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I. Introduction 

Ever since the human started using the various forms of 
energy for his comfort and necessities one of the widely 
researched topics till today is energy management. The term 
energy management includes the production of energy and 
efficient utilization of the energy and finally storing the 
energy for future use. The energy can be utilized effectively 
by incorporating proper storage methods. Electricity plays a 
dominant role in the economic development hence proper 
storage and utilization is essential. For the past decade Fossil 
fuels were the predominant source for the production of 
electricity due to their efficiency. But due to their direct 
impact on environment and increasing prices and lack of 
consistent availability we started searching for alternative 
energy termed as renewable energy. Some of the widely used 
renewable energy sources include solar, wind, and hydrogen 
etc. Like the non-conventional energy sources the renewable 
sources also have some disadvantages as they are intermittent 
energy sources. These problems can be overcome by 
implementing proper energy storage technologies. Energy 
storage could serve many grid needs in India to bridge the 

gap between available generation and customer loads during 
system peaks and as a distributed resource on  the customer-
side of the meter[1]. This paper deals with the variety of 
available energy storage technologies for solar and wind 
energy systems. 

II. General classification of energy storage 
technologies. 

Energy storage technologies involve the process of 
converting energy that is difficult to store to more conveniently 
or economically storable forms. A variety of energy storage 
systems are available and the efficiency of the system mainly 
depends upon the identification and implementation of the right 
system based on the parameters such as storage capacity, cost, 
reliability, size and lifetime. Another most important factor to 
be considered is the environmental impact. 
 
Based on the storage period, the energy storage system can be        
classified as follows, 

 
Long-term energy storage system:  
        1) Compressed air energy storage,  
        2) Battery, 
        3) Hydrogen storage. 
 
Short-term energy storage system: 

1) Super capacitor, 
2) Flywheel,  
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3) Inductor- Superconducting magnetic energy storage. 

Each of the above mentioned technology has its own 
properties regarding to storage capacity, power, response 
time and cost. 
 

A. Battery Energy Storage System: 
A rechargeable battery is a type of electrical battery 

made of stacked electrochemical cell and the operation is 
based on electrochemical energy storage. Rechargeable 
batteries have a higher initial cost but can be recharged 
inexpensively and reused many times. Batteries are modular 
and non-polluting and have less environmental impacts. The 
energy conversion in secondary battery is reversible. 

Charging 

 

 
   Discharging 

   Figure.1 Energy conversion in battery energy storage 

Table I. Technology comparison of various types of battery for grid 
connected  application 

The energy flow in the battery energy storage 
system is based on the charging and discharging process. In 
the Grid energy storage applications rechargeable batteries 
are used for load leveling. The unused excess electric energy 
during the low demand period are stored in the batteries  and 
are supplied to the grid during peak load periods such as 
storing power generated from photovoltaic arrays during the 
day to be used at night 

Some of the available battery technologies include 
Lead–acid battery, Nickel–cadmium, Sodium-ion, Sodium-
sulfur batteries, lithium-ion batteries and flow batteries like 
Hydrogen Vanadium Redox, and Regenesys Redox. [2] 

The Li-ion batteries are suitable for portable devices 
and applications requiring high energy density and high 
overall efficiency. Due to low investment and maintenance 
costs, the Li-ion batteries are currently the predominant 
technology. The Vanadium and the Flow batteries can be 
used for application where high power is required for long 
duration. 

 The efficiency of the rechargeable batteries can be 
60 to 80% [3, 4] and it varies with the factors like recharge 
cycle, depth of discharge and temperature effect. Batteries are 
sensitive to environment. During an electrical charge and 

discharge cycle the temperature change in the battery must be 
controlled or it can cause adverse affects in battery’s life 
expectancy. The type of battery being used will determine 
how resistant it is to life degradation due to temperature. The 
battery’s life cycle can be defined as the number of 
charge/discharge cycles that a battery can supply depending 
on the depth of discharge. The battery cycle application  
require the battery energy storage system to charge and 
discharge multiple times a day. The battery’s life cycle varies 
with  the depth of charge. The battery’s life cycle will be high 
until the depth of discharge is relatively low. However, if the 
depth of discharge is large, then the battery’s life cycle can be 
degraded.  
 

B. Hydrogen based energy storage system:  
 

Hydrogen based energy storage systems are one of 
the best electrical energy storage medium. Hydrogen energy 
system can be easily integrated with renewable power 
sources like solar and wind. Even though the efficiency of 
hydrogen energy is not very high their cost of storage 
capacity is very less when compared to the other energy 
storage techniques. Hydrogen energy storage is therefore 
economically best suited to situations where the total amount 
of energy stored is more valuable than efficiency [5] .Their 
essential elements comprise an electrolyser unit to convert 
the electrical energy into hydrogen, a reservoir where the 
chemical energy is stored and a hydrogen energy conversion 
system such as fuel cell to convert the stored chemical energy 
into electrical energy. Hydrogen is produced, then 
compressed or liquefied, stored, and then converted back to 
electrical energy or heat energy. The major advantage of 
hydrogen is that it can replace all the fossil fuel applications 
without emission of harmful gases.  
   

 
                     
 
 
 
               
 
 
 
 
 
 

 
            Figure.2 Energy flow in hydrogen energy storage system 
 
The different hydrogen storage mechanisms are as follows:   
 
1)Liquid hydrogen storage  

Hydrogen is cooled and liquefied then kept cold in 
an insulated tank . Liquid hydrogen storage is one of the bulk 
storage methods. This method has high safety record. The 
method does not hold good for large application as the cost of 
liquefaction is very high because of the cryogenic storage 
technology. 
 

Technology Moving 
part 

Flammable Toxic 
material 

Rare 
Metal 

Flow Battery Yes No Yes No 
Liquid Metal No Yes No No 
Sodium ion No Yes No No 
Lead-Acid No No Yes No 

Na-S Battery  No No Yes No 
Ni-Cd No No Yes Yes 

Lithium-Ion No Yes No No 
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2) Compressed and stored in a pressure tank  
Compressed gaseous hydrogen storage is suitable for 

both large and small-scale applications as long term storage 
where the hydrogen liquefaction method fails due to the high 
cost behind the liquefaction process. This method has some 
safety issues and initial cost of implementation is high due to 
the high cost of the compressors and pressure vessels.   
 
3) Physical adsorption in carbon  

The hydrogen is stored in gaseous form in the 
carbon through the adsorption process .The gaseous hydrogen 
can be adsorbed onto the surface of carbon to attain storage 
volumetric densities greater than liquid hydrogen. The 
Carbon nanofiber is used as adsorbent as it has improved 
hydrogen storage capability. Storage by absorption as 
chemical compounds or by adsorption on carbon materials 
have definite advantages from the safety perspective such 
that some form of conversion or energy input is required to 
release the hydrogen for use. carbon materials such as 
activated carbons, carbon nanotubes, and carbon nanofiber 
have been the subject of intensive research [6]. 

 
4) Complex compounds- Microsphere hydrogen storage 

Microsphere hydrogen storage is well suitable for 
vehicular hydrogen storage.  This system consists of hollow 
glass spheres that are charged with hydrogen for an hour, and 
discharged by heating and reducing pressure. The 
microspheres can be easily transferred from one tank to 
another. The disadvantages of this system are immature 
system characterization and lower storage period. 

 
5) Metal hydrides 
 Metal hydrides can be formed by the reaction of 
metal or alloy with hydrogen. The metal hydride formation is 
an exothermic process. When sufficient heat is supplied the 
hydrogen can be released from the metal hydride. Metal 
Hydrides has good safety characteristics and high storage 
density. Metal hydrides can be divided as low dissociation 
temperature hydrides and high dissociation temperature 
hydrides. The low temperature hydrides suffer from low 
hydrogen fraction and have low hydrogen loading capability. 
In the high temperature hydrides, a heat source is required to 
generate the high temperature of dissociation and offers high 
heat storage capabilities.       
    

    
 
 Figure.3 Comparison of hydrogen storage capacity [7] 

 

C. Compressed air energy storage system: 
  
Compressed air energy storage is a way to store 

energy generated at one time for use at another time 
using compressed air. In  compressed  air  energy  storage  
systems,  off-peak  grid  power  is  used to pump  air  
underground   until  it  reaches  a  high  pressure. The 
compressed air remains in the underground reservoir or 
surface vessel. During peak demand the compressed air is 
released and heated with a fuel and is allowed to pass through 
the turbine to generate electricity.  Compressed air energy 
storage systems are high-efficiency turbine plants and can be 
easily integrated with the existing power networks. This 
technology has direct environmental impacts as this system 
produces emissions from combustion and the construction of 
caverns involve some sort of digging and mining operation 
that can have impacts on the surrounding environment, such 
as erosion, underground habitat destruction, and increased 
noise levels. 
 The three main types of caverns are salt dome, hard-
rock, and aquifers. Aquifers are porous underground regions 
usually composed of sandstone or fractured rock that has 
been used for the storage of water, oil, and natural gas. A salt 
dome is a cavity created by salt mining, in which water is 
pumped into the rock and is used to dissolve the salt. Then 
the water is pumped out and a porous cavity is left, which 
then can be used to store air. The last type of cavern is the 
hard-rock cavern. This cavern is created by using more 
conventional mining tools such as drills, picks, and mining 
carts. 
                The major advantage in this method is long lifetime 
and provides good efficiency of nearly 85% [8]. In order to 
achieve a higher efficiency or remove the need for an 
additional conventional fuel there are many new hybrid 
CAES technologies like interfacing with supercapacitors, oil-
hydraulics and pneumatics to increase the efficiency of the 
design. 
          
 
 

Power bus 
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             Figure.4 Energy flow in compressed air energy storage system 
 
 

D. Pumped hydroelectric energy storage system 

Pumped hydroelectric energy storage system is a mature 
technology with high efficiency and long storage period. The 
Pumped hydroelectric energy storage system is in existence 
for more than 70 years and is a clean, fast way to store 
energy. The working principle of pumped hydroelectricity 
energy storage system is as same as the hydro electric power. 
Pumped hydroelectric energy storage system comprises of a 
generation unit and storage unit. The system consists of two 
reservoirs with a pipe interconnecting them. The height 
difference between the reservoirs  control  the  power  and  
energy  rating  of  the system. During the off-peak hours the 
surplus power is used to pump and store water in the high 
reservoir and during the peak demand water is released from 
high reservoir to the low reservoir which in turns the turbine 
to produce electricity. The efficiency ranges between 70-85% 
[9]. However, due to its size, lack of suitable locations, and 
use of precious resources, as well as its direct damaging of 
the environment, it is a hard technology to implement as a 
universal storage system. 

 

              

 

 

 

 

 

                 Figure.5  Energy flow in pumped hydro energy storage system 

E. Superconducting magnetic energy storage 
system 

 Superconducting magnetic energy storage system is 
based on the quantum mechanical phenomenon. The SMES 
stores energy in the magnetic field that has been created by 
the direct current in the superconducting coil, which has been 
cryogenically cooled to below its critical temperature. After 
that, the stored energy can be transformed to alternating 

current using the power conditioning system, which uses a 
simple inverter mechanism. In the conversion process 2-3% 
energy is lost and the overall efficiency of SMES ranges from 
90-98% [10].      

 

 

                  Figure.6 Superconducting magnetic energy storage 

Superconducting magnetic energy storage (SMES) systems 
consist of three fundamental parts, the superconducting coil, 
the cryogenic cooling unit, and a power conditioning system. 
The coil of SMES is kept at superconductive temperature to 
meet the superconducting properties of magnetic coil. This 
storage system has high efficiency in storing DC electric 
energy. Excess off-peak AC power is converted into direct 
current and supplied into a superconducting magnetic coil. 
SMES systems also provide extremely rapid charge/discharge 
rates. This function can enhance power system stability and 
improve power supply quality. SMES can damp system 
oscillations, and improve the transmitting capacity of the 
power system. Furthermore, it can react to voltage drops 
faster than any other storage technology available, making 
sure that the distribution lines are always reliable and secure. 
SMES systems will improve AC transmission, compensate 
fluctuating loads, eliminate spinning reserve, provide 
protection at critical load levels, and act as a backup power 
supply. The major drawbacks of SMES units are the 
implementation problems due to the strong magnetic field. 
For large application the requirement of SMES units will be 
higher and have environmental issues.  
 

F. Flywheel  
 

The Flywheel energy storage system is one of the 
oldest energy storage methods and serves as an efficient 
method of bulk energy storage. Flywheel systems are made 
up of a rotating cylinder, a bearing system, a motor or 
generator and a container to house the flywheel. 

The working of Flywheels energy storage is in the 
form of angular momentum. The flywheel comprises of 
rotating discs and kinetic energy is stored by spinning a disk 
or rotor about its axis. Amount of energy stored in disk or 
rotor is directly proportional to the square of the wheel speed 
and rotor's mass moment of inertia. Whenever power is 
required, flywheel uses the rotor inertia and converts stored 
kinetic energy into electricity. To charge this device, energy 
is used to power a motor which spins the disc, and the disc 
remains spinning until the energy is needed. At that point the 
disc is allowed to turn a generator, which produces 
electricity. The speed of the flywheel increases during 
charging and decreases during discharging. Based on the 
speed of the rotating flywheel the system can be classified as 
Low speed and High speed device. The Low speed type is 
designed to operate below 10,000 RPM and the High speed 
type can operate above 10,000 RPM.     
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           Figure.7 Motor-generator with flywheel and power electronics. [12] 

 
Recent Advances in power electronics conversion and control 
technology as shown in the above figure resulted in DC 
flywheel energy storage system. The Flywheel can be used as 
substitute for Batteries. Though the initial cost of installation 
of the flywheel is higher it has no environmental impacts like 
the battery energy storage which are toxic. Flywheels are not 
as adversely affected by temperature changes, can operate at 
a much wider temperature range, and are not subject to many 
of the common failures of chemical rechargeable batteries. 
Depending on winding losses, bearing losses and cycling 
process, the round trip efficiency of flywheel modules varies 
from 80% to 85% [13]. They have high energy density 
compared to other storage systems. The main advantage of 
flywheel energy storage is long life and low maintenance. 

             
G. Supercapacitor 

 
Supercapacitors are short term energy storage 

devices and are suitable for low power applications. These 
devices are well suited for use in power systems during 
transient periods and have very less environmental impacts 
when compared to other systems. They are characterized by 
high charging and discharging rate. Supercapacitors are high-
capacity electrochemical capacitor with high capacitance per 
unit volume and high energy density. The efficiency of super 
capacitor ranges between 88-95 % [14,15] . Supercapacitor have 
the ability to store energy when it is produced which are 
essential for grid-scale applications. Supercapacitors can  be 
used as supplementary power sources to other energy storage 
methods. The supercapacitors are essentially a hybrid 
between batteries and capacitors. They have two electrode 
plates and an  electrolyte  in  between  (like  batteries)  and  
when  a  power  source  is  connected,  ions  make  their  way 
to  the  electrodes  with  opposite  charges  due  to  the  
electric  field .  The  difference is  that  a chemical  reaction  
does  not occur ,merely  the  ions  migrate. So the storage 
mechanism is still the electric field. The electrodes are made 
of carbon nanotubes. 

 
                         Technology       Energy Density 

Pumped hydro energy storage  system 400 MWh - 20 Gwh 
Compressed air energy storage system 1.16 Gwh - 3 Gwh 

Battery energy storage system 1 kWh – 200 MWh  

Flywheel 5 kWh – 200 kWh 
SMES 110 Wh – 27 kWh 
Supercapacitor  1 Wh – 1kWh 
 

Table II. Energy density comparison of energy storage  
technologies [11] 

 
The main advantage of supercapacitors over 

batteries is their fast charging and discharging capability. But 
the energy density of supercapacitors is low when compared 

to batteries.  They are not suitable for large storage system 
application since the requirement of number of cells will be 
much higher resulting in large and complex system.  
 

III. Conclusion  
The efficient storage of the produced energy can be improved 
by the implementation of proper energy storage system. 
Several energy storage system are discussed above and the 
overview comparison of the system are tabulated below. 
Table III shows the general characteristics of the above 
discussed energy storage system. The proper utilization of 
energy storage systems is possible by considering the 
following parameters to choose the best one for the specific 
application. From the Table III it is evident that the 
supercapacitor and SMES are suitable for small scale energy 
storage application and flywheels are suitable for large scale 
energy storage application. The compressed air energy 
storage and pumped hydro energy storage are well suited for 
centered energy storage due to their high energy storage  
capacity. The battery and hydrogen energy storage systems  
are ideal for distributed  energy  storage. At present batteries 
are the widely used long term energy storage system due to 
its low maintenance and efficiency. But several research 
projects are under process for increasing the efficiency of 
hydrogen energy storage system for making hydrogen a 
promising future energy storage system.  

 
    
Energy  
Storage System  

Power 
Rating 

Discharge 
Time 

Deployment  
time  

Life time  
Efficiency
  

1)Pumped hydro 
energy storage 
sytem 

100-
4000 
MW         

1hr - 24hr 30 years 70-85% 

2)Flywheel 
energy storage 
 system    

<750 
KW 

milliseconds 
to 40 Min 

20 years 90-95% 

3)Compressed air 
energy storage 
system   

50-300 
MW 

1hr - 24hr 30 Years 70-80% 

4)Battery   
  

<50 MW Sec-hours 5-10 years 80-90% 

5)Hydrogen                                                       
 

<250 
KW 

14hr - 24hr 10-20 Years 20-50% 

6)Supercapacitor                                              
 

<100 
KW 

Milliseconds 
to minute 

10,000 
Cycles 

90-95% 

7)SMES 10KW-
10MW 
 

Milliseconds 
to seconds 

30 years 80-90% 

 
Table III. Comparison of different energy storage technologies [18]. 
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