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Abstract—The renewable energy sources are become an al- 
ternative for conventional power generating stations. Currently, 
in Canada 16.9% of total primary energy supply is met b y  the 
renewable energy sources. However, there is an increasing 
concern over renewable energy sources in power system due to 
its highly intermittent nature.  This may cause problems such as 
stability, voltage regulation and other power quality issues. To 
mitigate the power quality issues, the energy storage systems are 
widely utilized in power system. This paper presents a brief 
review on various energy storage systems including mechanical, 
electrical, electrochemical and thermal storage systems. Also, the 
comparison among these storage systems in terms of applications, 
merits, capital cost and life cycle is    presented. 

Disclaimer: This report does not represent the views of the 
Independent Electricity System Operator. 

 

 

I. INTRODUCTION 

The increased penetration of renewable energy sources, high 

capital cost to accommodate the peak load demand and large 

capital investment to improve the grid reliability and smart 

grid initiatives are lead to the development of electrical energy 

storage systems [1]- [10]. Particularly, the renewable energy 

sources such as wind, solar energy sources have vast potential 

to reduce the dependency on coal, fossil fuels and CO 2 
emission in electric sector [1]- [10]. However, the intermittent 

nature of renewable energy sources cause the power quality 

issues (i.e. stability, voltage regulation and reactive power 

compensation etc.) and the integration of variable generation 

into the grid. In addition the sudden change in load and a line 

fault can cause a sudden dip in the system voltage. The sudden 

change in load demand and deficiency in  power  generation 

by renewable energy sources is compensated by using energy 

storage systems [1]- [10]. 

The installation of energy storage system is mainly governed 

by its economical merits as compared to the conventional 

alternatives. Typically, the low cost gas turbines are widely 

used to meet the load demand. Often, the oil and gas fired 

steam turbines are also used in the power generation. The oil 

and gas turbine based power generation units are designed to 

meet  the  base  load  demand. The increased  oil  prices  leads 
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to the development of nuclear power generation to meet the 

base load demand. However, there are very limited resources 

to meet the peak load demand. Particularly, the pumped 

hydro-electric system is designed to meet the intermediate 

and peak load demands [1]- [23]. In mid 70’s and 80’s, the 

gas fired combined cycle plants are less expensive than the 

pumped hydro-electric system (PHS) with a cost estimation 

of $110 − 280/kW for a 10 hours PHS and $175 − 275/kW 
for a combined cycle gas fired plant [1]- [23]. As a result, 

the pumped hydro system appeared to be a most economical 

Figure 1.   Classification  of electrical  energy storage systems 

 

 

solution to meet the peak load demand. Later, the technological 

advancement leads to a new electrical energy storage (EES) 

systems with reduction in the unit cost. The energy storage 

system capacity is going to increase by 10-15% in USA, EU 

and JAPAN  in near future [11]-  [15]. 

In this paper, a brief review on state-of-the art developments 

in  electrical  energy  storage  systems  including  mechanical, 



electrical, electro-chemical and thermal energy storage sys- 

tems. In addition, the comparison among them in terms of 

applications, power rating, storage duration, capital cost, life 

time and impact on environment is  presented. 

 

II. ELECTRICAL ENERGY STORAGE 

Electrical energy storage (EES) system stores the electrical 

energy during low demand and low generation cost, and 

supplied to the grid during high demand, high generation cost 

or no generation is available. The electrical energy can be 

stored in different forms [1]-  [10]: 

• as gravitational potential energy with water reservoirs 

• as compressed air 

• as electrochemical energy in batteries and flow batteries 

• as chemical energy in fuel cells 

• as kinetic energy in flywheels 

• as magnetic energy in inductors 

• as electric field in capacitors 

The principle of operation, main components and its 

overview of several available electrical energy storage tech- 

nologies shown in Fig. 1 is presented   below. 

 
 

A. Mechanical Storage System 

The pumped-hydro electric system (PHS), compressed air 

energy storage (CAES) system and fly-wheel energy storage 

systems are fallen under this  category. 

1) Pumped hydro electric system (PHS): The pumped hy- 

dro electric system is a large scale energy storage system (a 

few tens of GWh or 100 MW) [3]- [8]. The schematic diagram 

of pumped hydro-electric system is shown in Fig. 2. It converts 

the potential energy of water into electrical energy. During low 

power demand, the water flows from a lower reservoir to an 

upper reservoir and during high power demand, the water flows 

from an upper reservoir to lower reservoir which rotates the 

turbine and generator set for electrical energy generation. The 

stored energy is proportional to the volume of water in upper 

reservoir and height of the reservoir [3]- [8]. 
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Figure 3.   Schematic diagram of (a) diabatic (b) Adiabatic  CAES system   [9] 

 

 
2) Compressed air energy storage (CAES): Compressed air 

energy storage system is capable of providing the large energy 

storage deliverability of above 100 MW with single unit. The 

schematic diagram of CAES system is shown in Fig. 3. It 

mainly consist of five major components :(i) motor/generator 

set (ii) air compressor with cooler (iii) high and low pressure 

turbines (iv) cavity/container (v) auxiliaries such as fuel stor- 

age and heat exchanger units. The CAES system works on the 

basis of gas- turbine technology. It decouples the compressed 
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and expansion cycles of gas turbine into two separate process 

[3]- [8]. During low energy demand, it stores the energy  in 

the form of compressed air in under ground cavern. When the 

power demand is high, the compressed air is drawn from under 

ground cavern,  heated  and  then  expanded through the  high 

pressure turbines. The expanded air is mixed with the fuel and 
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During Charging 

Pump Turbine Lower Reservoir are connected to the generator to produce the electricity [3]- 

[8]. The waste heat during combustion is captured by using 

recuperator. 

3) Flywheel energy storage system (FESS): The flywheel 

energy storage system is an electromechanical device, which 

stores the energy in the form of kinetic energy. The schematic 
Figure 2.   Schematic  diagram of pumped hydro storage system   [9] diagram of  the  flywheel  energy  storage  system  is  shown 

in  Fig.  4.  It  runs  on  two  bearings  in  order  to  reduce  the 
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Figure 5.   Structure  of super capacitor  storage [9] 

 
 

 

 

 

 

 

Figure 4.   Schematic diagram of flywheel energy storage system   [9] 

 

 
mechanical friction at high speed operation. The flywheel is 

coupled with the electrical rotating machine, which will act as 

a motor or generator depends on the power demand. During 

low power demand, the electrical machine act as a motor, 

which drives the flywheel and store the kinetic energy. During 

high power demand, the stored kinetic energy is converted 

back to electrical energy. In this process, the electrical machine 

act as a generator. The complete structure is located in a 

vacuum to reduce wind shear [3]- [8]. The energy stored by the 

flywheel system is depend on the size, square of the rotating 

speed and its inertia. Commercially, the axial-flux and radial 

flux permanent magnet machines are used as flywheel energy 

storage system [3]- [8]. 

 
B. Electrical storage system 

The super capacitors and super-conducting magnetic energy 

storages (SMES) systems are fallen under this  category. 

1) Super capacitors: The super capacitor is also known as 

ultra-capacitor as shown in Fig. 5. It consist of two electrodes, 

electrolyte and a membrane where the ion travels between two 

electrodes is permitted. The energy stored in super  capacitor 

is proportional to their capacity and square of the voltage 

between two electrodes. The capacity is proportional to the 

electrode surface area and inversely proportional to the dis- 

tance between the electrodes [1]- [8]. The main difference 

between the capacitors and super-capacitors is the use of 

porous electrodes with high surface area, which increase the 

energy density. Typically, the super-capacitors are available in 

symmetrical and asymmetrical configuration. In symmetrical 

configuration, the positive and negative electrodes  are made 

of identical material. The super-capacitors are  connected to 

the grid through a bi-directional power converter. During low 

power demand the energy is stored in the super capacitors and 

it supplies the energy to grid during high power demand [1]- 

[8]. 

2) Super-conducting magnetic energy storage (SMES): The 

SMES system store the energy in the form of magnetic field, 

 

which is created by a dc-current flowing through the super- 

conducting coil at a cryogenic temperature. The structure of 

SMES system is shown in Fig. 6. It mainly consist of super- 

conductive coil, cryostat system (cryogenic refrigerator and a 

vacuum insulated vessel) and a power conversion system. To 

maintain the super-conductive state of the inductive coil, it is 

immersed in liquid helium contained in a vacuum insulated 

cryostat [1]- [23]. Typically, the inductive coil is made of 

niobium-titanium and the coolant will be liquid helium or 

super fluid helium. The energy stored by SMES system is 

depends on the self-inductance of the coil and square of the 

current flowing through it. The energy storage capacity of the 

SMES system can be increased by increasing the maximum 

current flowing through the coil. It is further depend on the 

operating temperature of the coil [1]-  [8]. 

 

C. Electrochemical storage system 

The battery storage technology is one of the electro- 

chemical storage system. The battery  technology  is  one of 

the oldest storage system, which stores the electrical energy 

in the form of chemical energy. The battery storage system is 

comprised of one or more electrochemical cells and each cell 

consist of a liquid or solid electrolyte together with a positive 

and negative electrodes. Usually, the battery energy storage 

system has low standby losses and high energy efficiency [1]- 

[8]. Various types of battery technologies shown in Fig. 1,  are 

 

 

 

 
Figure 6.   Structure  of SMES system [9] 
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Figure 7.   Lead-acid  battery storage  system [9] 

2NiO(OH)+ Cd + 2H2O ↔ 2Ni(OH)2 + Cd(OH)2 [1]- 

[8]. 

4) Sodium-Sulphur battery storage system: The sodium- 

nickel-chloride (zebra batteries) and sodium-sulphur batteries 

have a solid state electrolyte unlike other battery technolo- 

gies [1]- [8]. It consist of liquid sulphur at anode electrode 

and liquid sodium at cathode electrode as shown in Fig. 9. 

The positive sodium ions are pass  through  the  electrolyte 

and combines with sulphur to form a sodium polysulphide: 

2Na + 4S ↔ Na2S4. During discharging process, the Na+  
ions flow through the electrolyte and the electrons flow through 

the external circuit to generate the required voltage. This 

process will reverse during charging process [1]-  [8]. 
 

currently either in use or potentially suitable for utility scale 

energy storage applications. 

1) Lead-acid battery: The lead-acid battery technology 

shown in Fig. 7 is the most widely used electrochemical 

storage system. It consist of a lead dioxide (PbO2) as pos- 

itive electrode, sponge lead (Pb) as negative electrode and 

sulfuric acid (H2SO4) as an electrolyte [1]- [23]. During 

discharging process the anode and negative electrodes are 

turned into lead sulphite and the electrolyte become  primarily 

 

 

 

 

 

 

 

 

 

 

Figure 9.   Sodium-Sulphur battery  storage system [9] 
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water.  The corresponding chemical reaction equations are   (i) 5) Sodium-nickel Chloride battery storage system: The 

Anode: Pb + SO2−

 ↔  PbSO4  + 2e−   and  (ii) Cathode: sodium-nickel chloride battery storage is  also  known as  ZE- 

PbO2 +SO2− +4H++2e−  
↔ PbSO4 +2H2O. The lead-acid BRA battery storage. It consist of nickel-chloride as    positive 

battery has a low cost   of $300 − 600/kWh, high reliability electrode and works at very high temperature (300 ◦C) without 

and high efficiency (70-90 %) [1]- [23]. 

 

2) Lithium-ion battery storage system: The structure of 

lithium-ion  battery  energy  storage  system  is  shown  in Fig. 

8. It has cathode electrode made up of lithium metal oxide 

and the anode is made of graphite carbon. The electrolyte 

consist of lithium salts dissolved in organic carbonates. During 

charging process, the lithium-ions travel from cathode to 

anode electrolyte. These lithium ions combined with external 

electrons and are deposited between the carbon layers as 

lithium atoms. This process will reverse during discharging 

process of battery storage [1]-  [8]. 

cooling. The chemical reaction of ZEBRA battery system   is: 

2NaCl + Ni ↔ NICl2 + 2Na [1]- [8]. 

6) Vanadium redox flow battery (VRB) storage system: The 

vanadium redox flow battery system is shown in Fig. 10. It 

stores the energy in two tanks of anolytic and catholytic reser- 

voirs containing sulphuric acid solution [1]- [8]. The anolytic 
reservoir has V 2+/V 3+ as electrolyte and the catholytic 
reservoir has V 4+/V 5+ as electrolyte. During charging and 
discharging process, the H + ions are exchanged between these 

two electrolytic tanks through the hydrogen-ion permeable 

polymer membrane [1]- [8]. 
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Figure 8.   Lithium-ion battery  storage system [9] 

 

3) Nickel-cadmium battery storage system: Nickel- 

cadmium  battery  technology  contains  a  nickel  hydroxide 

as positive electrode, a cadmium hydroxide as negative 

electrode, a separator and an alkaline  electrolyte.  The 

positive   and   negative   electrodes   are   isolated    from 

each   other   by   a   separator.   The   chemical   reaction     is 

 

Figure 10.   Vanadium  redox flow battery (VRB) storage  [9] 

 

7) Zinc bromine battery storage system (Zn Br    battery): 

In zinc-bromine battery storage system, the zinc and bromide 

solutions are stored in two separate tanks. During discharging 

process, the Br−  ions are converted into Br−  

and the Zn2+ 
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Table I 
COMPARISON OF ENERGY STORAGE SYSTEMS [1]-  [23] 

 
 

Storage system 

PHS 

Applications 

Frequency control 

Power rating (MW) 

100-5000 

Storage duration 

Very small 

Life time (Years) 

40-60 

Cycle time (Cycles) 

- 

$/kW 

600-2000 

$/kW h 

5-100 

CAES Voltage control 5-300 Small 20-40 - 400-800 2-50 
Flywheel Load leveling 0-0.25 100% 15 20000+ 250-350 1000-5000 

Super capacitor Voltage control 0-0.3 20-40% 500-5000 - 100-300 300-2000 

SMES UPS 0.1-10 10-15% 20+ 100000+ 200-300 1000-10000 

Lead-acid Residential  storage system 0-20 0.1-0.3% 5-15 500-1000 300-600 200-400 
Li-ion UPS 0-0.1 0.1-0.3% 5-15 1000-10000+ 1200-4000 600-2500 

NiCd Emergency lighting 0-40 0.2-0.6% 10-20 2000-2500 500-1500 800-1500 

ZEBRA Renewable energy storage 0-0.3 15% 10-14 2500+ 150-300 100-200 

NaS Island grids 0.05-8 20% 10-15 2500 1000-3000 300-500 

VRB Power quality 0.03-3 Small 5-10 12000+ 600-1500 150-1000 

ZnBr Long term storage 0.05-2 Small 5-10 2000+ 700-2500 150-1000 

PSB UPS 1-15 Small 10-15 - 700-2500 150-1000 

Fuel cells Hybrid electric vehicles 0-50 Almost zero 5-15 1000+ 10000+ - 

Metal-Air  0-0.01 Very small - 100-300 100-250 10-60 

LT-TES Frequency control 0-5 0.5% 10-20 - - 20-50 

HT-TES Voltage Control 0-60 0.05-1.0% 5-15 - 30-60 - 

 

ions are converted into Zn ions. The Zn and Br− ions are 

combined to form a Zinc-bromide which generates a voltage 

of 1.8V across each cell [1]-  [23]. 

8) Polysulphide-bromide battery storage system: The 

polysulphide-bromide battery system is also known as regen- 

erative fuel cells. The operation of battery system is based on 

the chemical reaction between the two salt based electrolytes: 

sodium bromide (NaBr) and sodium polysulphide (NA 2Sx) 
[1]- [8]. These electrolytes are separated by a polymer mem- 

brane which allows only the exchange of positive sodium ions. 

During charging process, the Br− ions are converted into 

discharging process, the heat is extracted from the thermal 

storage. The extracted heat is used to generate the steam which 

will drive the turbine/generator system. The generator supplies 

the power to the grid [1]-  [23]. 
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Br3 and the  S2−

 particles are converted into S 2−

.  During Generator 

discharging cycle the above process is reversed [1]-  [23]. 

9) Hydrogen fuel cell system: The fuel cell is an electro- 

chemical storage device. It produce the electricity with the 

help of external fuel sources such as hydrogen and oxygen, 

direct-methanol, molten-carbonate, solid oxide and metal-air 

[1]- [23]. Particularly, the hydrogen based fuel cell is most 

popular technology available in the market. The hydrogen fuel 

cell use the hydrogen as fuel and oxygen as oxidant to produce 

the electricity and water. The reversible hydrogen fuel cell can 

produce hydrogen and oxygen by using electricity and water 

[1]- [23]. 
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Figure 11.   Thermal storage system  [9] 
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D. Thermal storage system 

The thermal storage system is classified into low temper- 

ature and high temperature systems. It use the materials that 

can be kept in low/high temperatures insulated containments. 

The thermal energy storage systems are further categorised 

into industrial cooling (below −18◦C), building cooling (at 

0 − 12◦C), building heating (at 25 − 50◦C and industrial 

heating (greater than 350◦C) systems [1]- [23]. The structure 

of high temperature thermal storage system is shown in Fig. 

11. During charging process, the electrical energy is converted 

into high temperature heat of  around 500 ◦C  with  the  help 

of electric heater. The generated heat is stored in thermal 

storage  like  magnesium oxide  bricks or  molten  salt. During 

III. CONCLUSIONS 

In this paper, the principle of operation of various energy 

storage technologies including mechanical, electrical, electro- 

chemical and thermal energy storage systems  are presented. 

In addition, the application of each energy storage system is 

reviewed. Also, the comparison between among the energy 

storage systems are presented in terms of power rating, storage 

duration, life time and capital  cost. 

 

APPENDIX 

The comparison between the energy storage systems are 

presented in the Table I. The merits and demerits of each 

energy storage system is presented in the Table   II. 
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Table II 
MERITS AND DEMERITS OF ENERGY STORAGE SYSTEMS [1]-  [23] 

 

Storage type 

Pumped-hydro storage 

Strengths 

Established technology 

Weaknesses 

Low energy density 

 Very  long life-time Geographical restriction 

 Low self-discharge High investment costs 

 Good efficiency Long return of investment 

Compressed air-storage Relatively low cost geographical restrictions 

 Small foot print on  surface High investment costs 

 Long life  

 Low self-discharge of compressed  air High self-discharge  of the thermal  storage 

 Low efficiency  of diabatic  CAES (< 55%)  

Long return of investment 

Fly-wheel energy storage Fast charge capability Low energy density 

 Low maintenance Vacuum chamber needed 

 Long life-time Safety issues 

 higher energy density Very  high self-discharge 

  Cooling system for super conducting   bearings 

Super capacitors High efficiency Low energy density 

 High power capability High cost per installed  energy 

 Long cycle life-time  
SMES High power capability High cooling demand 

 Long cycle life-time Expensive raw materials for  superconductors 

 Complicated inverter design and control   circuits  
Lead-acid battery Acceptable  energy and power density for stationary  applications Charging and discharging ability are not   identical 

 Inherent safety by controlled overcharge   reaction Ventilation required 

 No complex cell management  needed Restrictions  on the location  of the battery  system 

 Relatively low investment Limited life cycle 

Lithium-ion battery High efficiency (over 100%) 
High energy density 

High capital cost due to special packaging 
Internal over-charing protection  circuits 

 Long cycle life  
Nickel-cadmium battery High reliability 

High energy density 
Relatively high cost ( $1000kW h) 

Suffer from memory effect 

 Very  low maintenance required  
Sodium-sulphur battery Raw material cost is  low High thermal standby  losses 

 High energy density High operating temperature 

 High cycle and calender  lifetime High cost for nickel  material  in zebra batteries 

Sodium-nickel chloride battery  Low energy and power  density 

 high cell voltage High thermal standby  losses 

 High cycle and calender  lifetime High operating temperature 

Vanadium redox flow  battery Low cost Low energy and power  density 

 No maintenance  

 Large storage capacity  
Zinc bromine storage Low cost Low energy and power  density 

 High reliability  

 High energy efficiency  
Polysulphide bromide battery No self discharge Hazardous for toxic bromine  gas 

 High energy efficiency  
Hydrogen fuel-cell High energy density Low round trip efficiency 

 Wide power range capacity Relatively  high cost 

Thermal storage Option for large scale  storage Thermal standby losses 

 High energy density Relatively low efficiency 
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