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Abstract— The integration of renewable energy system into 
modern power grids has significantly increased during the last 
decade. Solar and wind energy are the most popular renewable 
energy sources recently. Solar energy has reached about 17,3 GW 
in 2010 whilst about 340 TWh of wind energy source has been 
installed worldwide. In this paper, the overview of updated 
information regarding proposed storage energy systems for 
renewable energy is presented. It is useful information for 
practitioners in considering the possible options of storage energy 
technologies to be connected with renewable energy sources. 

I. INTRODUCTION 

Solar and wind energy resources are today’s two most 
popular renewable energy resources. They are both 
environment-friendly and sufficiently available naturally, so 
their utilization continues to show a significant growth 
worldwide. Germany currently has 43.5% of the world’s solar 
peak capacity, with an installed capacity of 17.3 GW by the 
end of 2010. This is four times more than that of its nearest 
rivals, Spain and Japan. Despite overall rapid capacity growth 
around the globe, the PV’s power generation share globally is 
still low, contributing only 0.1% of the world’s total power 
generation. The total installed peak capacity of wind power 
generation, on the other hand, has shown immense growth by a 
record 39.4 GW, reaching 200 GW by the end of 2010. Wind 
power’s total installed capacity in 2010 was estimated at 
around 340 TWh.  This indicates that about 1.6% of the total 
electricity generation worldwide is supplied by wind power 
generation [1]. In this paper, some well-known storage systems 
that are pervasive in current power systems will be presented. 
The chapter will also explain their advantages and limitations 
as well as their applications to renewable energy resources such 
as PV and wind. Finally, a short summary and comparison will 
appear in the last section. 

II. STORAGE SYSTEMS FOR RENEWABLE ENERGY SOURCES 

The inherent intermittent behavior of renewable energy 
sources will result in inconsistent power output. Meanwhile, 
the customer needs the voltage output to be stable, at least 
within the range of the equipment’s safety margin, and the 
customer must be able to access power immediately. These 
needs have made diesel and other conventional constant power 
output generators the dominant supplies ever since the power 
generator was introduced in the nineteenth century. After the 
Kyoto Protocol in 1997 [2], the demand for flexible renewable 

energy sources has skyrocketed as countries wish to mitigate 
the adverse environmental effects of conventional energy 
sources. In response to this demand, all sustainable energy 
systems must limit their reliance upon conventional resources 
and increase the engagements of renewable energy resources 
over the next 20-30 years. Overcoming the uncertain behavior 
of the renewable energy resources would make this goal 
feasible. Developers have been revising EST for a few 
decades, and the technology has become so mature that its 
storage capacity worldwide is currently the equivalent of about 
125 GW. Energy storage in a power system can be defined as 
any installation or method, usually subject to independent 
control, which is capable of storing energy and using it in the 
power system when required. Energy storage devices are 
intended to supply energy when the system is under high 
demand; they are also designated to save energy during low 
energy demand. These devices are very important to 
maintaining the continuity of power supply when the main 
source of power cannot meet all the power demands. On 
account of this role, energy storage devices are also considered 
as back-up power systems. Therefore, devices such as solar 
panels and wind turbine generators not only run on renewable 
resources, but also increase the value of electricity generated 
by backing it up during peak demand periods or during the 
fluctuations of energy resources. With the proper controller, 
the natural intermittent characteristic of renewable resources 
can be smoothed out through energy storage devices.  

A. Battery Energy Storage System (BESS) 

The BESS stores energy in a chemical form. When BESS 
is connected to the power system, it releases energy back into 
the network whenever there is a demand. Then, BESS 
recharges when the grid returns to its normal operation. 
Batteries are considered as very old storage technologies as 
they were invented roughly one hundred years ago. Therefore, 
they are well utilized, explored, and tested and have been a 
highly popular form of energy storage solution since the early 
twentieth century. Many types of batteries are available in the 
market, but this chapter focuses on the batteries that store 
energy in electric power utility applications, and it pays 
particular attention to their application in renewable energy 
sources. Unlike other storage systems, BESS has no 



significant effect on the environment. The efficiency of this 
storage system is around 60% to 80% depending on how often 
the batteries cycle and how often the electrolytes are used. The 
lead-acid battery is still the most commonly used battery 
because of its relatively economic power density, especially in 
the automotive industry. However, it is not designed for deep 
discharge applications and its charging state should always be 
kept at the maximum charge level through constant voltage. 
Thus, the common lead-acid battery is not suitable as a storage 
device for distributed generations (DG), such as small PVs and 
wind distributed generators that must repeatedly discharge as 
much as 80% of their capacity.   

 

 

Figure 1. Typical configuration of a WECS-grid connected 
with BESS 

Many studies have presented the application of BESS in 
conjunction with wind power generation. Some studies have 
simulated, analyzed, and discussed the hybrid system of 
energy storages between battery and capacitor [3-6], with 
flywheel [7] and thermal energy storage [8]. A dual battery 
scheme is introduced in Ref [9]. This method utilizes two 
BESSs where the power generated by the wind turbine charges 
one BESS while concurrently, the second BESS discharges 
power into the grid. In addition, there are some publications 
presenting introductory information on the types of batteries 
that may be directly connected to the DC-link of the variable 
speed WECS such as the PMSG [10, 11].  

Refs [12, 13] have successfully simulated the small 
capacity of a wind-diesel hybrid system (WDHS) that is 
backed up by a 240 V Ni-Cd battery during load and wind 
variations. Refs [12, 13] provide discussions on batteries that 
work in conjunction with the static synchronous compensator 
(STATCOM) to achieve better charging/discharging process 
with the grid. Finally, the application of a battery as a mature 
storage technology in a hybrid renewable system of wind and 
PV panels connected to the grid is studied in Refs [14, 15]. 
The combination of two or more types of EST might result in 
a system that performs better. However, one must note that 
any addition or combination of an EST will increase the cost 
of the system and make the control system more complex. 
Therefore, reliable control algorithms must be applied to the 
combined systems. 

BESS is the most common and most suitable storage 
system for photovoltaic (PV) solar panels, because there are 
enough BESS in the market niche to match the size of most 
PV systems. There are many reports on various applications of 
BESS with PV systems. For example, Ref [16] demonstrates 

BESS supplying a standalone PV system with a rather simple 
controller. Ref [17] provides details of a multi-objective 
capacity hybrid power system with PV-wind-diesel-battery. 
Ref [18] presents a model to assess the economic and 
environmental impact of PV with diesel-BESS for remote 
villages. 

Although the battery has proven to be proficient at 
smoothing and backing up the wind and PV output power, the 
main drawbacks of batteries are their maintenance costs and 
relatively short life cycles. Manufactures consider these 
drawbacks carefully, and they often choose alternative energy 
storage systems. Moreover, for large wind farm systems, 
relatively large battery banks must be connected, which 
consequently increases the maintenance costs and replacement 
costs as mentioned above. 

B. Ultracapacitor 

UC has the characteristics of both a capacitor and a battery. 
However, UC undergoes no chemical reaction as does a 
battery, so the UC’s cycling capacity is significantly higher. 
UC is also referred to as supercapacitor or electrochemical 
capacitor, but the term ultracapacitor seems to be more 
familiar in the power industry. As can be seen in Fig. 2, the 
energy density of UC is lower than the energy density UC has 
several advantages over BESS, including higher cycle capacity 
(more than 100,000 cycles) with efficiency greater than 90%. 
UC has been used for peak shaving purposes with a power 
range of hundreds of kilowatts in just one second (faster than 
battery).  

 

 
Figure 2. Comparison of energy and power density of UC, 

BESS, and conventional capacitor  

UC has often been characterized as being somewhere 
between a battery and a conventional capacitor but UC’s 
energy density is higher than that of a conventional capacitor. 
Inversely, in terms of power density, UC has less power 
density than a conventional capacitor has but more power 
density than BESS.   

A presentation has been included in  [19] of an 
application of UC with a battery to improve the power 
dispatch of WECS during low wind speed. Installing UC 
instead of a conventional capacitor on PMSG based WECS is 
discussed in [20] and UC’s combination with fuel cells is 
introduced in Ref [21].  

 



The advantages of connecting UC with a large PV system 
over connecting a battery or a shunt capacitor to stabilize the 
large PV systems is presented in Ref [22], along with 
comparisons of connecting UC with hydro and thermal power 
systems. Study that tested UC’s ability to meet load demands 
when connected to a standalone PV system is in Ref [23] and 
the studies that examined UC’s ability to match the power 
demand of a micro-grid when connected to an integrated PV 
are listed in Refs [24, 25]. The new, composite energy 
storages of UC and BESS, which are designed to manage 
dynamic energy on a micro-grid, are discussed in Ref [26] and 
a composite of UC, BESS, and PV for electric vehicles is 
designed and modeled in Ref [27]. Unlike BESS, UC has 
sufficient efficiency for grid application and achieves about 
90%. UC’s estimated cost/kW is also more competitive than 
BESS’s. However, UC has low power density, so the size of 
UC remains in the wattage scale. Recent prototypes have 
increase UC’s kW range, but its scalability is still 
incompatible for large-scale WECS and for PV system 
applications. 

C. Superconducting Magnetic Energy Storage (SMES) 

Superconducting coil stores energy within a magnetic field 
created by the flow of direct current in a coil that should be 
maintained within a superconductive state through immersion 
in liquid Helium at 4.2 K in a vacuum-insulated cryostat. 
SMES is the only storage system known to store electrical 
energy directly based on electric current. 

 

 

Figure 3. Typical schematic diagram of a SMES unit [3] 
 

The suitability of the SMES unit for renewable energy-
based power systems has been demonstrated in many studies. 
SMES can regulate the natural intermittence of most 
renewable energy resources with its high efficiency, quick 
response, and long life duration. While it is true that the solar 
power system provides a fairly constant energy resource with 
relative ease compared to wind energy systems, it simply 
cannot provide enough power for large-scale operations 
without being enormous and expensive. Thus, the SMES unit 
may be a competitive choice as an ETS candidate compared to 
other ETS. The main purpose of applying SMES to wind 
WECS is to stabilize the system in order to compensate for the 
WECS’s fluctuating output power.  

The suitability of the SMES unit for renewable energy-
based power systems has been demonstrated in many studies. 
SMES can regulate the natural intermittence of most 

renewable energy resources with its high efficiency, quick 
response, and long life duration. While it is true that the solar 
power system provides a fairly constant energy resource with 
relative ease compared to wind energy systems, it simply 
cannot provide enough power for large-scale operations 
without being enormous and expensive. Thus, the SMES unit 
may be a competitive choice as a ETS candidate compared to 
other ETS. An early SMES’s application to renewable energy 
is presented in Ref [4], In this study, SMES is used to steady 
the output power of PV arrays. Ref [5], then describes an 
advanced system design of PV/SMES. This reference includes 
three main objectives for applying SMES to PVs connected to 
a distribution system. The first objective is to smooth the 
output power of the PV due to the insulation fluctuation. In 
addition, the SMES system can also support an active and 
reactive power demand fluctuation in a power distribution 
system. This hybrid system is also designed to reduce the 
transient influence caused by a sudden change in the effective 
and reactive load demand. Ref [5] also introduces the concept 
of the I/V (current/voltage) converter that uses IGBT, and 
allows energy to transfer from the SMES coil to the utility 
system and vice-versa. A new type of dispersed system is 
introduced in [6]. In this reference, the system consists of a 
PV, Fuel Cell (FC), and SMES. Both the PV and FC use a 
boost chopper to transfer power. Meanwhile, the SMES is 
connected to an I/V converter that uses GTO to allow the 
charging and discharging process with the grid, as illustrated 
in Fig. 4. 

The main purpose of applying SMES to wind WECS is 
to stabilize the system in order to compensate for the WECS’s 
fluctuating output power. Some papers have been published 
regarding this objective, and a few are listed in Refs [7]-[12]. 
In Ref [7], the study tests a squirrel cage induction generator 
and then presents a comparison of the results of the 
STATCOM and SMES connected to the system. However, 
this study does not work out the detailed model control of the 
SMES unit.  

The application of SMES that is controlled by fuzzy 
logic and connected to a wind farm is presented in Ref [8]. In 
this reference, the study uses a 6-pulse CSC. The CSC consists 
of 6-GTO to allow the transfer and absorption of energy from 
the SMES coil to the power system and vice-versa, which is 
depicted in Fig. 5. However, the fuzzy logic, only consists of 
one input to control the level degree of CSC’s firing angles in 
order to allow transfer or absorb energy which is unrealistic to 
apply because the capacity of the SMES coil, on the other 
hand, has to be taken into consideration to make it closer in a 
realistic application as described in Chapter 5 of this thesis. In 
addition, using 6-GTO in SMES application might cause 
harmonic distortion. Therefore, the 6-GTO should be more 
robust when it is applied to a 12-pulse CSC with the 
appropriate transformer connection in order to eliminate the 
5th, 7th, 17th,and 19th harmonics in the system [13].  

The focus of Ref [9] is to enhance the transient stability 
of the system by using SMES under various wind fluctuations. 
This SMES unit consists of an AC/DC converter that is 
controlled by regulating the modulation index and the phase 



angle. However, the result for the transient response of active 
power output (PIG) with or without SMES does not seem very 
significant, whereas the transient response of active power in a 
tie line is quite significant. 

The enhancement of the transient stability of a wind-
SMES connected to the grid is also studied in [10]. The system 
studied in Ref [10] is similar to the one studied in Ref [8]. 
However, the SMES configuration used in [10] consists of a 
VSC and a DC-DC chopper, which both use IGBTs. The 
controller of VSC is using PWM while conventional PI 
controller is used to control the DC-DC chopper.  The same 
system as well as a SMES configuration are also presented in 
[11], and the only difference in this study is its application of 
fuzzy logic to determine the duty cycle of the DC-DC 
chopper. Refs [8], [10], and [11] all ignore the capacity of the 
SMES coil while determining the optimal energy 
transfer/absorbance of the SMES coil, even though this 
capacity must be taken into consideration in real applications.  

 

 
Figure 4. New type dispersed power system that uses SMES 

unit [6] 
 

 
 

Figure 5. 12-pulse SMES unit configuration with GTO 
 

 
 

Figure 6. Application of SMES unit on variable speed WECS 
during grid disturbances [14] 

The application of SMES on DFIG WECS is discussed 
in [12]. This study aims to improve the voltage stability of the 
wind turbine generator system during any short circuit in the 
transmission line, while Ref [15] discusses the SMES unit’s 
proficiency at reducing the high voltage profile at the PCC 
during a swell event on the grid side. The application of SMES 
on WECS equipped with Type D system is firstly discussed in 
Refs [16] and [17], SMES is employed on a variable speed 
WECS, after which the authors compare the transient 
responses during a voltage sag event on the grid side, as 
depicted in Fig. 6.  

D. Flywheel Energy Storage System (FESS) 

A flywheel operates by storing energy in a spinning mass. 
Through a coupled electric machine, the system can store 
power by accelerating the shaft and then retrieve the power by 
slowing the shaft. 

The flywheel’s overall efficiency will drop to 78% after 5 
hours and then to 45% after one day; therefore, long term 
storage is not foreseeable for this device [18]. Numerous 
studies have discussed the feasibility of flywheels for 
renewable energy systems, particularly the WECS system. In 
Refs [19]-[22], the FESS is connected directly to the DC-link 
of the Type D WECS (the full converter WECS). It is proven 
that this setup can improve the quality of power delivered by a 
wind generator. However, since the FESS is applied inside the 
converter station of the WECS, this concept is only applicable 
to the new design and can be included only in new 
connections to the grid. A combination of STATCOM with 
FESS is introduced in [23]. This concept’s objective is to 
improve the quality of the power output of a fixed speed 
WECS. The combination of the two devices requires high-
performance power electronics, therefore, its installation and 
operating costs might become high and its proposed control 
algorithm is very complicated due to the multiple levels of 
control used in this study. A typical model of an FESS is 
shown in Fig.7. 



 

Figure 7. Typical model of a FESS [19] 

E. Compressed Air Energy Storage (CAES) 

Compressed air energy storage (CAES) works based on 
conventional gas turbine generation concept. CAES decouples 
the compression and expansion cycles of a conventional gas 
turbine into two separate processes and stores energy in the 
form of compressed air, which is elastic potential energy. 
During low demand, CAES stores energy by compressing air 
into an airtight space. To extract the stored energy, CAES 
draws the compressed air from the storage vessel, heats the air 
and then expands it through a high-pressure turbine, which 
captures some of the energy in the compressed air. The air 
then is mixed with fuel and combusted with the exhaust that is 
expanded through a low-pressure turbine. Both the high and 
low-pressure turbines are connected to an electrical generator 
[24]. This storage technology burns about one-third of the 
premium fuel that a conventional, simple-cycle combustion 
engine burns and produces one-third of the pollutants that the 
conventional engine produces per kWh generated [25]. 
Typically, CAES is shown in Fig. 8. 

 

 

Figure 8. Typical model for a CAES [26] 

The literature has also extensively studied CAES in 
collaboration with WECS. In Ref [27], the researchers have 
utilized a stochastic electricity market model to estimate the 
impact of significant wind power generation on system 
operation and on the economic value of investment in CAES. 
Given the results of this study, one can conclude that 

decentralized CAES installation at or close to a large wind 
generation site may underestimate the economic value of the 
CAES investment option. The security constraints for CAES 
along with its connection to WECS and the optimum schedule 
of generating units for minimizing the cost of supplying 
energy are studied in Ref [28]. Then, Ref [29], further studies 
the ancillary services that are constrained by CAES’s security 
requirements. The study and comparison of different types of 
wind-diesel and CAES (WDCAS) configurations are 
described in [30]. This WDCAS arrangement not only 
increases the penetration rate of wind energy but also 
improves the start up speed of the diesel engine. Although 
CAES is technically approved to be effective with renewable 
energy systems, it must still be combined with other functions 
before one can economically justify its operation [31]. In order 
to improve its efficiency or to remove the need for an 
additional conventional fuel generation, CAES must be 
combined with other EST which, in turn, increases the cost 
and makes the control system more complicated. Generally 
speaking, the main disadvantages of CAES [32] include its 
need for high energy input during the power production 
process and the greenhouse gases emissions that result from 
CAES’s reliance on natural gas. However, this shortage will 
be overcome in the future with the advent of a third generation 
of CAES that does not use natural gas in the generation 
process. The new system will store heat during compression, 
which it can be reused during generation to warm the 
compressed air [33]. These ambitions, however, are still under 
research, and the new system might need considerable time 
before it is ready for implementation. The other drawback that 
researchers may need to take into account is CAES’s location 
limitation. This system requires a location with a suitable 
underground reservoir where a power plant can be constructed 
[34]. 

III. CONCLUSION 

Various storage energy systems commonly equip renewable 
energy resources recently. It plays pivotal role in storage the 
excessive energy while deliver it when required. The 
intermittent sources of renewable energy can also be solved 
with the proper selection of storage energy technology. In this 
paper, the current use of storage energy technologies is 
discussed and provided for practitioners in renewable energy 
application. 
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