed. For a comprehensive techno- 
economic analysis, the model shall include system capital investment, 
operational expenses, maintenance cost, and asset degradation loss. 

Table 3 summarizes the research works conducted to overcome the 
ESS degradation, system efficiency, and financial feasibility challenges 
faced in the ESS technology rollout. 

6. Conclusion 

This article was intended to enhance the reader’s understanding of 
the overall deployment of ESS technology. A comprehensive assessment 
of ESS, which is used to improve the smart grid reliability and sustain
ability, was presented. This review included the classifications and 
comparisons of various ESSs, including thermal, mechanical, electro
chemical, electrical, and chemical ESS. Various combinations of HESS 
were also discussed where different ESS types were combined to achieve 
an improved version of energy storage. In general, ESS is utilized to 
support the power grid operation, as well as to enhance RES integration 
in the power grid. ESS obtained the former benefit via power grid 

Table 2 (continued ) 

Ref. Description ESS type Application 
network 

Main Function of 
ESS 

[121] Energy 
management 
framework based 
on Energy Price 
Tag (EPT) of 
connected ESS to 
address the RE 
intermittency 
challenges. 

Plug-in EV Smart 
building 

Mitigate RE 
intermittency  

K.M. Tan et al.                                                                                                                                                                                                                                  



Journal of Energy Storage 39 (2021) 102591

19

services such as energy arbitrage, peak shaving, load following, voltage 
regulation, frequency regulation, and black start. Meanwhile, the 
advantage of ESS to support RE integration is achieved by solving the 
intermittent generation of RE, frequency regulation, voltage regulation, 
prevent back feeding, improve system flexibility, and efficiency. 

Challenges and future prospects of ESS technology were also discussed 
to inspire the future research and development of the technology. 

Table 3 
Summary of ESS technology challenges and solutions.  

Ref Description Challenge Solution/ Objective of 
Research 

ESS Technology System Application Technique 

[145] Optimal sizing of a HESS in PV 
household-prosumers to maximize 
self-consumption and self- 
sufficiency 

High cost Reduce system cost Battery - SC Household PV panel The analytical methodology 
that assesses the techno- 
economic effect 

[146] Sizing of HESS to perform ramp-rate 
control in PV power plants 

High cost, ESS 
degradation 

Reduce system cost, 
prolong ESS lifespan 

Battery - SC PV power plant The techno-economic model 
that can be used to measure the 
Net Present Cost over the 
project life 

[147] Sizing of HESS for a PV based 
microgrid 

ESS degradation Minimize annualized life- 
cycle costs 

Battery - 
hydrogen storage 

PV based microgrid Generic sizing technique 
through design space approach 

[148] Optimum sizing and optimum 
energy management of a HESS 

ESS degradation Prolong ESS lifespan Lithium battery - 
SC 

RE power plant Sizing optimization 
formulization based on the 
initial cost and the 10-year 
battery replacement cost 

[149] Sizing of battery and supercapacitor 
in a HESS for wind turbines 

ESS degradation Prolong ESS lifespan Battery - SC Wind power plant Sizing method based on the 
average fluctuation of the wind 

[150] Optimal sizing and control for HESS 
with SMES and battery 

High cost, Energy 
inefficiency 

Reduce system cost, 
improve efficiency 

SMES - lead-acid 
battery 

Residential PV 
system 

Optimization algorithm 
considering the price of the 
system and the power output 
reference. 

[151] Sizing a HESS for maintaining power 
balance of an isolated system with 
high penetration of wind generation 

ESS degradation, 
System instability 

Prolong ESS lifespan, 
improve system energy 
balance 

Battery - SC Wind power plant Frequency-based approach 
algorithm 

[152] A statistical approach for HESS 
sizing based on capacity 
distributions in an autonomous PV/ 
Wind power generation system 

High cost, Energy 
inefficiency 

Improve efficiency,  
prolong ESS lifespan 

Battery - SC PV / wind power 
plant 

Statistical methodology 

[153] Optimal sizing of hybrid fuel cell- 
supercapacitor storage system for 
off-grid renewable applications 

System 
instability, High 
cost 

Improve reliability and 
cost-effectiveness 

Hydrogen fuel cell 
- SC 

Off-grid RE system Sensitivity analysis 

[154] HESS sizing and power splitting 
optimization for PHEV 

High cost, Bulky 
system size 

Minimize the cost weight 
and volume of ESS 

Battery - SC PHEV Multi-objective optimization 
problem 

[155] Optimal sizing of HESS sub-systems 
in PV/diesel ship power system 
using frequency analysis 

ESS degradation, 
High cost 

Prolong ESS lifespan, 
reduce system cost 

Lead Acid and 
Lithium-Ion 
battery - SC 

PV system on 
shipboard 

Discrete Fourier Transform 
(DFT) approach and Particle 
Swarm Optimization (PSO) 

[156] Optimizing size and cost of HESS 
with state of charge regulation for 
stand-alone direct current 
microgrids 

ESS degradation Prolong ESS lifespan Battery - SC PV standalone DC 
microgrid 

Multi-objective genetic 
algorithms optimization 

[157] Techno-economic evaluation of 
HESS technologies for a solar–wind 
generation system 

High cost Study technical and 
financial feasibility of ESS 
technology 

SMES, Flywheel, 
SC, and redox 
flow batteries 

Solar/wind 
generation plant 

Techno-economic analysis 

[158] Techno-economic analysis of storage 
degradation effect on Levelized cost 
of HESS 

ESS degradation Determine HESS 
combination with longest 
ESS lifespan 

Hydrogen fuel cell 
- SC 

Rural area 
electrification 

Techno-economic analysis 
include system degradation 
and replacement costs 

[159] Assessing hybrid supercapacitor- 
battery energy storage for active 
power management in a wind-diesel 
system 

ESS degradation Reduce ESS operation 
stress 

Battery - SC Wind - diesel power 
plant 

particle swarm optimization 
techniques 

[160] Optimization for a HESS in EV ESS degradation prolong ESS lifespan Battery - SC Electric city bus dynamic programming 
approach optimization 

[161] The configuration method of HESS 
for high power density 

Bulky system size, 
Energy inefficient 

Reduce ESS weight and 
improve system efficiency 

Battery - SC Electric aircraft  

[140] Investment planing considering the 
life cycle of BESS in a off-grid wind- 
solar-diesel microgrid 

Energy inefficient Ensure efficient and 
reliable microgrid 
operation via BESS sizing 
and allocation 

Battery Microgrid in remote 
area 

Sizing and plancement using 
multi-stage multi-timescale 
decision framework 

[142] ESS sizing method for optimal wind 
farm energy efficiency 

Energy inefficient Facilitate robust unit 
commitment via 
regulating generation of 
wind source 

Battery - SC Wind farm Control-based sizing algorithm 

[143] ESS sizing approach considering the 
financial risk analysis 

High cost Perform investment risk 
analysis 

Battery RE integrated 
distribution network 

Bi-level optimal sizing 
approach 

[144] Optimal investment plan for 
transmission line and energy storage 
in a wind turbine powered grid 

High cost Determine optimal 
investment plan 

Battery Transmission line 
with wind powered 
generation 

Continuous-time hybrid robust 
optimization  
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