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Abstract 
 

This paper presents the comparative analysis of different energy storage techniques used in the utility grid connected with the renewable 

energy sources (RESs). Energy storage is required to match the demand and supply of energy. However, with the integration of RESs to 

the grid increases the mismatch between the supply and demand due to the intermittence of RESs. In this paper, it is shown that the ener-

gy stor-age systems provide a better solution to the integration of different RESs to the existing grid. The energy storage systems are the 

key com-ponents for replacing the conventional fossil fuel plants with RESs. It is hard to evaluate the different types of energy storage 

techniques between themselves due to the fact that each technology could be used in a different way and are more like compliments. 

Further, research needs to be done on storage techniques to continue to increase the benefits while reducing the associated costs. The 

energy storage tech-niques show great potential to help the RESs and smart grid to meet the world’s growing energy demand. This paper 

has presented the comparative analysis of various energy storage systems in terms of their design, cost, geographical location, advantages 

and disadvantages. 
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1. Introduction 

The demand for energy in the world has been growing rapidly. 

The current trends indicate that the world would be facing con-

straints in indigenous availability of conventional energy re-

sources. These demands has to be met in an equitable and sustain-

able manner. Therefore, there is a requirement for incorporating 

the renewable energy sources (RESs) into the grid. The two main 

issues with the integration of RESs to the grid are the variability 

and unpredictability. To accommodate these issues, the scheduled 

productions and consumptions in an electricity market are required 

to be modified during the actual operation of power system. The 

increasing penetration levels of RESs will change considerably all 

aspects concerning the operational and reliability performance of 

utility grids. Hence, it is necessary for energy to be stored and 

combined to help the demand on green energy. Energy storage is 

the way energy is being conserved in a particular form and then 

released when needed in the same form or converted to a different 

form [1]. 

A review on the structures and applications of Flywheel energy 

storage system in power system, microgrid; and the challenges, 

problems and future works are presented in [2]. Reference [3] 

describes the requirement to store energy to strengthen power 

networks and to maintain load levels. Latest energy storage tech-

nology profile is analyzed and described in [4], in terms of tech-

nology maturity, efficiency, scale, lifespan, cost and applications. 

A comprehensive overview of important electrical energy storage 

systems has been presented in Reference [5]. Reference [6] pre-

sents an overview of storage batteries and compares their technical 

properties such as the power and energy densities, cycle life, effi-

ciencies and costs. A multi-period market-equilibrium model of 

interactions between different types of market agents is presented 

in Reference [7]. Reference [8] proposes a multi-period optimiza-

tion model to study the technical and economic effects of place-

ment and use of RESs and energy storage systems in an electrical 

system. An overview of battery sizing criteria, methods and its 

applications in various RESs is presented in [9]. The integration of 

RESs considering the installation of a battery energy storage sys-

tem into an isolated power grid is assessed in [10]. A comprehen-

sive comparison of various technical characteristics and features 

of different storage technologies is presented in [11]. The behavior 

of battery and flywheel storage systems in photovoltaic (PV) and 

wind energy applications is presented in [12]. A model to optimize 

the design of a biomass-integrated microgrid employing combined 

heat and power with energy storage is developed in [3]. An over-

view of innovative field of hybrid energy storage systems is de-

scribed in [14]. A multi-level perspective model to examine the 

development of policy frameworks around energy stor-

age technologies is presented in [15]. Reference [16] presents the 

issues of electricity storage requirements based on comparative 

studies of various results. However, there is a requirement for a 

comprehensive review of various storage systems for the integra-

tion of RESs to the utility grid.  

The objective of the present paper is to present the comparative 

analysis of different energy storage technologies used in the grid 

connected with the renewable energy sources (RESs). In this paper, 

various storage techniques such as storage batteries, compressed 

air energy storage (CAES) systems, flywheels, pumped hydro 

energy storage systems, supercapacitors and superconducting 

magnetic energy storage (SMES) systems are discussed and com-

pared in a detailed manner.  

The rest of the paper is organized as follows. Section 2 presents 

the integration of energy storage with the RESs. The comparative 
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analysis of various energy storage techniques is described in Sec-

tion 3. The contributions with concluding remarks has been pre-

sented in Section 4.  

2. Integration of energy storage with renewa-

ble energy sources (RESs) 

Renewable power generation has several advantages and disad-

vantages. One major advantage of renewable energy is that it can 

never be depleted and require very little maintenance reducing the 

cost of production. It is environmentally friendly as they don't 

emit pollutants or create waste that destroys the air and our eco-

system. However, the amount of energy produced is not as huge as 

that of fossil fuel. Renewable energy depends greatly on nature to 

produce power and is not always reliable. As it is a new technolo-

gy, it is expensive to create and install this technology, but with 

time the price will reduce as more people switch to renewable 

energy. A great way to sustain renewable energy is through stor-

age devices [17]. 

Due to the intermittency that arises with RESs, various energy 

storage techniques have to be integrated into the system. Energy 

storage will help to provide a buffer for periods of imbalance with 

power demanded and supplied. Improved storage facilities will 

also help the RESs to address transmission issues that result from 

geographical challenges and easing availability for consumers. In 

these grids, generally, supercapacitors are used for short-term 

storage, which runs is considered to be about a few microseconds, 

while batteries are used for long-term storage [18]. Figure 1 de-

picts the classification of various energy storage systems. They are 

classified into direct and indirect storage systems [19]. Storage 

batteries, flywheels, pumped hydro energy storage and com-

pressed air energy storages comes into the indirect energy storage 

category. Whereas, supercapacitors and superconducting magnetic 

energy storage comes into the direct energy storage. 
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Energy Storage

Indirect Storage
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reservoir

Natural 
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Fig. 1: Classification of Different Energy Storage Systems. 

 

As the renewable power generation grows up, it will ultimately 

overwhelm the ability of conventional power sources to compen-

sate the variability of RESs, and require the capture of electricity 

generated by wind, solar PV and other renewables for later use 

[20]. The energy storage techniques will play a huge part in the 

future of power generation. The high level benefits that will be felt 

from storage techniques are presented next: 

Reducing reserve power plants: The reserve power plants are set-

up to shave peak demands. Nuclear power plants aren’t used for 

this purpose because its more economically effective to use the 

plants to provide base power. They have problems responding to 

rapid demand changes. Hydroelectric plants can respond quickly 

to load demand changes but the cost to build and maintain these 

plants solely for demand shaving is very high. It is desirable to 

reduce the number of reserve power plants because these power 

plants are expensive and old. Also, they are non-environmentally 

friendly because of the dirty fossil fuels that power the plants. 

Whereas, the energy storage techniques can both store power dur-

ing demand valleys and shave peak demand with low emissions 

Reducing the costs associated with power outages: Power outages 

is a huge problem because they affect many facets of our world. 

Most businesses in our economy rely on energy to support the 

proper functioning of their company. In many power outages, 

businesses cannot operate. Specifically, 79 billion dollars are lost 

annually to service interruptions that last for less than 5 minutes. 

Storage devices can provide power until back-up power is made 

available. Utility companies that serve areas that often lose service 

can delay making short-term improvements by implementing stor-

age techniques and concentrating on making better, more strategic 

long term improvements to their smart grid [21]. 

Supporting RESs: With the addition of storage techniques, the 

RESs can reduce the variability in their power output. Specifically, 

wind and solar PV power, because these are currently the most 

sustainable RESs. Various storage technologies are selected based 

on the different parameters, such as power capacity, discharge 

duration, response time, discharge frequency, ease of integration 

with the existing grid, storage capacity, product lifespan, efficien-

cy, transportability and the operating cost. 

3. Comparative analysis of different storage 

technologies 

With the integration of RESs into the grid, the energy storage 

techniques can be classified as [19]: 

• Electrochemical systems: Batteries, fuel cells. 

• Thermal systems: Water or oil heaters. 

• Mechanical systems: Flywheels. 

• Pneumatic systems: Air compressors. 

• Magnetic systems: Superconducting magnetic energy stor-

age (SMES) systems. 

• Electric systems: Supercapacitors. 

3.1. Storage batteries 

Batteries can be found in many different forms which include 

lithium ion, sodium-sulphur, flow, and lead acid. Because of their 

high cost and/or short lifetime, they are only used in a limited 

number of applications. Advanced batteries are being fabricated, 

designed, and built as the trend of using motor vehicles is increas-

ing. It has a serious environmental impact which is leading to the 

air pollution in large cities and densely populated areas. As a re-

sult, the manufacturers, power industry, battery researchers and 

exporters around the world have meetings to communicate and 

focus on the basis of distributing better and prevent the environ-

ment from hurting people.  

The power is directly proportional to the voltage and current. As it 

relates to battery energy storage, different batteries have different 

voltage and current characteristics based on their internal make-up. 

For example, lithium ion batteries can store more energy per given 

volume than other batteries such as nickel-cadmium and lead acid. 

This means that they can handle larger voltage and current values 

for a given volume. Furthermore, considerations on how much 

electricity and time a given battery needs to charge are important. 

Just like other storage systems, things such as round-trip efficien-

cy must be evaluated. Advanced batteries include the lithium-ion, 

lead-acid, metal-air, zinc-bromide batteries. These batteries are 

rechargeable.  

These batteries are electrochemical cells that contain a non-

aqueous electrolyte and an intercalated compound as positive elec-

trode. When the battery is charged, the voltage reverses the current 

flow from positive to negative. After the energy is stored the bat-

tery discharges current from negative to positive. These essentially 

are the electrochemical cells consisting of an intercalated com-

pound as positive electrode, a non-aqueous electrolyte (usually a 

salt dissolved in an organic solvent), and a negative electrode (for 

which graphite is commonly used). The battery is charged by an 

external power circuit which supplies an over-voltage and reverses 

the regular flow of current in the battery and makes the positive 

ions migrate from the positive to negative electrode, hence a flow 

of current in the opposite direction. During discharge, the positive 

ions carry current from the negative to positive electrode and 

hence stored energy is given up. Batteries for energy storage can 
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be easily constructed to fit specific needs and are thus available in 

various shapes and sizes [22]. 

Features of energy storage batteries: 

• Banks of lead-acid batteries are commonly used to stabilize 

electrical systems by supplying extra power and maintaining 

voltage and frequency levels. 

• Lead acid batteries have very low life spans when charged 

and discharged frequently. 

• Flow batteries store electrolytes outside itself and circulate 

these electrolytes to generate electricity. Because these bat-

teries create a substrate but are not involved in any chemical 

reaction, the flow batteries have long life spans. 

• Nickel-metal hydride have relatively low energy densities 

and are very sensitive. They tend to have problems with 

overcharging. 

• Rural locations utilize portable sodium-sulphur battery sys-

tems to provide power for small time periods. 

• Lithium-ion (Li-ion) batteries are commonly used in mobile 

phones and laptop computers. In comparison with nickel-

cadmium and lead acid batteries, they have a much higher 

energy density. Their long lifetimes make them a very good 

cost option. 

• Manufacturing of batteries poses as huge safety and envi-

ronmental risk due to the involvement of large number of 

chemicals [23-24]. 

 

 

 
Table 1: Cost, Advantages and Disadvantages of Storage Batteries. 

Cost Advantages Disadvantages 

• The cost of batteries varies depending on the type of battery 

chosen. At the low end, alkaline batteries cost 190$/kWh. At 

the high end, nickel-cadmium batteries cost 1500$/kWh. 

• The U.S. Advanced Battery Consortium has set a target of 

150$/kWh for the cost of Li-ion battery to make it accessible 
by the mass market by year 2020. 

Lithium-ion batteries have the following 

advantages: 

• They can be produced in various 

shapes or sizes to fit whatever 
need they are to meet. 

• Low self-discharge rate. 

• Lighter weight in comparison to 

other equivalent secondary cells. 

• It is relatively safe for the envi-

ronment, and helps to reduce car-

bon emissions from vehicles. 

• High discharge duration at maxi-

mum power level. 

• No memory effect. 

• Batteries are highly portable, and 

they can be placed almost any-

where. 

Lithium-ion batteries have the fol-
lowing disadvantages: 

• High charge levels. 

• Elevated temperatures can 

quicken the capacity loss. 

• Relatively low efficient. 

• They possess relatively high 

internal resistance which also 

increase with aging. 

• Making this storage method 

cost-effective is a challenge. 

The common usage of batteries have created many concerns deal-

ing with the environment which include toxic metal pollution. 

Battery manufacture often involves hazardous chemicals which 

harm the environment. Used batteries also contribute to this prob-

lem. In many areas across the nation, many people have taken 

upon themselves and have demanded for battery recycling. Ulti-

mately, recycling or simply properly disposing these batteries 

helps prevents dangerous elements such as lead, mercury, and 

cadmium found in some types of batteries from entering our envi-

ronment. 

3.2. Compressed air energy storage (CAES) system 

The CAES is used for compressing air that is stored deep under 

the ground. The CAES system prevents the wind production from 

hurting people, plants, and animals. It also has the potential to 

reduce the risk for renewable projects and to reduce of the wind 

curtailment and increased the possibility. As a result, the combina-

tion of wind production and CAES overall value is increased and 

produce the best wind power which is being delivered to the mar-

ket as daily basis. The overall efficiency of CAES system is pro-

vided by the reduction of carbon emission. The decrease of reli-

ance on thermal production and increase overall efficiency leads 

to the vast reduction of carbon emission provided by the CAES. It 

is also important for the safety of fossil fuels that is being pro-

duced since it is reducing the carbon mission and thermal produc-

tion. It is used for energy generated at one time and utilized it for 

many days. When it comes out of the ground, it is released 

through the turbines, which drives the rotor of an electric current 

generator, in the form of heat [25]. 

The CAES system utilizes high efficiency compressors to store air 

underground. Like most storage techniques, the energy is stored 

during low cost and low demand time periods. When the electrici-

ty demand, the air expands to atmospheric pressure which causes 

turbines to generate electricity that can be used by the smart grid. 

When air compression is taking placed, then the rotor/generator is 

connected to both the compressor and turbine. However, during 

the production of current, the motor/generator is disconnected 

from the compressor and connected to the turbine. Compressed air 

unit burns only one-third of the fuels used by the turbines to make 

the same electricity production which leads to the two-third of 

reduction in the environmental pollution [26]. 

The optimization of air compression that was released in the form 

of air combustion back to the energy system is cost effective. As 

much as 1.7k of air compression is needed for every hour of elec-

tric current production that is operated above 25MW. The re-

sponse time of this process is estimated to be about 10 minutes 

with the efficiency of air compression is in between (65-75)%. 

The basic principle of operation of CAES system is that energy is 

stored during off-peak periods of electricity demand in under-

ground formations’ or caverns. These caverns are either created by 

solution mining or by using an abandoned mine. In periods of 

peak demand, i.e., most often during the day, the stored com-

pressed air is then heated and used to drive a steam turbine [27]. 

Features of CAES System: 

• They can be operate for short time periods to fix the voltage 

sags. 

• They are used to power small scale distributed generation 

systems. 

• Fast response time. 

• Low risk of tanks rupturing because of high-pressure nature 

of system. 

• They are located in salt caverns or domes. 
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Table 2: Cost, Advantages and Disadvantages of CAES System. 

Cost Advantages Disadvantages 

• According to the Electric Power Re-

search Institute, the price of CAES 

system is about 1000$/kWh. 

• In that, the capital costs are in the 

range of (600-700) $/kW. 

• This cost include the costs of setting 

up the underground storage intercool-

ers for dissipating the heat, and com-

pressors and expanders for the air.  

• CAES systems can be easily optimized to 

fit any specific site. 

• They are capable of black starts, i.e., they 

are able to start up from shut down condi-

tion without depending on the grid for 
power. 

• They provide a great economic benefit as 

it stores energy while demand is low 
(hence, energy at lower cost) and supplies 

this energy in times of peak demand, when 

the cost is higher. 

• Exploitation of this method of storage can 

lead to creation of employment opportuni-
ties with regards to the human resources 

required for execution. 

• They have high energy storage capacity 

and power output. 

• They have high discharge duration at max-

imum power output. 

• The efficiency of the system is relatively 

low. Some demonstrations have managed to 
show efficiencies as high as 75%, however 

other demonstrations have shown efficien-

cies as low as 40%.  

• The underground caverns are seen as risk 

issues by the utility companies. 

• Slow response time. 

3.3. Flywheels 

Flywheel is a mechanical storage device that is used to store the 

rotational energy. They have moment of inertia, and resist changes 

in rotational speed. It absorbs energy and acts as a reservoir. 

Torque is applied to a flywheel to transfer energy. This increases 

the rotational speed and the stored energy. When torque is applied 

to a mechanical load, the flywheel releases the energy stored and 

this decreases its rotational speed. Flywheels have quick response 

times and are low maintenance. Flywheels are able to absorb en-

ergy within seconds or minutes and can disburse energy rapidly 

[28]. 

A spinning disk on a metal shaft represents the storage location of 

a flywheel system. Increasing the speed of rotation, mass of the 

disk, or moving the mass closer to the rim of the disk increase a 

flywheel’s storage capacity. Flywheels are most often used for 

applications requiring short discharge time. These types of appli-

cations normally refer to voltage and frequency stabilization. Fly-

wheels energy storage is functioned using the accelerating rotor to 

maximum speed level and keep the energy in the system in the 

form of rotational energy. However, when the energy is somewhat 

destructed, then the flywheel’s rotation speed tend to reduce. In 

some vehicles which use diesel in order to function and being used 

for transportation tend to contain flywheels which can reduce the 

fuel consumption and prevent the environment from pollution. 

These reductions of pollution and fuels using the flywheels also 

have the important factor which is saves the money [29]. 

The flywheel is constructed with a rotor suspended by magnetic or 

mechanical bearings and rotates inside a vacuum chamber, all 

within a shell for safety [30-31]. This is then connected to a sys-

tem (usually a generator). Based on the principle of conservation 

of energy, the flywheel stores energy when it spins and supplies 

energy when needed. Rotors made from plastic re-enforced with 

high tensile strength fibres with up to 100000 rpm can store more 

energy per volume or weight than rotors made from high tensile 

steel with approximately 10000 rpm. The flywheel is coupled to a 

conventional electric generator, which generates electricity when 

breaking the flywheel [32]. 

Features of flywheels: 

• Third generation flywheels mix high mass and rotational 

speed to maximize overall storage.  

• Flywheels have varying discharge capabilities. They can be 

used in short or long duration discharges. 

• Current technology sets a restriction on the dual discharge 

nature. High cost and limited capacity are issues.  

• Flexible sizing and installation.  

• Small volume and weight.  

• Operating range is (32°-104°) F. 

 

 
Table 3: Cost, Advantages and Disadvantages of Flywheels 

Cost Advantages Disadvantages 

The costs of flywheel energy storage technique include: 

• Capital cost: This refers to the cost of installing a 

complete system.  

• Regulation cost. 

• Depreciation cost. 

• Operating cost. 

• The cost of a Flywheel energy storage is estimated 

to be about 1630$/kW. This include the operation-
al cost, regulation cost, and depreciation cost. 

• As it operates within a vacuum, me-

chanical and electrical efficiencies are 

observed to be quite high, up to 90%. 

• They have fast response time. 

• Flywheels can handle high power lev-

els. 

• They are not affected by the tempera-

ture changes. 

• Can sustain high power levels. 

• High power density and energy densi-

ty. 

• Fast response time.  

• Not affected by the temperature 

changes. 

• Very fast response time. 

• High efficiency. 

• There is a risk of flywheel explo-

sion, which creates the need for 
stronger containment vessels. 

• Short energy storage time, due to 

energy loss through friction due to 

the dynamic orientation of the earth. 

• Gyroscopic effects. 

• Energy is lost through friction be-

cause of the dynamic orientation of 
the earth. 

• Relatively low discharge time at 

maximum power level.  

The flywheel energy storage is used in different areas. Some ex-

amples are rail electrification, where it decreases the harmonics in 

low voltage power networks, and wind-diesel generator [33-34]. 

3.4. Pumped hydro energy storage (PHES) system 

This is the largest-capacity form of grid energy storage available 

and is reported to account for over 90% of the bulk storage capaci-

ty around, accounting for about 127,000 MW. The PHES method 

is very straightforward, and can be seen as a modification of regu-

lar hydroelectric dams [35]. In times of low electricity demand, 

excess available energy is used to pump water to a higher reser-

voir. The pumped water which now possesses gravitational poten-

tial energy is stored at a high point in the reservoir till the energy 

is needed. In periods of peak energy demand, the water is then 

released from the top of the reservoir and used to turn the turbine 
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to produce electricity. This helps to raise revenues obtained from a 

fixed amount of resources as energy is stored at low-cost and 

made available at a higher cost in periods of peak demand [36].  

 

 
Fig. 2: Pumped Hydro Electric Storage (PHES) System. 

 

Features of PHES system:  

• Pump turbines operate at ±10% of a conventional pump 

turbine. 

• Capable of adjusting electricity generation by 70%. 

• Capable of adjusting storage capacity by 40%. 

• PHES systems can regulate the frequency in two different 

modes, i.e., in pump mode and in generation mode. 

• Resonances can be avoided due to variable frequency which 

increases the product lifespan and reduces the maintenance. 

• Power output can be changed very quickly in (10-30)ms. 

• Requires large generation station and close proximity to a 

water reservoir. 

 

Table 4: Cost, Advantages and Disadvantages of PHES System 

Cost Advantages Disadvantages 

The Electricity Storage Association has esti-
mated the costs for PHES systems are in the 

range of (500-1500)$/kW. 

• They are environmentally safe. 

• Can be used on a very large scale to pro-

vide high levels of power. 

• It is a self-sufficient method of storage. 

• It is a further developed method than most 

others as various innovations have been 

introduced over the years. 

• Easily enhanced to meet any requirement. 

• Can start up from shut down condition 

without the help of power from a grid.  

• Low start-up time. 

• Very high storage capacity and lifespan. 

• The generator must be below the sea level. 

• It will conflict with aquatic life in the area 

and will either damage their habitat, or the 
equipment could get damaged. 

• Can only be implemented in certain areas 

close to water. 

• The underground caverns are a big risk. 

• Relatively low efficient. 

PHES system is a well-developed means of storage and is im-

portant due to its capability in handling very large power, covering 

a range from about (200-2000) MW [37]. They don't release any 

green house gasses and uses renewable energy as fuel source. The 

PHES systems should be located in a place that can allow for the 

water to be raised to a considerably high elevation. They require 

sufficient space for the storage facility to be built [38]. 

3.5. Supercapacitors 

Supercapacitors are an electrochemical double layer capacitor that 

contains electrodes with a membrane as a separator and an electro-

lyte. A supercapacitor is a special type of capacitor that differs 

from regular capacitors because of its storage capability or it ca-

pacitance. These capacitors store energy using two oppositely 

charged electrodes which are separated using an ionic solution. 

Energy is stored when ions attach to the electrodes and released 

when ions return to the solution [39]. 

Usually, the capacitors work by the potential difference across the 

conductor or the two plates. A static charge builds across the dia-

lectic part causing charge to collect on the plates. The energy from 

the charging of the plates is stored in the electrostatic field. The 

supercapacitor is of the type that is rated in Farads, meaning it 

would be a good choice for storing energy in a smart grid set up 

that calls for frequent charge and discharge cycles at high current 

because of the high capacitance. There are three main factors that 

determine how much energy a capacitor can store, and they are: 

electrode surface area, the materials that separates the plates’ die-

lectric constant, and distance the plates are from each other.  

They store energy by the separation of membranes. When a super-

capacitor is charged it helps put charges onto the plates. The plates 

are then neutralized and energy flows out when electricity is need-

ed. Like batteries, capacitors are highly portable because of their 

size [40]. 

Features of Supercapacitors:  

• Increasing the electrode surface area, increases the amount 

of stored energy. 

• Symmetric capacitors with activated carbon electrodes are 

the most widely used.  

• Asymmetic capacitors have higher operating voltages and 

more ability to stay within the rated voltage constraints. Al-

so, they have packaging and manufacturing advantages over 

symmetric capacitors. 

• Capacitors are generally used to remedy short power inter-

ruptions. 

• Good at stabilizing voltage and frequency levels. 

• Connecting capacitors together can increase the duration of 

time that they can fix power interruptions. 

• High power density. 

• Performance is independent of temperature. 

• Very low maintenance. 

• Lifespan of up to 20 years. 

 

 
Table 5: Cost, Advantages and Disadvantages of Supercapacitors 

Cost Advantages Disadvantages 

The cost of supercapacitors are in the range 
of (2400-6000)$/kWh. 

• Very high rates of charge and dis-

charge. 

• High specific power and efficiency 

(up to 95%). 

• Improved safety, as the materials 

used have low toxicity. 

• Low cost per cycle. 

• Fast response time. 

• Long lifespan. 

• Though having a high power density, it’s energy 

per unit weight is relatively low. 

• High self-discharge. 

• Cannot be singly implemented, except in series 

connection with other capacitors. 

• High dielectric absorption. 

• Low energy storage capacity. 

• Low discharge duration at maximum power level. 
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3.6. Superconducting magnetic energy storage (SMES) 

system 

In the SMES system, the electric current is stored indefinitely 

inside of superconducting windings. There are very low resistive 

losses. Also, SMES has the capability to quickly discharge high 

power for brief time spans [41]. Larger coils correspond to more 

power capacity. As the coils become larger, the magnetic field 

increases. At a point, the superconducting properties of the wind-

ings begin to break down and the coolant necessary to keep the 

machine operable becomes very expensive [42].  

Features of SMES system:  

• Altering the current in the windings allows energy to be put 

in or taken out of the system. 

• At steady state, energy can be maintained indefinitely. 

• SMES has high reliability and low maintenance, as the main 

part is motionless. 

• The refrigeration systems that cool the SMES have energy 

losses because they have moving parts.  

• High power can be released instantaneously. Although, this 

power level can only be sustained for a short period of time. 

• Networking several SMES systems together can increase 

the energy available. 

 

 
Table 6: Cost, Advantages and Disadvantages of SMES System 

Cost Advantages Disadvantages 

The cost of SMES system is approximately 

4.2 million dollars for a 3.3kW prototype. 
For a toroidal design, it costs approximate-

ly 2000$/kWh. 

• SMES system has fast response time with its ability 

to switch from charge to discharge state within sec-
onds. This is beneficial because there is no real 

waiting time for this system to regenerate. 

• High efficiency. 

• Long lifespan. 

• Need a large amount of power to 

keep the coil at low temperatures, 

combined with the high overall cost 
for the employment of a unit. 

• Low storage capacity and power out-

put. 

• Low discharge duration at maximum 

power level. 

 

4. Conclusions 

The energy storage technologies will increase the supply, and 

balances out the demand for energy in the system connected with 

the renewable energy sources (RESs). This paper addressed vari-

ous energy storage techniques, i.e., storage batteries, compressed 

air energy storage (CAES) systems, flywheels, pumped hydro 

energy storage (PHES) systems, supercapacitors and supercon-

ducting magnetic energy storage (SMES) systems in a grid con-

nected with RESs. Different storage techniques are compared in 

terms of mode of operation, features, cost, advantages and disad-

vantages. The SMES system is portable and easily deployable yet 

very expensive per kW. The PHES system is inexpensive and 

effective yet has geographic drawbacks as the site needs to be near 

water so it can only perform in coastal areas. The CAES system 

has low maintenance and relatively inexpensive but a cavern is 

needed and the amount of air being compressed could be a poten-

tial hazard. Flywheels have a very quick response time as it can 

absorb energy in a matter of seconds and it is inexpensive. Super-

capacitors on the other hand are safe, portable, the least inexpen-

sive, low maintenance, and have the shortest charge time. This 

storage technique is ideal because it delivers the most benefits 

with the least costs. The flywheels can remain for longer duration 

storing energy and as a result they are useful systems for electrical 

grid use. 
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