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Abstract—The traditional electricity operation in solar
thermal plants is designed to operate on a single path
initiating at power plant and executes at the consumer. Due
to lack of energy storage facilities during this operation, a
decrease in the efficiency is often observed with the power
plant performance. This paper reviews the significance of
energy storage in supply design and elaborates various
methods that can be adopted in this regard which are
equally cost effective and environmental friendly. Moreover
various parameters in thermal storage technique are also
critically analysed to clarify the pros and cons in this facility.
Discussing the different thermal storage system, their
technical and economical evaluation has also been reviewed.

Index Terms—thermal energy storage, sensible heat storage,
latent heat storage, thermochemical heat storage

I. INTRODUCTION

Solar thermal power plants collect and concentrate the
sun’s energy to heat through a working fluid that is then
used to process heat applications or the generation of
electricity. In order for these systems to operate
commercially, they must be able to operate during periods
of changing levels of insolation and to operate at times
that will ensure maximum financial return. This can either
be achieved by utilizing existing backup methods, through
the use of fossil fuels, or the incorporation of a Thermal
Energy Storage (TES) system. The thermal energy storage
(TES) can be defined as the temporary storage of thermal
energy at high or low temperatures. TES systems also
provide an environmentally friendly solution to Solar
Power Generating Systems [1].

Energy storage is used in solar thermal energy systems
to save the additional energy generated during the times of
high solar availability and used in the times of low solar
availability (at night or in cloudy weather) which ensures
twenty-four hour power generation without using the
fossil fuels. However there exists alot of loophole in this
facility which results in energy loss and efficiency is
decreased. In this paper we have overviewed the
applications of TES system and its types. Discussing the
thermal storage systems, its technical and economical
evaluation has also been reviewed.
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A single TES system cannot be used to fulfil all the
applications. The selection of a TES system is highly
dependent upon the stability, low cost, reliability, safety,
energy capacity and efficiency of the storage media.
Furthermore, theTES system could be classified as low
temperature or high temperature depending upon the
operating temperature of the storage medium [2]. Some of
the key applications of a TES system are:

APPLICATIONS OF TES SYSTEMS

A. Energy Management

At night when energy production cost is low, the
energy can be generated cheaply and stored to use in the
time of costly production or when needed referred as load
leveling.Storing for this purpose enables the power
generator to conduct workingin a “peaking” mode of
operation.

B. Buffering

Buffering is required in solar thermal power
generation to smooth transients and enable a consistent
and uninterrupted supply of thermal energy to a heat
engine.

C. Period Displacement

It refers to generating excess energy during daylight
hours to enable baseload supply to extend into the
non-daylight hours. This can enable 24 hour generation
during periods of high insolation.

D. Power Quality

The stored energy is only applied when needed
depending upon the application. So its power quality must
be high even when it is applied for seconds or maybe less
to assure the stability and continuity of the system energy.

E. Annually Averaging

During winter, the low radiation of the sun results in
low energy generation. So, the large solar plants can use
the TES system to store energy to supply it in the time of
peak demand or low light.

I1l.  TYPES OF THERMAL STORAGE SYSTEMS TES
SYSTEMS CAN BE CATEGORIZED AS:
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A. Active Storage Systems

When the storage medium is a fluid which is able to
flow between the storage tanks, then the system is referred
as active type systems. If the storage medium which is a
fluid, is also used as the heat transfer fluid, then the
system is called direct-active system. If the heat transfer
fluid and storage fluid are separate then the system is
called indirect active type system. In this case an
additional heat exchanger fluid is required [1], [3].

B. Passive Storage Systems

When the storage medium is solid, the heat transfer
fluid passes through the storage material only for
exchanging heat as charging or discharging [3]. Then the
system is called a passive type storage system.

IV. METHODS OF THERMAL STORAGE

There are three basic methods for storing thermal
energy.

A. Sensible Heat Storage (SHS)

The method of heating a liquid or a solid, without
changing its phase is called sensible heat storage. The
amount of energy stored depends on the temperature
change of the material. The thermal energy is stored as the
internal heat of the material. It can be expressed by

T2

E=m J. CpdT (D
T1

where ‘m’ is the mass and ‘Cp’ is the specific heat at
constant pressure. ‘T1’ and ‘T2’ represent the lower and
upper temperature levels between which the storage
material operates. Examples of Sensible Heat Storage are
water, sand, oil, air, concrete, salts etc.

SHS systems can be further divided into two types [2]
Solid Storage Media
Liquid Storage Media

TABLE |: SOLID STORAGE MEDIA VS. LIQUID STORAGE MEDIA(SHS) [2]-[4]

Material Density Specific Heat Thermal Conductivity
(kg/m?) (Jrkg.K) (W/m.K)

Aluminum 2707 896 204 at20C
Concrete 2240 1130 09-13

Solid Storage Media Cast iron 7900 837 29.3
Copper 8954 383 385at20C
Stone, granite 2640 820 1.731t03.98
Water 1000 4190 0.63at 38C

P : Dowtherms (Qil) 867 2200 0.112 at 260C

Liquid Storage Media  —Fg e " rotten Salt) | 1680 1560 0.61

Sodium (Lig. Salt) 960 1300 67.5
B. Latent Heat Storage (LHS) E =mA (2

The method of heating a material which undergoes a
phase change (usually melting) is called latent heat
storage. When the heat is applied to the material it
changes its phase by storing the heat as latent heat of
fusion. The material again goes the phase change when
the same energy is recovered by the load. The heat of
transformation from one phase to another is small [5]. The
amount of energy stored is given by

where ‘m’ is mass and () is latent heat of fusion of the
material. The examples LHS materials are NaCl, Water,
H,SO, etc.

The LHS materials are classified as:
Organic Storage Materials
Inorganic Storage Materials
Eutectic Storage Materials

Some of these materials are given in the table below
with some of their properties.

TABLE II: ORGANIC PCMS VS. INORGANIC PCMs [4]-[6]

. Melting Latent Heat

Material Point (<C) (KJ/ Kg)
Formic acid 7.8 247
. Caprilone 40.0 260

PCM

Organic PCMs Benzylamine 78.0 174
Camphene 50 239
H,0 0 333
SO3 62.1 331
Inorganic PCMs H,S0 104 100
K,COs 897 235
NaCl 802 492

C. Thermochemical Storage

Energy can be stored in chemical compounds as they
absorb or release energy during a chemical reaction. It
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involves a reversible reaction and the products of the
reaction can also be stored. The materials with high
tendency to absorb solar radiations are preferred [6].
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Absorbing and adsorbing are two examples for the bond
reaction.

TABLE Ill: THERMOCHEMICAL STORAGE MATERIALS

Material Storage Density Turnover
Temperature C
Na,S 2.8 83
Magnesium Sulphate 2.8 122
Silicon Oxide 379 4065

V. SELECTION CRITERIA OF TES MEDIA

The selection of material for storage in a TES system
needs to fulfil some desirable requirements[7], [8]. These
are:

e Energy Density in the storage material should be
high

e Operational Flexibility

e Adaptability and compatibility with heat storage
medium

e High Storage capacity and power available

o High efficiency between the released and stored
energy

o Low thermal losses

e Environmental friendly

e Simple design

e High cycling capacity (Durability) and thermal
stability after repeated thermal cycles

e Low cost

e Easy maintenance

VI.

The performance parameters of a TES system are
expressed in accordance to its applications. These
parameters give an idea of how applicable that storage
technique is to the specified application. The availability
of sensible heat storage materials is very high but the
problem is the sheer volume such as water. Due to the
large size of the storage tanks, stratification takes place.
Water is also very corrosive. However the specific heat of
water is very high. The large volume of SHS materials
also restrict their use in variety of applications such as
space heating/cooling, solar refrigeration [7].

The problem of large volume occupation can be
overcome by the use of PCM materials. PCMs also has the
capability of holding heat or cold in a range of
temperatures. These materials are now being used in space
to provide the power to satellites. The selection of a right
PCM material and suitable heat exchanger fluid can
increase the overall efficiency of the system. The LHS
materials also provide high thermal stability. The
recovered temperature is almost constant which avoids the
problems caused by variable temperature materials of
SHS. But PCM materials have low lifecycles because of
material degradation and other deformation problems [8].

The thermochemical materials possess the capabilities
of high specific heat and storage capacity in a very small
volume but they are very unstable. They decompose at
high temperatures. A lot of research is going on in finding

TECHNICAL EVALUATION OF STORAGE MEDIA
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stable chemical compounds as they possess all the
desirable properties. But at present, they are hard to
handle and maintain [9].

VIl. ECONOMICAL EVALUATION OF TES MEDIA

The most important factor in selection of a storage
system is its cost because cost is the factor which will ease
the commercialization of that technology. The main
economic justification for the TES systems is that it
requires less investment in operation and maintenance
than the primary power generating plant. The power cost
is direct measure of the energy converted from a storage
system to utilizable power. The total cost of the system is
product of this power cost and the power capacity of the
storage measured in KW. Cost is actually directly related
to the capacity of the storage system. However, the most
economical solution for storage is sensible heat storage as
these storage materials are easily available. The
thermochemical heat storage THS are most expensive
which makes their use impossible for small scale
applications or low temperature storage [10]-[11].

VIIl. CONCLUSION

In this paper, a general overview of some modern
storage technologies is explained along with the
techno-economic analysis to help reducing the challenges
faced by energy production industry. A lot of research is
still going on to improve the systems of storage and bring
their cost down, still a single technology cannot fulfil all
the requirements of an application.

The most economical storage technique is Sensible heat
storage without any contend. But its large volume raises a
lot of issues and restrict its use in many applications. On
the other hand the Thermo-chemical materials have high
storage capacity in a very small volume but their cost and
instability raises concerns. However, latent heat storage
using PCMs is considered a viable solution because of its
high storage capacity and a wide range of operating
temperatures. The use of complex heat exchanging
materials in these systems results in an increased cost but
the comparison of its performance parameters concludes
them a best solution for large amount of energy storage as
they are capable of storing 5 to 14 times more energy in
typically less volume than sensible heat storage materials.

ACKNOWLEDGMENT
The authors wish to thank Al-Zamil Chair for
Electricity ~ Conservation,  Electrical ~ Engineering

Department, King Saud University, Riyadh, Saudi Arabia
for their financial support.

REFERENCES

[1] D. Lambert, “Professional power storage. The art and science of
battery selection,” Renewable Energy World, 2002, ch. 11, pp.
128-135.

O. E. Atear, Storage of Thermal Energy. Encyclopedia of Life
Support Systems, EOLSS Publishers, Oxford, UK, 2006, ch. 2.

S. P. Sukhatme, Solar Energy, Principles of Thermal Collection
and Storage, Tata McGraw-Hill Publishing Company Limited,
New Delhi, 1991, ch. 7, pp. 258-287.

[2
(31



(4]

(5]

(6]

[7]
(8]

[]

[10]

[11]

Journal of Automation and Control Engineering Vol. 3, No. 3, June 2015

S. Burkhard, “High temperature underground thermal energy
storage,”Annex 12, International Energy Agency Paper Series,
Paris, France, 1997, pp. 6-7.

R. Sioshansi and P. Denholm, “The value of concentrating solar
power and thermal energy storage,” IEEE Transactions on
Sustainable Energy, vol. 1, pp. 173-183, 2010.

H. Ohga and K. Mikoda, “Energy performance of borehole thermal
energy storage systems,” Obayashi Corporation, Minato-ku,
Tokyo, 2001, ch.4, pp. 36.

I. Dincer and M. Rosen, Thermal Energy Storage, John Wiley and
Sons Inc, England, 2002, ch.3, pp.83.

M. Al-Shaalan was born in Kingdom of
Saudia Arabia,Kingdom of Saudia Arabia on
August 15,1960. He received his Ph.D degree
in Electrical Engineering from University of
Manchester(Britain), UK in 1985. His
specialization and research of interests fall
within the areas of power system planning,
reliability evaluation, electrical safety,
environment protection, load management
and energy conservation. He participated in
many technical and scientific committees, seminars, conferences and

B. Sanner, “High temperature underground thermal energy storage,” workshops.

A Review within ECES, Annex 12, International Energy Agency He is currently working as Professor of Electrical Engineering as well as
Paper, Giessen, Germany, 1999, pp. 342-348 the supervisor of the ‘“Zamil Industrial Group Chair for Electricity
L. F. Cabeza, C. Sole, A. Castell, E. Oro, and A. Gil, “Review of Conservation” at the College of Engineering, King Saud University,
solar thermal storage techniques and associated heat transfer Riyadh, Saudi Arabia. He offered consultancy services to many
technologies,” Proceedings of the IEEE, vol. 100, no. 2, pp. governmental and private entities in his specialization areas. He is an
525-538, Feb. 2012. active member in many scientific societies and academic institutions.

S. Kuravi, J. Trahan, D. Y. Goswami, M. M. Rahman, and E. K. Dr. Shaalan has obtained a lot of prizes, trophies and certificates of
Stefanakos, “Thermal energy storage technologies and systems for appreciation for his vast contributions and activities aimed to develop
concentrating solar power plants,” Progress Energy and and improve the performance of several electricity sectors. He authored
Combustion Science, vol. 39, no. 4, pp. 285-319, August 2013. and translated books in various fields of electrical engineering as well as
P. D. Lund, “Thermal energy storage,” in Proc. 5th International wrote articles for public awareness in the safety of electrical installations
Summer School Solar Energy, University of Klagenfurt, Finland and energy conservation.

1998, pp. 5-7.

Taugeer Ahmed Shaikh was born in Mumbai, India, on March 7, 1988.
He received his B.E. degree in Electrical Engineering from A.C.Patil
College Engineering, Mumbai University,India. He is currently doing
his MS in Electrical Power Engineering from King Saud University,
Riyadh, Saudi Arabia.

©2015 Engineering and Technology Publishing 240





