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ABSTRACT: 

In the recent days, the main challenge for the electrical power system is an economical storage technology. Energy 

storage is essential for the future Smart Grid (SG) to smooth out the fluctuating output of Renewable Energy 

Resources (RERs). Even though many good storage technologies are available but either they are not economical or 

they are not efficient. Several research studies are analyzed the application of energy storage with respect to voltage 

support, peak shaving, frequency stability, renewable firming, transmission upgrade deferral, and a host of other uses. 

RERs are dependent on the climate conditions for the power output. Therefore, an efficient storage technology is an 

important part for the reliability of electric power system. This paper compares different storage technologies 

available, i.e. hydrogen storage, batteries, superconducting magnet energy storage, fly wheels, compressed air energy 

storage, pumped hydro energy storage, etc. This paper details the necessity of storage techniques to help the RERs 

power output in the SG to meet the energy demands of the future. 

 

KEYWORDS: Energy Storage, Renewable Energy Resources, Smart Grid, Batteries, Flywheels, Pumped Hydro 

Energy Storage. 

  

1.  INTRODUCTION 

The concerns about energy security, climate change, 

and diminishing fossil fuel reserves are stimulating 

ever increasing interest in generation, distribution, and 

management of renewable power generation. 

Renewable Energy Resources (RERs) such as wind 

power and solar PV power are often inherently variable 

and spatially distributed, requiring the use of 

computational methods to predict levels of supply and 

demand, coordinate power distribution and manage the 

operations of storage facilities. The solution to this 

problem is the concept of a Smart Grid (SG). Energy 

storage is the key component for creating sustainable 

energy systems. Energy storage technologies have the 

potential to offset the uncertainty problem of RERs by 

storing the generated intermittent energy and then 

making it accessible upon demand [1]. The uncertain 

nature of RERs and unpredictable variable load 

demands have necessitated the inclusion of energy 

storage devices in the SG environment [2]. Energy 

storage technologies are the only solution for this 

energy sustainability problem. These energy storage 

technologies will have a vital role in combination of 

RERs in modern electrical power systems and SG [3].  

Europe has set ambitious targets for renewable 

energy, several European countries are already nearing 

the 2050 goal of 50% penetration of RERs. With 

greater reliance on renewable energy comes a need to 

represent and proactively handle their uncertainty and 

intermittency. To meet this challenge, several new 

market and operational designs have been put forth, 

based on explicitly including renewable uncertainty in 

the market clearing or operational formulation. The 

U.S. Department of Energy seeks to achieve 35% of 

total electricity generation with wind energy by 2050 in 

order to reduce dependence on fossil fuels [4].  

The central role of energy storage devices in 

modern electrical systems clearly appears by the 

analysis of relevant scientific literature and the interests 

of power industry in exploiting the feasible 

applications. The interest in energy storage relies on the 

variety of benefits it can provide to different 

stakeholders involved along the entire value chain of 

the electrical system. Relevant examples of benefits 

achievable thanks to the use of energy storage systems 

refer to their potential contribution in terms of power 

quality and reliability improvement, capacity support 

and deferral of investments, provision of ancillary 

services, regulation, and price arbitrage. In addition, 

beneficial effects can be derived in case of end-user 

applications in terms of reduction of costs related to 

energy consumption and peak demand. Furthermore, 

the energy storage systems are particularly useful for 

allowing network integration of intermittent RERs in 
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order to meet the modern tendency aimed at increasing 

the share of renewable power in the production of 

electrical energy. 

 The major point is that the energy storage 

technologies are the basis of the future of SG. Without 

adequate storage techniques, there will be no way to 

reliably meet the energy demands of the future. The 

current storage technologies that will be explored in the 

present paper include pumped hydro energy storage, 

flywheels, compressed air energy storage, batteries, 

superconducting magnetic energy storage system, 

supercapacitors and hydrogen storage. Each storage 

technologies will be classified by its features, cost, 

modelling, advantages and disadvantages. When 

deciding which storage technique is best to build, it is 

important to evaluate each based on its characteristics.  

Distributed generation networks are excellent power 

grid networks that can be used to address a grid power 

quality challenges by the incorporation of storage 

systems (e.g., flywheels and super-capacitors,) and 

equipment usable as a power conditioner [5]. The study 

on micro grid loads, energy storage devices, power 

electronic interface modules, interfaced distributed 

energy resources, and the interconnection of multiple 

micro grids is presented in [6]. The concept of 

combining the applications into attractive value 

propositions that includes the use of energy storage, 

possibly including distributed systems is presented in 

[7]. In Reference [8], a smart energy management 

algorithm is proposed for the hybrid energy storage 

system supplied from 3-phase 4-wire grid connected 

Photovoltaic (PV) power system. Reference [9] 

presents the review of the scientific literature within the 

field of smart energy systems with regard to the issues 

of definition, identification of solutions, modelling, and 

integration of storage. Reference [10] presents a broad 

insight into different electrical energy storage 

technologies, their applications, challenges to 

widespread deployment, and future trends and 

outlooks. Reference [11] proposes a Virtual Energy 

Storage System (VESS) and shows that the VESS is a 

cost-effective way to provide the function of energy 

storage through the utilization of flexible load demand. 

Reference [12] analyses the storage strategies to 

simultaneously satisfy the heat and electricity demand 

through the efficient use of distributed generation units 

under the demand response mechanisms. An optimal 

battery storage capacity for the SG operation is 

presented in [13].  

Reference [14] analyses the current and potential 

future of electricity storage systems in SG technically 

and economically. The solution of joint energy storage 

ownership sharing between the multiple shared facility 

controllers and those dwelling in a residential 

community is presented in [15]. A hierarchical setup in 

which a central controller is responsible for managing 

the flexibilities of industrial thermal loads via a 

contract based direct control policy is proposed in [16]. 

An approach which jointly optimizes the energy 

charged/discharged to/from the shared energy storage 

system given a profit coefficient set that specifies the 

desired proportion of total profit allocated to each user, 

subject to practical constraints of the system is 

proposed in [17]. Reference [18] presents the effects of 

battery charging and discharging on the battery life and 

the energy cost. A smart electrical power system in 

which users are equipped with energy storage devices 

is proposed in [19]. 

Reference [20] presents an interdisciplinary review 

of community energy storage with a focus on its 

potential role and challenges as a key element within 

the wider energy system. A wide spectrum of energy 

policies regarding the electrochemical, mechanical, and 

thermal energy storage technologies have been 

addressed in [21]. Reference [22] examines the 

dynamic operation and control strategies for a 

microgrid hybrid wind–photovoltaic–fuel cell based 

power supply system. By producing the electricity 

produced by the renewable energy sources, it effects 

the increment of both energetic costs, due to reduced 

efficiency operation, and wear-and-tear costs. This 

aspect is deeply analyzed in [23] with reference to the 

Italian electricity generation mix in the period 2008–

2012. A hybrid bird-mating optimization approach to 

connection decisions of distribution transformers is 

proposed in [24]. Reference [25] proposes a Novel 

Intelligent Damping Controller (NIDC) for the static 

synchronous compensator to reduce the power 

fluctuations, voltage support and damping in a hybrid 

power multi-system. A novel unsymmetrical faults 

analysis method with hybrid compensation for 

microgrid (MG) distribution systems is proposed in 

[26]. Reference [27] presents the ground fault model of 

a battery energy storage system as a distributed energy 

resource, which can be used for both islanded and grid-

connected modes. Reference [28] addresses the role of 

energy storage in cooling applications.  

Recently, the advanced technologies such as 

rechargeable batteries based graphene, two dimensional 

material, and plasmonic systems are also playing 

important roles in the smart grid. The lithium-based 

rechargeable batteries including lithium-ion and 

lithium-sulfur have attracted much attention for lithium 

possessing the extremely high energy density. The 

carbonaceous materials play a vital role as carbon 

electrodes and key components for the lithium-based 

rechargeable batteries. The unique two-dimensional 

spatial structure gives graphene excellent electrical 

conductivity, physical properties and huge specific 

surface area. These make graphene a very promising 

material for energy storage applications [29-30]. 

Lithium-ion batteries have dominated the portable 
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electronics industry and solid-state electrochemical 

research and development for the past two decades. In 

light of possible concerns over the cost and future 

availability of lithium, sodium-ion batteries and other 

new technologies have emerged as candidates for large-

scale stationary energy storage. Recently, the two-

dimensional materials are showing promise for many 

energy-related applications and particularly for energy 

storage, because of the efficient ion transport between 

the layers and the large surface areas available for 

improved ion adsorption and faster surface redox 

reactions [31]. 

The goal of the present paper is to present different 

storage technologies and their comparison for the use in 

Smart Grid (SG) environment. It aims to gather the 

latest research on state-of-the-art energy storage 

technologies modeling and analysis. 

 The remainder of the paper is organized as follows: 

Section 2 presents description of various types of 

energy storage technologies for the SG environment. 

The comparison of different storage technologies is 

presented in Section 3. Contributions with concluding 

remarks have been presented in Section 4.  
 

2.  TYPES OF ENERGY STORAGE 

TECHNOLOGIES 

Storage techniques will play a huge part in the 

future of power generation. The high level benefits that 

will be felt from energy storage techniques are as 

follows [32]: 

 Reducing reserve power plants: Reserve power 

plants are set-up to shave peak demands. It is 

desirable to reduce the number of reserve power 

plants. Moreover, the conventional reserve power 

plants are non-environmentally friendly because of 

the dirty fossil fuels that power the plants. 

Whereas, the energy storage techniques can both 

store power during demand valleys and shave peak 

demand with low emissions. 

 Reducing costs associated with power outages: 

Power outages are a huge problem because they 

affect many facets of our world. In many power 

outages, businesses cannot operate. However, the 

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 

storage techniques and concentrating on making 

better, more strategic long term improvements to 

their SG. 

 Supporting for RERs: With the addition of storage 

techniques, RERs can reduce the variability in 

power output. Specifically, wind and solar PV 

power, because these are currently the most 

sustainable RERs. 

Different storage techniques available are presented 

next [32]: 

 

2.1.  Batteries 

Batteries can be found in many different forms 

which include lithium ion, sodium-sulfur, flow, and 

lead acid. Because of their high cost and/or short 

lifetime, they are only used in a limited number of 

applications. Batteries are portable and could be placed 

almost anywhere. 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 the electricity. Since these 

batteries create a substrate but are not involved in any 

chemical reaction, the flow batteries have long life 

spans. Nickel-metal hydrides have relatively low 

energy densities and are very sensitive. They tend to 

have problems with overcharging. Rural locations 

utilize portable sodium-sulfur battery systems to 

provide power for small time periods. Lithium-ion (Li-

ion) are commonly used in cell phone 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 environmental risk due to the large number 

of chemicals involved [33]. 

Owing to their flexible geographical placement and 

relatively low footprint, battery storage systems plays a 

key role for providing the electricity buffer for the 

future SG [34]. The lead-acid battery is modelled as, 

  

𝑡 =  
𝑄𝑃

𝐼𝑘1                                                                                (1) 

 

 
 

Fig. 1. Grid connected solar energy system with battery 

storage. 

Fig. 1 depicts the grid connected solar energy 

system with battery storage. The main advantages of 

energy storage batteries include: high discharge 
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duration at maximum power level, low self-discharge 

rate, shapes and sizes vary to meet any requirement, 

they are lighter, environmentally friendlier, reduces the 

carbon emission from the vehicles. However, the main 

drawbacks of storage batteries include: high charge 

levels, relatively low efficiency, elevated temperatures 

that quicken capacity loss, high internal resistance that 

increases as it gets older. 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 [35]. The 

cost of the Li-ion battery is estimated to be about 

$150/kWh by 2020.  
 

2.2.  Flywheels 

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 applications normally refer to voltage and frequency 

stabilization. The flywheel is a very versatile energy 

storage device. It is constructed with a rotor suspended 

by magnetic or mechanical bearings and rotates inside a 

vacuum chamber (to reduce friction), all within a shell 

for safety. This is then connected to a system (usually a 

generator), and based on the principle of conservation 

of energy, the flywheel stores the energy when it spins 

and supplies energy when needed. When the flywheel 

is charging, it accelerates to speeds from 20,000 rpm to 

about 50,000 rpm. 

The modelling of flywheel takes into account that 

energy is stored in the rotating mass within the 

flywheel. In order words, the Kinetic Energy (KE) 

which is either transferred in or out of the flywheel 

contains the rotational energy possessed by the rotating 

mass. When the flywheel is in the motor mode of 

operation, electric energy supplied to the stator winding 

is converted to torque and applied to the rotor, causing 

it to spin faster and gain the KE. In generating mode of 

operation, the KE stored in the rotor applies a torque, 

which is converted into the electric energy. The 

equation for the KE stored in the flywheel is expressed 

as, 

 

   𝐸𝐾 =  
1

2
𝐼𝜔2                                                                    (2) 

 

Moment of inertia is a function of shape. Therefore, 

for a cylindrical rotor, 

 

𝐼 =  
1

2
𝑟2𝑚 =  

1

2
𝑟4𝜋𝛼𝜌                                             (3) 

 

Hence, the maximum energy of a flywheel rotor is 

expressed as,  

𝐸

𝑚
= 𝐾2 (

𝜎

𝜌
)                                                                (4) 

 

The cost of flywheels is approximately $1250/kWh 

[36]. The advantages of flywheels include: very fast 

response time, handling of high power levels, high 

efficiency and power density. However, the risk of 

flywheel explosion creates the need for stronger 

containment vessels and the flywheels have relatively 

low discharge time at the maximum power level.  

 

2.3.  Pumped Hydro Energy Storage 

This type of storage facilitates energy storage in the 

form of water in an upper reservoir, pumped from 

another reservoir at a lower elevation. During time 

periods when electricity is inexpensive, water is 

pumped to the elevations where the water is stored in a 

reservoir. When the demand for power is high, the 

water is released and allowed to push hydroelectric 

turbines which generate electricity. New developments 

in pumps and turbines have led to variable flow rates 

which have increased the efficiency of this storage 

technique. The pumped hydro energy storage method is 

very straightforward, and can be seen as a modification 

of regular hydroelectric dams. The operation of this 

storage system is explained below:  

 In times of low electricity demand, the excess 

available energy is used to pump water to a higher 

reservoir.  

 The pumped water which now possesses 

gravitational potential energy is stored at a high 

point in the reservoir till the energy is needed. 

 In periods of peak energy demand (and higher cost 

of electricity), the water is then released from the 

top of the reservoir and used to turn the turbine to 

produce electricity. 

The important part of this model is the conversion 

of potential energy of the water as it drops from the 

source over a height into electrical power. The 

modelling of pumped hydro energy storage system is 

presented next:  

      Potential energy is given by,  

 

𝐸 = 𝑚𝑔ℎ                                                                  (5) 

 

      Relating power to mass flow rate is given by, 

  

   
𝐸

𝑡
=

𝑚

𝑡
𝑔ℎ                                                                 (6) 

 

      Therefore, for the hydro-electric power,  

 

𝑃 = 𝜌𝜑𝑔ℎ                                                                 (7) 

𝑃 = ℎ𝑟𝑔𝑘3                                                                (8) 
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The cost of a pumped hydro storage system is about 

$1500/kWh of capacity [37]. The pumped hydro 

storage system should be located in a place that can 

allow for the water to be raised to a considerably high 

elevation. Pumped hydro energy storage system is a 

well-developed storage system, and it is important 

because of its capability to handle very large power, 

covering a range from about 200MW to 2000MW. 

 

 

2.4.  Compressed Air Energy Storage (CAES) 

System 

The CAES system utilizes high efficiency 

compressors to store air underground. Like most 

storage techniques, the energy is stored during low 

cost, low demand time periods. When the electricity 

demands, the air expands to atmospheric pressure 

which causes turbines to generate electricity that can be 

used by the SG. CAES system is found to be a viable 

solution to store the energy generated from the wind 

and other RERs. A detailed review on various aspects 

of a CAES system has been made and described in 

[38].  

The basic principle of operation of CAES system is 

that the energy is stored during the off-peak periods of 

demand in underground formations’ or caverns. These 

caverns are either created by solution mining or by 

using an abandoned mine. In periods of peak demand 

for power, most often during the day, the stored 

compressed air is then heated and used to drive a steam 

turbine. The modelling for CAES system primarily 

aims to show how the air is compressed, as well as how 

the compressed air is used to generate the electricity. 

The compression is given by the following equation,  

 

   𝑃𝑐 =  
1

𝑛𝑐
𝑚𝐶𝑝 [(

𝑝2

𝑝1
)

𝑘4−1

𝑘4 −  1]                               (9) 

 

The compressed air also follows the ideal gas laws 

giving by the following equation, 

 

𝑝𝑉 = 𝑛𝑅𝑇                                                               (10) 

 

This produces the energy (work) to drive the 

turbine, and it is expressed as,  

 

𝑊 = 𝑝𝐵𝑝𝐴 ln
𝑝𝐴

𝑝𝐵
                                                      (11) 

 

According to the Electric Power Research Institute 

(ERPI), the price of tis storage is about $1000 per kWh 

[38]. The advantages of CAES system include; high 

energy storage capacity, high discharge duration at 

maximum power and high power output. However, the 

slow response time is the main drawback of the CAES 

system. 

2.5.  Superconducting Magnetic Energy Storage 

(SMES) System 

The SMES system involves storing the energy 

within a magnetic field. As the name implies, it 

consists of a superconducting material which 

essentially has a zero resistance, and allows the DC 

current to pass through freely in its field. Electric 

current is stored indefinitely inside of superconducting 

windings. Moreover, SMES has the capability to 

quickly discharge high power for brief time spans. 

Larger coils correspond to more power capacity. As the 

coils become larger, the magnetic field increases. At a 

point, the superconducting properties of the windings 

begin to break down and the coolant is necessary to 

keep the machine operable that is very expensive. The 

model for the SMES system has to account for the 

energy stored in the coils, and it is expressed as, 

 

𝐸 =
1

2
 𝐿𝐼2                                                            (12) 

 

SMES system holds a lot of potential as an energy 

storage system. While operating at medium voltages, it 

is capable of discharging up to 3MW, indicating a lot 

of upside for larger industrial applications. 

Furthermore, it is very high efficient which makes it a 

truly viable option but until further developments are 

made in discovering more economically efficient 

superconductors, its implementation will be limited. 

For a toroidal design, the cost of SMES is 

approximately $2000/kWh of storage capacity. The 

advantages of SMES include: fast response time, high 

efficiency and long lifespan. However, the major 

drawbacks include: low storage capacity, low power 

output and low discharge duration at maximum power 

level [39].  
 

2.6.  Supercapacitors 

Supercapacitors 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. The modelling for the supercapacitor aims to 

address the amount of energy stored in a capacitor. The 

capacitance of a capacitor is directly proportional to the 

common surface area of plates and inversely 

proportional to distance between the plates, and it can 

be expressed as, 

 

𝐶 =  𝜀𝑅𝜀0
𝐴

𝑑
                                                              (13) 

 

      The stored energy in a capacitor is expressed as, 

 

  𝑊𝑠𝑡𝑜𝑟𝑒𝑑 =  
1

2
𝐶𝑉2                                             (14) 
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Where, Wstored is the energy stored (in Joules). The 

cost of supercapacitors is approximately (2400-6000) 

$/kWh of storage capacity. The advantages of 

supercapacitors include: fast response time, high 

efficiency and long lifespan. The disadvantages 

include: low energy storage capacity, low power output 

and low discharge duration at maximum power level 

[40].  
 

2.7.  Hydrogen Storage 

It is one of the divisions of hydrogen powered 

vehicles technology [41]. Electrolytic hydrogen offers a 

promising alternative for long-term energy storage of 

renewable energy [41]. Hydrogen storage is a key 

enabling technology for the advancement of fuel cell 

and hydrogen technologies in applications including 

portable power, stationary power, and transportation. 

Hydrogen has the highest energy per mass of any fuel. 

However, it's low ambient temperature density results 

in a low energy per unit volume. Hence, there is a 

requirement for the development of advanced storage 

methods that have potential for higher energy density. 

Hydrogen can be stored physically as either a liquid 

or a gas. High density hydrogen storage is a challenge 

for portable and stationary applications and remains a 

significant challenge for transportation applications. 

Presently available storage methods require large-

volume systems that store hydrogen in gaseous form. 

This is less of an issue for stationary applications, 

where the footprint of compressed gas tanks may be 

less critical [42]. In the future, the hydrogen storage is 

able to demonstrate a substantial contribution to the 

electricity sector [43].  
 

3.  COMPARISON OF DIFFERENT ENERGY 

STORAGE TECHNOLOGIES 
In this section, various energy storage technologies 

are compared based on their principle of operation, 

advantages and disadvantages, and they are presented 

in Table 1.  

Table 1. Comparison of different Energy Storage Technologies. 

Storage 

Technology 

Principle of Operation Advantages Disadvantages 

Batteries One or more 

electrochemical cells 

convert the chemical 

energy to electrical 

energy. 

 High round-trip efficiency. 

 Convenient charging/discharging 

 It takes care of the effects caused 

by instantaneous load 

ripples/spikes, electrolyzer 

transients, wind energy peaks, etc.  

 Relatively inexpensive and fairly 

reliable. 

 Quick charging and discharging. 

 It cannot be used as seasonal 

storage. 

 Low energy density. 

 Self discharge and leakage. 

 It is not suited to supply pulse 

power output. 

 Voltage fluctuates and cannot 

provide large currents for long 

time. 

Flywheels Flywheel energy 

storages work by 

accelerating a rotor at 

very high speed and 

maintain the energy in 

the system as rotating 

energy. When energy is 

extracted from the 

system, flywheel’s 

rotational speed is 

reduced as consequence 

of principle of 

conservation of energy. 

Similarly, adding the 

energy into the system 

will result exactly 

reverse condition. 

 Higher storage capacity and 

discharge rate compared to 

batteries and other form of energy 

storage. 

 It can be used for load leveling 

along with battery. 

 It can store and release energy 

quick so it can be used for pulsed 

power applications. 

 It does not affect adversely by 

temperature, so it operates in wide 

ranges of temperature. 

 It has indefinite working life span. 

 It is very eco-friendly technology. 

 It has higher maintenance cost 

due to continuous involvement 

of moving part. 

 It has design limitation with 

respect to tensile strength. 

 It has energy loss involved as 

friction loss.  

Pumped 

Hydro 

Energy 

Storage 

Energy is stored in water 

form, pumped from 

lower elevation reservoir 

to higher elevation. 

During the periods of 

 It is the only useful storage 

technology for large scale 

industrial applications. 

 It is an economical method as it 

flattens out load variations in 

 It has substantial time delay 

associated with energy 

conversion of stored mechanical 

energy back into electrical 

energy. 
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high energy demand, the 

stored water is released 

through the turbine to 

produce electricity.  

power grid. 

 New concepts is under observation 

of using solar or wind power for 

pump operation that may be 

proved as more efficient and 

smoothen out the variability 

involved in wind and solar power. 

 Energy wasted during the 

pumping process. 

 Evaporation losses from the 

exposed water surface. 

 

Compressed 

Air Energy 

Storage 

(CAES) 

System 

Off-peak (low cost) 

electrical power 

compresses air into an 

underground air storage 

vessel and later the air 

feeds a gas fired turbine 

generator to generate 

electricity during peak 

demand periods. 

 It has proven a very efficient 

technology for hybrid vehicles as 

compressed air can transfer power 

at very high flux rates. 

 Longer life span of pressure 

vessels and lower material toxicity. 

 Pressure varies greatly while 

using a pressure vessel from full 

to empty. 

 It is technically challenging to 

design air engines to maintain 

high efficiency and sufficient 

power over a wide range of 

pressures. 

Supercond

ucting 

Magnetic 

Energy 

Storage 

(SMES) 

system 

SMES is an energy 

storage technology that 

stores energy in the form 

of dc electricity that is 

the source of a dc 

magnetic field. The 

conductor for carrying 

the current operates at 

cryogenic temperatures 

where it is a 

superconductor and thus 

has virtually no resistive 

losses as it produces the 

magnetic field. 

 It is over 90% efficient (including 

refrigeration losses) whereas 

pumped hydro, batteries and 

flywheel were typically (60-70)% 

efficient. 

 SMES provide high and very fast 

power current to suppress load 

fluctuation. 

 It has high power density. 

 Available power is almost 

instantaneous and very high 

power output can be obtained 

over brief time period. 

 Very low power loss compared to 

other methods as electrical 

currents experience negligible 

resistance. 

 High reliability in lieu of no 

moving parts. 

 It has lower energy density 

compared to batteries and 

flywheel. 

 It is costly as energy 

requirements of refrigeration 

and high cost of super 

conducting wire. 

Supercapac

itors 

It is an electrochemical 

capacitor with relatively 

high energy density. 

Two separate plates 

separated by intervening 

insulator. 

 It has very long life compared to 

other storage technologies. 

 Good reversibility. 

 Very high rate of charge and 

discharge. 

 High efficiency and low heating 

levels. 

 Improved safety, no corrosive 

electrolyte, and low toxicity of 

materials. 

 Energy storage per unit is lower 

than battery. 

 It has higher dielectric 

absorption of any type of 

capacitor. 

 High self discharge rate. 

 Low maximum voltage – serial 

connections are needed to 

obtain higher voltages. 

Hydrogen 

Storage 

The energy produced is 

sent to the electrolyzer 

for hydrogen production. 

When there is need for 

stored energy, the stored 

hydrogen is fed to a fuel 

cell to produce 

electricity. 

 It is well suited for Seasonal 

Storage 

 High inherent mass energy 

density leakage from storage tank 

that is insignificant  

 Easy to install anywhere in the 

system 

 Useful for remote power 

applications. 

 It cannot be used as short term 

energy storage 

 Low energy efficiency. 

 Durability of hydrogen storage is 

inadequate. 

 Weight and volume of this 

system is very high. 
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4.  COST-BENEFIT ANALYSIS 

Based on the billions and trillions of dollars that 

governments and utility companies spend on energy 

yearly, the importance of efficient energy storage 

techniques cannot be overemphasized. None of the 

presented storage technologies (Compressed Air 

Energy Storage (CAES), Flywheels, Batteries, Pumped 

Hydro Energy Storage, Supercapacitors and 

Superconducting Magnetic Energy Storage) has proven 

to be able to address the issue as a standalone solution. 

However, it remains to be seen how the major 

stakeholders, governments and utilities alike, prioritise 

their focus on the various techniques. 

  For a well-rounded cost analysis, the starting point 

will be the capital costs, i.e., the cost of complete 

installation of a storage system. These vary widely 

between the different methods as they are made of 

different components such as the high temperature 

super conductor for the flywheel and the low 

temperature superconductor for the SMES system. 

 The benefits of developing this initiative though 

may seem initially outweighed by overwhelming start-

up costs, but these projects can be sure to reap huge 

dividends in the medium and long-term despite heavy 

research and development costs. Table 2 presents the 

estimated costs for some of the storage methods. Cost-

Benefit analysis for different storage technologies has 

been presented in Table 3.  

 

Table 2. Estimated costs for storage methods. 

Technology Cost ($/kW) 

CAES 700 

Pumped Hydro 2,250 

Lithium-Ion Battery 1,100 

Flywheels 1,250 

Flow batteries 2,500 

 

Table 3. Cost-Benefit Analysis for Different Storage 

Technologies. 

Storage 

Technology 

Cost 

($/kWh) 

Capacity 

(MWh) 

Duration 

(Hrs) 

CAES 600-700 1440-

3600 

8-20 

SMES 1270 20 2 

Flywheel 7800-

8800 

5 0.25 

Super 

Capacitor 

2000 3 6-8 

Pumped 

Hydroelectric 

100 1680-

5300 

6-10 

 

5.  CONCLUSIONS 

This paper presents different energy storage 

technologies and their applications to the Smart Grid 

(SG). These energy storage technologies include 

flywheels, batteries, pumped-hydro storage, 

compressed air storage, supercapacitors, hydrogen 

storage and superconducting magnetic energy storage 

(SMES). More recent approaches towards energy 

storage are more direct and sophisticated especially 

with the rise of smart grid technology. The general idea 

here is to find suitable ways by which to combine some 

forms of central storage, such as flywheel with some 

distributed storage like lithium-ion batteries in order to 

achieve some form of load balancing in their smart 

grid. Storage devices make sure that energy is used 

efficiently and whatever is not used is stored for a later 

use. After doing the comparison among various storage 

techniques, it can be concluded that the best way is to 

use these storage devices is through the hybridization. 

This is to prevent dependence on only one form of 

storage. Every storage technique has its own 

advantages and disadvantages. Therefore, the storage 

technology to be used for a particular application is 

chosen accordingly. 

 

6.  NOMENCLATURE 

QP        Capacity of a battery when discharged at a rate  

            of 1A.  

I           Current drawn from the battery (in A).  

t           Time (in hours) that a battery can sustain.  

k1         Constant.  

EK        Kinetic Energy (KE) stored in the flywheel.  

I           Moment of inertia. 

ω         Angular velocity. 

r           Radius 

m         Mass of the cylinder. 

ρ          Density of the cylinder material.  

σ          Tensile strength of material (in Pa).  

ρ          Material’s density (in kg/m3). 

K2        Rotor’s geometric shape factor. 

P          Hydroelectric power (in KW). 

E          Energy (in J).  

m         Mass (in kg).  

g          Acceleration due to gravity (in m/s2).  

ρ          Density of water.  

φ          Rate of fluid flow. 

k3         Coefficient of efficiency. 

Pc         Input power to the compressor. 

nc             Overall efficiency of the compressor. 

m         Mass flow rate of the air.  

p2         Pressure at outlet of compressor. 

p1         Pressure at inlet of compressor. 

k4         Specific heat ratio of air (Cp/Cv). 

V         Volume. 

n          Amount of gas (in mol). 

R         Ideal gas constant. 

T         Absolute temperature. 

εr         Relative permittivity. 

ε0        Dielectric constant. 

d         Separation between the plates. 
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