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 This paper addresses the comprehensive analysis of various energy storage 

technologies, i.e., electrochemical and non-electrochemical storage systems 

by considering their storage methods, environmental impact, operations, 

costs, and their importance and applications. These storage technologies will 

help to reduce the energy shortage. There has been a significant deployment 

of storage systems in power grids throughout the world. The characteristics 

of storage systems such as the ability to act both as generation and load, fast 

response time, and high ramp rate. Make them promising options for the 

system operators to reduce the peak demand, and facilitate renewable energy 

integration. Various new trends in energy depict the ways this generated 

energy could be stored and harnessed. With the recent integration of 

renewable energy, it is important to store the energy and it is combined to 

help the green energy demand. The integration of renewable energy into the 

power grid has increased reliability, efficiency, and stability. Adding the 

energy component will further enhance the capabilities of the grid. This 

paper also recommends an optimal storage technique from various available 

storage technologies. 
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1. INTRODUCTION  

Renewable energy (RE) is abundant in nature, cost-effective and environmentally friendly nature 

helps it as a way to solve the energy shortage. There is an urgent need to decrease the deleterious 

consequence of the use of fossil fuels. The uses of RE can provide an explicit solution to address this issue. 

RE is economical, environmentally friendly and sustainable. Therefore, all countries are investing plans and 

investments to improve renewable energy source (RES) utilization as much as possible. The RE sources such 

as solar photovoltaic (PV), wind, geothermal and wave energy are extensively studied and implemented. 

However, without combining with energy storages, these RE sources cannot be used as long-term electrical 

solutions. The solar and wind energy variations are influenced by the time of day, weather patterns and 

installation site. For standalone and grid interactive systems, storage systems are often used for smooth 

power output from RE sources. Energy storage will serve as energy backup, which stores energy during 

excess power consumption and releasing it during the power deficit. Energy storage can be defined as the 

techniques of using devices or physical media to store electrical energy that is intended to be utilized at a 

later time. Energy storage elements store the energy by accumulating it [1]. There are different types of 

energy: potential energy (for example gravitational, chemical, electrical, and mechanical), or kinetic energy 

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


Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Comprehensive analysis of current research trends in energy storage technologies (Surender Reddy Salkuti) 

1289 

(for example thermal energy), and each form of energy is stored by a specific storage device. Batteries are 

utilized to store the convertible chemical energy, hydroelectric dam stores the energy in a reservoir as gravitational 

positional energy. Others storage devices like ice storage tanks are used to store thermal energy at night time to 

meet the peak load for cooling [2], [3]. There are several fluctuations of energy supply and demand due to the 

daily societal activities in the 24-hour day-cycle. As a result, there are periods of energy surpluses and 

deficits. This can be handled by using energy storage technologies. Having a storage system enables energy 

to be stored during periods of surpluses and supply energy during peak demands. Energy storage components 

are used to perform several functions such as grid stabilization, frequency regulation, grid operational 

support, and voltage support [4]. 

Mechanical energy storage systems include pumped hydroelectric energy storage (PHES), compressed air 

energy storage (CAES), and flywheel energy storage. Chemical energy storage includes hydrogen. 

Electrochemical ES includes traditional batteries (Nickel Cadmium (NiCd), Lead-acid (PbA), Lithium-ion (Li-

ion)), flow batteries (Vanadium redox (VR), and Zinc Bromine (ZnBr)), and high-temperature batteries (Sodium 

sulfur (NaS) and ZEBRA). Electric filed batteries include magnetic field batteries include superconducting 

magnetic coil (SMES), double-layer capacitor, and thermal batteries include molten salt [5]. 

The role of energy storage systems in the development of smart grids has been presented in [6]. 

Zhang et al. [7] presents an overview of hybrid energy storage systems (ESSs) focusing on  

battery-supercapacitor hybrids, covering different aspects in electric vehicles and smart grid applications.  

Aktas et al. [8] presents a hybrid ESSs consisting of high energy and power density storage battery bank and 

ultracapacitor unit for sudden variation of load demand. A new hybrid ESS composed of CAES cycle as 

mechanical storage and amine-assisted CO2 capture cycle as chemical energy storage has been proposed  

in [9]. Rahman et al. [10] reviews the techno-economic and life cycle assessments of ESSs. An integrated 

planning approach has been proposed in [11] which optimally determines the locations and capacities of 

interconnected Internet data centers and battery ESSs in a smart grid. The latest trends in energy storage 

applications, both cradles, and grave along with their possible prospects are discussed in [12]. A new type of 

multi-time scale cold energy storage system consisting of heat pipe-based natural ice storage subsystem and a 

dual-operation chiller for buildings to enhance their energy flexibility has been described in [13]. 

This paper focuses on not only the different types of energy storage but also the comprehensive 

review of various storage technologies to be used in the renewable energy sources (RESs) connected to the 

utility grid. Storage batteries are selected based on the battery type, temperature and physical requirements, 

cycling schedule, working life, charge/discharge cycle, safety and reliability, electrochemical system, voltage 

and load current profile, maintenance, and price. This paper also analyzes each energy storage type and 

compares them to each other. Some of the current technologies that exist for energy storage include batteries, 

flywheels, compressed air, electrochemical capacitors, and pumped hydro. Energy storage systems (ESSs) 

are broadly classified into electrochemical and non-electrochemical energy storage and they are described in 

this paper. 

 

 

2. ELECTROCHEMICAL ENERGY STORAGE SYSTEMS (ESSs) 

Electrochemical ESSs include lithium-ion, lead-acid, sodium-sulfur, nickel-metal hydride, nickel-

cadmium, and flow batteries [14]-[16]. One of the most widely used energy storage system is the battery. Its 

stores electrical energy in the form of chemical structure. Battery has high energy density device, it means to 

support power to the system for longer time. To process electrochemical reactions inside the cell, a certain 

amount of time is needed. Thus, it is not support for sudden and fast changing of PV generation and load 

demand. Due to its high internal resistance, their internal losses are high. During charging/discharging of 

battery its internal structural integrity changes. The cycle life of battery determined by its charge/discharge 

rate. Even though batteries have drawbacks like low power density and life cycle, they are most dominant in 

renewable power generation and electric vehicle applications.  

Rechargeable batteries include lithium-ion, lead-acid, Vanadium Redox, sodium-sulfur, nickel-metal 

hydride, nickel-cadmium, and Zinc Bromine [17]. Other new battery technologies such as sodium-sulfur and 

sodium nickel chloride have failed to deliver on their promises as yet although the technical performance 

achieved in ongoing research is quite remarkable. The life of a battery depends on the temperature where the 

battery is being stored. Lower temperature can reduce the rate of side reactions, although some batteries can 

be damaged by frizzing temperatures.  

Non-rechargeable/primary batteries are for single use only and they include zinc-chloride, zinc-

carbon, silver-oxide, and alkaline. Rechargeable/secondary batteries are capable of performing multiple 

charging and discharging cycles [18]-[22]. Batteries are made by using the positive electrode, negative 

electrode, electrode, and separator. The internal parts of a rechargeable battery may be corroded by the 

chemical reactions and fail. This corrosion may also slowly convert the active materials into inactive 
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materials. During the charging process, electrical energy from the grid is stored in the battery in the form of 

chemical energy, whereas during the process of discharging the chemical energy from the battery is injected 

into the grid in the form of electrical energy. It is important to mention that the life of every battery can be 

extended by about 5%, and to extend the life of a battery one should store the batteries at low temperature as 

it is indicated either on the batteries themselves or their boxes [23]. 

One of the main environmental concerns in our world today regarding batteries is a toxic metal. Used 

batteries often involve hazardous chemicals and contribute to electronic waste which is a huge problem to our 

environment. It is important to mention how the battery storage techniques are being used in the technology of 

renewable energy. In the wind energy system, the batteries are used to store energy to be used during peak hours, 

especially at night [24]-[26]. The capacity function of the current of a battery (𝑄𝑚𝑎𝑥(𝐼)) can be expressed as (1). 

 

𝑄𝑚𝑎𝑥(𝐼) =
𝑘𝑐𝑇𝑄𝑚𝑎𝑥

0

1−𝑒−𝑘𝑇+𝑐(𝑘𝑇−1+𝑒−𝑘𝑇)
 (1) 

 

Where 𝑐 the ratio of available charge capacity to total capacity, 𝑘 is the rate constant and 𝑄𝑚𝑎𝑥
0  is the 

maximum capacity of the battery [27]-[29]. The lifetime model of battery uses a double exponential curve fit 

to data characterizing cycles to failures versus cycle depth, and it is modeled using [30], 

 

𝐶𝐹 = 𝑎1 + 𝑎2𝑒−𝑎3𝑅 + 𝑎4𝑒−𝑎5𝑅 (2) 

 

where 𝑎𝑖 is the fitting constants, 𝐶𝐹 is cycles to failures and 𝑅 is the cycle range. 

 

2.1.  Lithium-ion (Li-ion) battery 

It is composed of an electrode (positive electrode is metal oxide and the negative electrode is 

carbon) and an electrolyte (i.e., lithium salt). Li-ion batteries travel among the electrodes during the chemical 

reactions of charging and discharging. The positive electrode reaction is represented by [31], [32]. 

 

𝐿𝑖+ + 𝐶𝑜𝑂2 + 𝑒− ←→ 𝐿𝑖𝐶𝑜𝑂2 (3) 

 

The negative electrode reaction is represented by, 

 

𝐿𝑖𝐶6  ←→  𝐶6 + 𝐿𝑖+ + 𝑒− (4) 

 

The overall reaction is represented by, 

 

𝐿𝑖𝐶6 + 𝐶𝑜𝑂2 ←→  𝐶6 + 𝐿𝑖𝐶𝑜𝑂2 (5) 

 

These batteries are used in automobiles, consumer electronics, and utility applications [33]-[35]. Li-

ion batteries do not pose a huge environmental impact when compared to lead-acid batteries. The main 

advantages of Li-ion batteries are their high energy, power densities, capacity, and high efficiency, long life, 

low internal resistance, and self-discharge. However, the disadvantages are related to the Li-ion batteries 

include high cost, requires power electronics, safety issues, possess relatively high internal resistance, and 

impossible to charge at low temperatures [36]. The cost of a Li-ion battery is 0.47$/Wh. There hasn’t been 

any recent breakthrough with this technology apart from the research to improve the power density, costs, 

recharge cycles, and safety of these batteries. 

 

2.2.  Lead acid batteries 

These are some of the oldest, efficient, and widely used batteries. The oldest battery technology is 

the lead acid battery. Gaston Plante was the first to study how to extract current from a pair of lead plates 

immersed in sulphuric acid in 1859. To meet several requirements, the different design and models of lead-

acid batteries have been proposed. However, the basic fundamental electro chemical lead-acid battery 

remains same over 150 years. It is a popular rechargeable battery used in microgrids and electric vehicles. 

They are found in several applications including cars (i.e., automobiles), and electronic devices (watches, 

uninterruptible power supply (UPS)), Substation reserve power, and communication systems. The electrolyte 

in lead-acid batteries participates in the chemical reactions during the charging/discharging. By adding 

carbon-based materials to the negative electrode reduces sulfation and increases the conductivity [37]-[39]. 

The average cost of this battery is about 0.174$/W. The main advantages of these batteries are less expensive, 

matured technology, high reliability and discharge power, low self-discharge rate, and no memory effect. 

However, the disadvantages include a slow charging rate and low specific energy.  
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2.3.  Nickel-based batteries 

These are classified into nickel cadmium (NiCd) batteries and Nickel Metal Hydride (NiMH) 

Batteries, and they are presented next. 

 

2.3.1. Nickel cadmium (NiCd) batteries 

NiCd battery consists of a positive electrode (i.e., Nickel oxide hydroxide (NiO(OH)) and a negative 

electrode (i.e., metallic cadmium (Cd)), electrolyte, and a separator. The negative electrode reaction during 

the discharge is represented by [40]. 

 

𝐶𝑑 + 2𝑂𝐻−  →  𝐶𝑑(𝑂𝐻)2 + 2𝑒− (6) 

 

The positive electrode reaction during the discharge is represented by, 

 

2𝑁𝑖𝑂(𝑂𝐻) + 2𝐻2𝑂 + 2𝑒−  →  2𝑁𝑖(𝑂𝐻)2 + 2𝑂𝐻− (7) 

 

The overall reaction during the discharge is represented by (8). 

 

2𝑁𝑖𝑂(𝑂𝐻) + 𝐶𝑑 + 𝐻2𝑂 →  2𝑁𝑖(𝑂𝐻)2 + 𝐶𝑑(𝑂𝐻)2 (8) 

 

The technology behind the NiCd batteries is quite old and there has not been a recent  

breakthrough [41], [42]. Because of this toxicity, the NiCd batteries are replaced by NiMH batteries. The 

main advantages of these batteries are high charge/discharge cycles and profitability, operation at low 

temperatures, and fast charging. Whereas the disadvantages are low cell voltage and specific energy, high 

self-discharge, and the toxicity of Cadmium. 

 

2.3.2. Nickel metal hydride (NiMH) batteries 

The main features of NiMH batteries include its higher capacity, better cycle life than lead-acid 

batteries, higher energy density, no problems with electrode toxicity and it is less prone to memory effect 

when compared to NiCd batteries. Applications of these batteries are consumer electronics and 

utility/telecom backup. The cost of a NiMH battery is 0.99 $/Wh and it is a matured technology [43]. The 

disadvantages of NiMH batteries are limited long-term potential for cost reductions, more expensive than 

lead-acid batteries, high degree of self-discharge, low cell voltage, very low coulombic efficiency and it 

requires complex charging algorithm. 

 

2.4.  Sodium-sulfur (NaS) batteries 

This battery consists of molten Sulphur (S) as the positive electrode and molten sodium (Na) as the 

negative electrode [44]. The positive electrode reaction is represented by (9). 

 

𝑥𝑆 + 2𝑒−  ←→  𝑆𝑥
−2 (9) 

 

The negative electrode reaction is represented by (10). 

 

2𝑁𝑎 ←→  2𝑁𝑎+ + 2𝑒− (10) 

 

The overall reaction is represented by (11). 

 

2𝑁𝑎 + 𝑥𝑆 ←→  𝑁𝑎2𝑆𝑥 (11) 

 

During the discharging process, the 𝑁𝑎 passes from negative electrode to positive one, and sodium 

polysulfide (𝑁𝑎2𝑆𝑥) is formed at the operating temperature (i.e., (300-350) oC. This process is reversed 

during the charging. The life span of this battery is between (10-15) years depending on the depth of 

discharge and frequency of use [45]. The advantages of these batteries include higher power density and 

energy, long cycle life, very low self-discharge, higher rated capacity, efficiency, and recyclability. The 

disadvantages are quite expensive and high operating costs and produce high temperatures (i.e., safety 

issues).  

 

2.5.  Vanadium redox (VR) flow batteries 

The redox cell works on the principle of reduction-oxidation. This battery uses vanadium ions in 4 

oxidation states to store the chemical potential energy. The positive electrode reaction is represented by (12). 
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𝑉𝑂2+ + 𝐻2𝑂 ←→  𝑉𝑂2
+ + 2𝐻+ + 𝑒−  (12) 

 

The negative electrode reaction is represented by (13). 

 

𝑉3+ + 𝑒−  ←→  𝑉2+  (13) 

 

The liquid electrolyte of metallic salts is pumped through the core, which consists of negative and 

positive electrodes, and they are separated by membrane [46]. Electricity is generated by ion exchange 

between anode and cathode. The operating temperature of this battery is (10-40) oC. The main advantages of 

VR batteries include the high energy, current, and power densities, quick response times, scalable for large 

applications, no harmful emissions, easily upgradeable, long cycle life, independent energy and power sizing, 

and higher roundtrip efficiency. But the main disadvantages include higher cost, construction complexity, 

and efficiency losses [47]. VR batteries are used in peak shaving for transmission and distribution, power 

quality, reliability, backup power, and small load-leveling applications such as frequency regulation, spinning 

reserves, and voltage support.  

 

2.6.  Supercapacitor  

Supercapacitors (SCs) also referred to as ultracapacitors or electric double-layer capacitors are 

electrochemical components that have a relatively high energy density. In 1978, they produced commercial 

SCs and used for computer memory backup in consumable electronics. Several products have been modified 

during the course of the manufacturing process. The SCs with capacitances ranging from 1000 to 5000F and 

energy densities ranging from 3.5 to 4.9 Wh/kg is commercially available in the 21st century. The SCs are 

low voltage range with high capacitance value compared to electrolytic capacitance. It reduces the gap 

between the battery and the electrolytic capacitor system. The major advantages of SC are high power 

density and longer life cycle. During charging/discharging process, there no change of internal structural 

integrity in SC. The only drawback of SC is that it has a higher rate of self-discharge. The self-discharge rate 

is around 20% of stored energy in a day even in no load condition. 

When compared to regular conventional capacitors, supercapacitors have a high energy density this 

is generally hundreds of times greater than regular capacitors. When the supercapacitors are operated singly 

can only store so much power [48]. Supercapacitors' prices are dropping due to the different researches that 

are being conducted to improve their performance. Applications include emergency bridging power, power 

quality, fluctuation smoothing, and automotive where an ultra-battery is combined with a supercapacitor in 

one unit for creating the battery of electric vehicle (EV) last longer, cost less, and be more powerful. 

The advantages of supercapacitors are their long life, being environmentally friendly, and they have 

little degradation over hundreds of thousands of charge cycles. These batteries can be recharged quickly, 

have high power density, low cost per cycle, high efficiency and specific power, improved safety, and long 

life. However, the main disadvantages include a lower amount of energy stored per unit, high self-discharge, 

high dielectric absorption, expensive, and low maximum voltage. To get higher voltages, one must use series 

connections, which may require balancing the system. 

 

 

3. NON-CHEMICAL ENERGY STORAGE  

3.1.  Flywheel energy storage 

The flywheel stores the kinetic energy (KE) in rotating inertia. A Brushless DC machine is most 

suitable for use in the flywheel. A flywheel with a moment of inertia (𝐽) rotating at an angular velocity of (𝜔) 

stores the energy (𝐸), and it is expressed as (14) [49].  

 

𝐸 =
1

2
𝐽𝜔2 (14) 

 

For any allowable rotor tip velocity (𝑣), the maximum energy that can be stored is given by (15). 

 

𝐸𝑚𝑎𝑥 = 𝑘𝑣2 [1 + (
𝑟1

𝑟2
)

2

] (15) 

 

Where 𝑟𝑖 is the inner radius, 𝑟𝑜 is the outer radius, and 𝑘 is the proportional constant. This storage system can 

be used for power quality, frequency regulation, fluctuation smoothing, and emergency bridging power [50]. 

Flywheel energy storage systems have quick recharge, high power density, high cycle life, independent 

power and energy sizing, fast response time as it requires only a very short recharge time, handles high power 
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levels, and independent of changes in temperatures. However, the main disadvantages include large power 

standby losses, potentially dangerous during the failure modes, low energy density, short energy storage time, 

and gyroscopic effects. 

 

3.2.  Compressed air energy storage (CAES) system 

This CAES system is used to store energy to be used during peak hours. The technique consists of 

compressing air to generate heat. The heat is then stored to be used during peak hours. These three types of 

air storage can be used in CAES and they are adiabatic, diabatic, or isothermic. In this storage system, 

compressed air is used to generate electricity. The compression can be expressed by using [50], 

 

𝑃𝑐 =  
1

𝑛𝑐
𝑚𝐶𝑝 [(

𝑝2

𝑝1
)

𝑘−1

𝑘
−  1] (16) 

 

where 𝑚 is the mass flow rate of the air, 𝑛𝑐 is the overall efficiency of the compressor, 𝑃𝑐 the input power to 

the compressor, k is specific heat ratio of air (Cp/Cv), 𝑝1 and 𝑝2 are the pressure at the inlet and outlet of the 

compressor. The compressed air follows ideal gas laws and they are given by (17). 

 

𝑝𝑉 = 𝑛𝑅𝑇  (17) 

 

Where n is the amount of gas (mol), V is volume, p is absolute volume, T is absolute temperature, and R is 

the ideal gas constant. This produces the work/energy to drive the turbine, and it is given by (18). 

 

𝑊 = 𝑝𝐵𝑝𝐴 ln
𝑝𝐴

𝑝𝐵
  (18) 

 

CAES plants have a relatively low start-up time. Usually within seconds for regular starts, or a few 

minutes for a cold start [51]. CAES system has low efficiency. Some demonstrations have managed to show 

efficiencies as high as 75%, however other demonstrations have shown efficiencies as low as 40%. The 

reluctance of a lot of utility companies to focus on this method of storage indicates a consensus with the low-

efficiency values. The CAES systems can be used for frequency regulation, energy arbitrage, and auxiliary 

services. The CAES system can be easily scaled, capable of producing up to a few megawatts of power. 

 

3.3.  Pumped hydroelectric energy storage (PHES) 

The PHES system operates by pumping the water from a reservoir. The reservoir is usually located 

at a lower location. The water is pumped to a higher elevation during times of lower demand of electricity 

and is released to the consumers during peak demand for energy. This principle is the same as the one in the 

hydroelectric station. The efficiency of the PHES system is between 755 to 85%, and its size varies from 200 

MW to 2000 MW. It converts the potential energy of water into electrical power. The potential energy is 

given by [51]. 

 

E = mgh (19) 

 

The hydro-electric power is given by (20). 

 

𝑃 = 𝜌𝜑𝑔ℎ =  ℎ𝑟𝑔𝑘 (20) 

 

Where E is energy, m is mass, P is hydroelectric power, ρ is the density of water, g is the 

acceleration due to gravity, k is the coefficient of efficiency, and φ is the rate of fluid flow. The advantages of 

this storage system are environmentally safe, as they produce no air pollutants, relatively efficient form of 

energy storage, efficiency typically is about 80%, is a self-sufficient method of storage, has huge energy, and 

power capacity. However, this storage system has a large scale only, long construction time, is expensive to 

site and build, geographically limited and the generator must be below sea level [52]. The main applications 

are frequency regulation, energy arbitrage, and auxiliary services. Finally, advances are currently being made 

into the utilization of wind turbines or solar power to drive the pumps directly and when executed, could 

prove a huge cost saver in this method. 

 

 

4. CONCLUSION 

This paper presents various available electrical energy storage devices and their characteristics. 
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These devices are used for grid stabilization, grid operational support, frequency regulation, voltage support, 

and load shifting, and they will ensure a sustainable and efficient grid that would help both the customer and 

utility supplier to save energy costs. The objective of this paper is to study different ways of storing energy. 

From this paper, it can be concluded that a flywheel storage system is the most efficient form of energy 

storage. In addition to their stability, flywheels last over a lifetime and are very friendly to the environment as 

long as the circuit boards are recycled. Also, with flywheels, utility companies can store sufficient energy to 

be used during peak hours. Unlike flywheels, batteries are problematic to the environment. Due to the 

chemical, they contain wasted batteries that can penetrate and destroy the environment. Supercapacitors have 

almost the same advantages as flywheels. Supercapacitors have high reliability, moderate maintenance, and 

has low operating costs. 
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