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ABSTRACT 
 

The parabolic trough is the most matured solar thermal power generation technology with most commercial plants in 
the world utilizing this technology. A thermal storage system is required for the stable and uninterrupted operation of 
solar thermal plants. In this paper various thermal storage methods applicable to parabolic trough technology were 
reviewed in order to establish the status of thermal storage in parabolic trough plants and present researches going 
on to improve performance and cost effectiveness of various thermal storage methods. There are basically three meth-
ods of storing thermal energy: chemical, sensible and latent. Chemical storage is at the developmental stage and very 
expensive. The sensible and latent heat storage methods are the most considered for parabolic trough plants. Three 
technologies have been researched over the years under the sensible storage methods: Concrete Tube Register (CTR), 
two-tank system and the single tank thermocline. The two-tank indirect system is currently the state of the art. The 
challenge with this technology is it is expensive due to high storage material requirement, the use of two tanks and has 
high parasitics. The use of single tank thermocline system offers lower cost and reduced storage material inventory. 
This technology has been demonstrated on small scale. The main challenge of the single tank thermocline system is 
thermal ratcheting. The use of Latent heat storage system offers smaller storage volume and higher efficiency. The low 
thermal conductivity of potential PCMs and the lack of PCMs to cover the operating temperature range have hindered 
the capability of producing a more cost-effective system than the two-tank system.  
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1. INTRODUCTION 
 

The development of a renewable, sustainable and cost 
effective power generation technology is required due to 
the continuous rise in price and environmental concerns 
associated with fossil fuels, coupled with security of sup-
ply. The availability of solar energy in all continents of the 
world, in sufficient quantity (i.e. ≥ 2 MWh/m2/year) WEC 
(2010) for utilization in power generation, makes solar 
power one of the best alternatives of achieving this need. 
The ability to easily integrate a storage system for the pro-
duction of power when required makes Solar thermal also 
known as Concentrated Solar Power (CSP) more suited 
than solar PV and wind. Different CSP technologies have 
been developed over the past four decades. The power 
tower (Vant-Hull, 2012), the parabolic dish (Schiel and 
Keck, 2012) and parabolic trough (Zarza, 2012) have 
reached commercial status. Out of these technologies the 
parabolic trough is the most mature and cost effective in 
the small and medium scale capacities (less than 200 MW). 

This is due to the experience gained in the operation of the 
SEGS I-IX plants since 1985 having a total capacity of 
354 MW in the USA (Roeb et al., 2011; De Laquil et 
al.,1993). The parabolic trough plant using synthetic oil as 
the Heat Transfer Fluid (HTF) with operating tempera-
tures of between 293oC and 391oC isthe most common in 
commercial plants in operation or under construction in 
the world (NREL,2017; EurObserv’ER, 2013) 

The intermittency of solar radiation makes the amount 
of thermal energy captured to be more or less than that 
required by the power-block of a solar thermal power 
plant. In the former case the excess amount of energy is 
lost while in the latter case a backup boiler has to be used 
to compensate for the deficiency. To effectively utilize so-
lar energy for electricity generation a thermal storage sys-
tem is thus required to store excess energy for later use.  
At night when the solar insolation is zero, the plant has to 
be shut down or operated with a fossil-fired boiler. This 
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kind of operation will lead to inefficient use of solar en-
ergy, increase in the cost of solar electricity and makes it 
unsustainable source. Sometimes the supply of solar en-
ergy will not match the demand and as such the supply 
needs to be shifted. A passing cloud can also cause unde-
sirable transient turbine operation. For grid connected so-
lar thermal plants, a storage system is also mandatory in 
order to prevent grid instability due to frequency fluctua-
tion (Tamme et al., 2008) 

For these reasons solar thermal power plants must be 
incorporated with a thermal storage system, which can 
perform one or more of the following functions (Pilking-
ton, 2000): 

• To provide a small buffer than can be used to smooth 
out power output due to solar transients. 

• To shift power production to times when needed or 
more expensive (3-6 hours) 

• To extend power production for a longer period of 
time after sunset (3-12 hours) 

• To average the annual electricity generated. 
Thermal energy storage systems can increase the effi-

ciency, annual solar contribution and decrease the Level-
ised Cost of Electricity (LEC) of solar thermal power 
plants. It can also increase the utilization factor of the 
power-block. 

Thermal energy storage systems can be classified based 
on two main criteria (Aringhoff et al., 2005):  

• Mechanism of storage (the storage media): Under 
this criterion storage system can be classified into sensible, 
latent or chemical storage systems. 

• The way in which the system is integrated with the 
solar thermal power plant. Under this criterion a storage 
system can either be active (the storage medium flows 
during charging or discharging) or passive in which the 
storage medium does not flow during operation. Passive 
systems must have a secondary fluid that will transport the 
heat in and out of the storage medium and are sometimes 
termed dual-medium systems. An active storage system 
can be direct (the storage medium is the same as the heat 
transfer fluid in the solar field) or indirect in which the 
storage medium is not same as the HTF and as such a heat 
exchanger is required for the exchange of heat between 
the HTF and the storage medium 

In this paper the first criterion i.e. based on the storage 
media will be used as the main basis for the classification 
of storage systems.  
Chemical storage systems involve the storage of thermal 
energy using reversible endothermic reactions. Ad-
vantages of chemical energy storage include: high energy 
storage density and the thermal energy can be stored for 
indefinite amount of time. The design of these systems is 
very complex and they are expensive and associated with 
environmental risks such as fire and toxicity (Pilkington, 
2000). They are still at initial research stage. This review 
will thus focus on the two advanced thermal storage sys-
tems (sensible and latent) with the aim of reviewing the 
progress made in the development of storage systems for 
use with parabolic trough solar thermal power plants using 
thermal oil as HTF over the years. 
 

2. THERMAL STORAGE OPERATION 

 
The operating temperature range of parabolic trough 

plants using synthetic oil as HTF is about 100oC (from 293 
to 393oC) and an integrated thermal storage system will 
have two modes of operation: charging and discharging. 
During charging heated HTF from the solar field at about  

               
393oC enters the storage through the top and is required 

to exit the storage at a maximum temperature of 330oC to 
prevent overheating of the HTF in the solar field. During 

discharging HTF from the power block at a temperature 
of about 286oC enters the thermal storage system from the 
bottom and is expected to be heated to a minimum of 
350oC. 

 

 
Figure 1 is a schematic diagram of a parabolic trough 

plant integrated with a storage system. 
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3. SENSIBLE HEAT STORAGE SYSTEMS 
 

Sensible heat is that form of energy when added to a ma-
terial it causes increase in the temperature of the material. 
The energy is stored as internal energy and can be calcu-
lated using the product of the temperature change caused 
by the added heat, the specific heat capacity and the mass 
of the material. The amount of sensible heat that can be 
stored by a solid or liquid depends on the specific heat ca-
pacity of the material. High specific heat capacity means 
smaller amount of material for a particular storage capac-
ity. The rate at which the heat can be transferred to and 
from the material depends on the thermal conductivity of 
the material. This plays an important role in the utilization 
factor of some sensible storage systems. The utilization 
factor is the ratio of the actual heat a storage material 
stores over a period of time to the theoretical amount of 
heat the material is capable of storing. 

Thus a good sensible storage system should be com-
posed of a sensible storage media with high specific heat 
capacity and thermal conductivity. Table 1 presents the 
thermo-physical properties and cost of some potential me-
dia for sensible storage system with their applicable range 
of operation temperatures. The sensible storage systems 
can be further classified into solid, liquid and dual me-
dium systems. 

3.1 Solid Media Storage Systems (Concrete Tube Regis-
ter) 

Solid media storage systems are passive systems in 
which a secondary HTF is used for thermal energy 

transport to and from the storage. Mostly the HTF in the 
solar field is used as the secondary fluid. Various solid 
media materials have been considered for use in thermal 
storage systems. 

These include: solid salt, steel and concrete. The use of 
steel is too expensive and solid salt requires air tight steel 
casing to prevent contact with ambient air and the HTF-
pipe (Dinter et al. (1991). This, thus, leaves concrete as 
the most promising option since it does not require any 
casing. Concrete storage systems are called CTR. In CTR, 
tubes through which the HTF passes are embedded in a 
cast concrete (Figure 2). Concrete has the potential for a 
low cost thermal storage system. The main problem with 
concrete is its low thermal conductivity. Research over the 
years has thus focused on developing a cost effective CTR 
system. 

The concept of CTR was first investigated by Dinter et 
al. (1991) for a 200 MWhth capacity. Between 1991 and 
1994 the Solar Energy and Hydrogen Research Centre in 
Germany constructed two modules (prototypes) and per-
formance of the modules obtained were similar to those 
predicted by Dinter et al. (1991). CTR is attractive be-
cause it offers lower cost in terms of investment and 
maintenance, availability of the aggregates of the concrete 
in all places of the world and that the materials pose no 
environmental risk (ENEA, 2011). 

 
 

Table 1 Potential sensible storage media (Dinter et al.,1991) 

Medium Tempera-
ture 

 Range 
 

oC 

Density 
 (Average) 

 
kg/m3 

Thermal  
Conductivity 

(Average) 
W/mK 

Heat Capacity  
(Average) 

 
kJ/kgK 

Volumetric  
Specific Heat 

 Capacity 
kWhth/m3 

Cost 
 
 

$/kg     $/ kWhth 

SOLID MEDIA 
Sand-rock-mineral oil  200 - 300 1700  1.0 1.30  60 0.15  4.2 
Reinforced Concrete  200 - 400 2200  1.5 0.85 100      0.05  1.0 

NaCl (Solid)  200 - 500 2160  7.0 0.85 150 0.15  1.5 
Cast Iron  200 - 400 7200 37.0 0.56 160 1.00 32.0 
Cast Steel  200 - 700 7800 40.0 0.60 450 5.00 60.0 

Silica fire bricks  200 - 700 1820  1.5 1.00 150 1.00 7.0 
Magnesia fire bricks  200 - 1200 3000  5.0 1.15 600 2.00   6.0 

LIQUID MEDIA 
Mineral Oil 200 -  300   770    0.12 2.6  55 0.30    4.2 

Synthetic Oil 250 -  350   900    0.11 2.3  57 3.00   43.0 
Silicone Oil 300 -  400   900    0.10 2.1  52 5.00   80.0 
Nitrite Salts 250 -  450 1825    0.57 1.5 152 1.00   12.0 
Nitrate Salts 265 -  565 1870    0.52 1.6 250 0.70     5.2 

Carbonate Salts 450 -  850 2100    2.0 1.8 430 2.40   11.0 
Liquid Sodium 270 -  530   850  71.0 1.3   80 2.00   21.0 
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Figure 2: Concrete/tube register storage modules (Pilkington, 2000) 

The thermal conductivity of the concrete plays a very im-
portant role in the performance of CTR storage system. 
Increasing the thermal conductivity will increase the utili-
zation factor of the medium and the dynamics of the ther-
mal storage system. Increasing the volumetric heat capac-
ity will reduce the size of the storage system for the same 
capacity (Laing et al. 2008a). Other factors to consider are: 
the coefficient of thermal expansion of the concrete must 
be the same as that of the material of the tube (steel) and 
the concrete must be able to withstand thousand numbers 
of charging and discharging cycles. Researches on the de-
velopment of this system have concentrated on finding 
ways to increase the utilization factor of the storage mod-
ule and reducing the cost of the storage module. Methods 
reported in the literature can be classified into:  

 Increasing effective thermal conductivity of the 
storage material by using suitable aggregates. 

 Increasing the surface area of the tube register. 
 

Based on these two ways the works that has been done 
over the years were presented in the following sections. 

3.1.2 Increasing Effective Thermal Conductivity of Storage 
Material 

One option of increasing the thermal conductivity of the 
storage media is by putting very small pieces of high ther-
mal conductivity materials such as metals in the concrete 
mixture. The mixing of concrete aggregates with 75 kg of 
steel needles per cubic meter of concrete was found to in-
crease the average thermal conductivity of the storage me-
dium by 30% with only a 2.6% increase in cost(Tamme et 
al., 2008). Laing et al. (2008b) has considered two mate-
rial splinters for use in concrete mixture: graphite and 
metal. The use of splinters of metal does not yield positive 
result because material handling limits the amount of 

metal splinters to 2.5% while the use of 10% by mass of 
graphite splinters made from expanded graphite increased 
the thermal conductivity by about 15%. Cost of graphite 
makes the storage media cost to be very high and thus 
overshadowing the increase in performance. The use of 
high conductivity materials does not result into a cost ef-
fective system even though it increases the overall thermal 
conductivity. 

The enhancement of the properties of the concrete by 
using aggregates that will result into higher thermal con-
ductivity or specific capacity has also been considered. 
The use of calcium and basalt aggregates was not a viable 
option because their thermal expansion does not match 
that of the tube material (Steel). Tamme et al. (2003) con-
sidered many concrete aggregate mixture and two con-
crete media were found to have good storage properties: 
high temperature concrete which composed of cement as 
the binder, Iron oxide and flue ash as the main aggregates 
with other auxiliary materials; and castable ceramic which 
is composed of Al2O3 as the binder and Iron oxides as the 
main aggregate and auxiliary materials. The auxiliary ma-
terials are added in both storage materials in order to ease 
the handling of the materials by serving as either viscosity 
reducers or accelerators. The use of Iron oxide as the main 
concrete aggregate resulted in increased density which in-
creased the specific capacity of the media and reduce the 
cost since less tube material will be required (Laing et al., 
2008b). Modules of these two materials were produced 
with the tubes embedded in the materials and a good con-
tact between the tube and the materials were obtained. Ta-
ble 2 presents the thermo-physical properties of these two 
materials. The castable ceramic has higher density and 
thermal conductivity meaning higher capacity (20% 
higher) and dynamics respectively than the high tempera-
ture concrete. Test of each of these modules with dimen-
sions of 0.48 x 0.48 x 23 using a 480 kW maximum ca-
pacity parabolic trough collector (Figure 3) for storage 
temperatures up to 325oC showed no degradation in heat 
transfer for many charging and discharging cycles (Laing 
et al., 2008; Laing et al., 2006).  

Even though the castable ceramic has higher specific 
capacity and thermal conductivity, the high temperature 
concrete was chosen because it is stronger and easier to 
handle.  More than 370 charging and discharging cycles 
have been conducted by the end of December, 2010 for 
temperature difference between charging and discharging 
ranging from 40 K to 120 (Laing et al., 2012). The stabil-
ity of concrete up to storage temperatures of 400oC (Laing 
et al., 2009) and 500oC (Laing et al., 2012) have been 
achieved. This means that high temperature concrete is the 
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most suitable material in terms of potential cost reduction 
for use in CTR system. 

It has been shown that 46% reduction in the amount of 
steel required for a thermal storage system can be obtained 
by increasing the thermal conductivity of the concrete 
from 1 to 1.8 W/mK (Laing et al., 2009) even though this 
increase does not produce any significant benefit in per-
formance (Tamme et al., 2004). 

 

Table 2: Thermo physical properties of materials developed by Laing et 
al.(2006) 

Property  Material 

High tempera-
ture concrete 

Castable Ceram-
ics 

Density kg/m3 2750 3500 
Specific heat capac-

ity at 350oC 
J/kgK 916 866 

Thermal Conductiv-
ity at 350oC 

W/mK 1.0 1.35 

Thermal expansion 
coefficient at 350oC 

10-6/K 9.3 11.8 

Initiation of Crack  Many Cracks No cracks 
 
 
 

 
Figure 3: Test units for high temperature concrete and castable ceramic 
modules 

3.1.2 Increasing Surface Area of the Tube Register 
Increasing the surface area of the tube register can im-
prove the rate of heat transfer in and out of the storage 
module thereby increasing the dynamics and utilization 
factor of the storage system. The surface area can be in-
creased by either increasing the tube diameter, using fins 
or by reducing the distance between tubes. Increasing the 
tube diameter was found to increase the heat transfer but 
with no cost benefit since the major cost of the CTR is the 
steel material (Dinter et al., 1991; Tamme et al., 2004). 
Dinter et al. (1991) reported that the use of fins is also not 

cost effective. To optimize the CTR different tube diame-
ters and distance between tube centres were investigated. 
It was found out that the tube diameter of 20 mm and dis-
tance between tubes of 70 mm gives the highest utilization 
factor. The effect of increasing the distance between tube 
centres from 40 mm to 160 mm was investigated by 
Tamme et al. (2004) using simulations. Result showed 
that distance between tube centres of more than 80 mm 
resulted into the existence of a radial temperature gradient 
in the storage medium and the rate of power into the stor-
age during charging decreases with increasing tube dis-
tance.  

The use of axial and radial fins and reinforcement grid 
in order to improve the heat transfer in CTR was also stud-
ied by Laing et al. (2008b) using Finite Element Method 
(FEM). The same distance between tubes was used for all 
the four configurations including the one without fins. 
Preliminary result showed that these structures improve 
the heat transfer. Even though the number of pipes has re-
duced but the amount of steel required (the tube plus fins) 
is almost equal to that without the fins and as such no cost 
benefit (Table 3). This result is in conformity with that re-
ported by Dinter et al. (1991), that the use of fins made of 
steel does not provide any cost benefit. 

The use of extended surfaces made of steel enhances 
the thermal performance of the CTR with a cost penalty. 
As such for the CTR to be cost effective a way of reducing 
the amount of steel material has to be found since the tube 
register forms majority of the cost. Laing et al. (2008b) 
has investigated ways of eliminating the steel tube by 
making use of pre-stressed and pre-fabricated concrete 
with holes through which the HTF will flow without using 
a steel tube. The concrete absorbs some of the HTF and 
also it is very difficult to make a sealed joint in the inter-
face between the storage and the pipe from the solar field. 
Another method proposed is the use of preformed units of 
concrete through which the HTF flows in a tank. This was 
also not a viable option because of the difficulty in making 
the concrete units impermeable.  

Table 3: Material and cost reduction potential of using heat transfer struc-
tures in a CTR (Laing et al,  2008b) 

Configuration Relative 
number of 
tubes/m3 

(%) 

Relative cost 
of heat ex-

changer mate-
rial (%) 

Basic (without fins) 100 100 
Reinforcement grids   88   96 

Radial fins   82   96 
Axial fins   65   91 

 
It is now evident that to reduce the cost of the CTR sys-

tem, the amount of tube material (steel) must be reduced. 
The use of other materials as Heat Transfer Enhancement 
Structures (HTES) will help in achieving this. The use of 
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horizontal aluminium sheets or graphite foils in a pre-cast 
concrete module (as shown in Figure 4) was found to re-
duce the amount of steel required for a similar storage sys-
tem without the HTES by 47%. About 60% reduction in 
the amount of steel required was obtained with vertical 
and horizontal plates (Laing et al, 2012) 

 
 
 
 
 
 
 
 
 

Figure 4: Pre-cast concrete slabs with horizontal graphite sheets (Laing et 
al, 2012) 

3.1.3 Integration of CTR with Parabolic-Trough Plant 

A CTR system is integrated into parabolic trough power 
plants as a passive system. During charging the HTF from 
the solar field is passed through series of tubes embedded 
in the concrete. Thermal energy is transferred from the 
HTF to the concrete. During discharging the HTF is 
passed through the medium in the reverse direction and 
thermal energy is extracted from the concrete medium 
(Figure 1). The performance (charging and discharging) 
and design of CTR for a complete plant must consider the 
boundary conditions of the parabolic-trough plant. During 
charging the inlet solar field HTF temperature must not 
exceed 315oC in order to avoid the overheating of the HTF 
(oil) and during discharging the minimum HTF outlet 
temperature 350oC is required for the operation of the 
power-block. 

Tamme et. al. (2004) developed a physical model of a 
CTR system (Figure 5) and a simulation environment 
called “StorageTechThermo” was developed in the Mod-
elica Language. A CTR storage element with HTF-pipe 
internal and external diameter of 20 and 22 mm respec-
tively and distance between pipe centres of 80 mm and 
length of 500 m were used.  

 
 
 
 
 
 
 
 
 

Figure 5Model of the concrete/tube register developed by Tamme et al. 
(2004) 

 

 
 
The boundary conditions of inlet HTF temperature of 

265oC, minimum HTF outlet temperature of 350oC (the 
minimum required by the power block) during discharg-
ing and inlet HTF temperature of 390oC, maximum HTF 
outlet temperature of 315oC during charging were used. 
These temperature boundaries were used to determine the 
mass flow rates. Thermo-physical properties of concrete 
used are:specific heat capacity of 1000 J/kgK, thermal 
conductivity of 1.2 W/mk and density of 2200 kg/m3. Re-
sults from the simulation gave insights into the behaviour 
of the CTR system and points out to the need for careful 
selection of distance between tubes to avoid exergy de-
struction. 

The design of a CTR system for a 50 MWe parabolic 
trough plant using performance results obtained from ex-
periments resulted in CTR volume of 50,000 m3 for a CTR 
having a capacity of 1100 MWhth (Laing et al, 2009). In 
order to reduce the size of the storage other researches 
considered using operation strategies to increase the per-
formance of the system.  

In the power cycle a re-heat Rankine cycle with operat-
ing pressure of 100 bar corresponding to 311oC is usually 
employed.  This means about 88.4% of the thermal en-
ergy is used for pre-heating and evaporation of water at 
temperatures ≤311oC. In the conventional configuration 
of storage integration, the HTF from the storage system is 
used to produce steam in a steam generator. The minimum 
discharge temperature is limited to 350oC (the minimum 
allowed by the Rankine cycle). This makes the maximum 
temperature difference during charging and discharging in 
the thermal storage system to be 40oC. Increasing the tem-
perature difference can thus increase the storage capacity 
of a CTR. In view of this, operation strategies for increas-
ing the temperature difference were devised (Tamme et 
al., 2004). Since during discharging the minimum HTF 
outlet temperature is 350oC, the solar field can be divided 
into two and the maximum HTF inlet temperature to the 
solar field can be increased from 315oC to 350oC. This 
will increase the average storage temperature thus increas-
ing the performance and is called modular charging (Fig-
ure 6). Also the discharging process can also be made to 
match the Rankine-cycle characteristics by using different 
CTR modules for different temperature levels. Thus HTF 
with temperature below 350oC can be used for the pre-
heating of water and/or evaporation. This is called modu-
lar discharging (Figure 7) and it lowers the average stor-
age temperature thus increasing the temperature differ-
ence and thus capacity. Modular charging and discharging 
can also be combined thus increasing the temperature dif-
ference in the storage. These concepts were investigated 
and results showed that each of these produced more elec-
trical power in the following order of increasing power: 
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conventional configuration, modular discharging, modu-
lar charging, modular charging and discharging. Finally a 
200% increase in capacity is obtainable in the storage sys-
tem with modular charging and discharging (Tamme et 
al., 2004).  

The concept of modular charging and discharging was 
simulated using Modelica language for a minimum dis-
charge temperature of 350oC for a 50 MWe capacity 
power-block by Laing et al.(2008b). Table 4 shows the 
amount of storage capacity produced, specific cost of stor-
age excluding the cost of additional components and LEC 
including the cost of additional components required by 
each integration concept for a similar size plant. This 
shows that for the same storage size more electrical power 
is produced. An increase of up to 115% on performance 
can be obtained by using modular charging and discharg-
ing compared to the conventional method. Also a large re-
duction in the specific cost of storage was obtained with-
out considering the cost of additional components. 

 

 

 

 

 

 
Figure6  (a) Conventional concept (b) Modular charging concept 

 

 

 

 

 

 

 

Figure 7Modular discharging concept (Laing et al. 2008b) 

 

Table 4: Performance and economic comparison of modular charging and 
discharging concepts (Laing et al., 2010) 

Concept Total electricity 
produced 

 for a similar 
size 

 storage (MWhe) 

Specific 
cost of 
storage 
(€/kWh) 

LEC  
 

(€/KWh) 

Conventional 130 30.4 0.2 
Modular charging 190 20.5     

0.198 
Modular dis-

charging 
210 19.1     

0.197 
Modular charging 
and discharging 

280 14.1     
0.195 

 
The cost of additional components was found to be very 

high and as such leads to little reduction in the levelized 
electricity cost to about 2%. Life Cycle Analysis (LCA) 
of a 50 MWeAndasol type plant with a CTR instead of the 
two tank system shows a decrease in environmental im-
pact; and emissions caused by the construction of the 
plants of about 7% and 9.5% respectively compared to the 
two-tank system using molten salt (Laing et al. 2010). 
Other ways that will provide increase in the capacity of 
concrete storage system are sequential charging and dis-
charging and the pre-heating of water using the storage.  

The annual electric power generated by 50 MWe plant 
similar to the Andasol plant integrated with a 1100 MWhth 
capacity concrete storage module was simulated using 
Dymolaenvironment by Laing et al. (2012). The Solar in-
solation data of Guadix, Spain for 2005 was used. A max-
imum HTF storage outlet temperature of 330oC during 
charging and a minimum HTF outlet temperature of 
350oC during discharging were applied as the boundary 
conditions. Two operation strategies were considered: ref-
erence case in which the storage mass flow rate is not con-
trolled during charging and a second case in which the 
mass flow rate is controlled so that the charging time can 
be increased. It was found out that the plant produces 175 
GWhe/yr which is equivalent to 3500 hr/year full load op-
eration out of which 30% is produced by the storage sys-
tem. The controlled mass flow rate operation strategy in-
creases the amount of energy stored and annual electricity 
produced by 2.5% and 8.4% respectively compared to the 
reference case. This clearly shows the influence of opera-
tion strategy on the performance of a storage system.  

In summary the CTR has been extensively analysed for 
use as a storage system in parabolic-trough plant. It pro-
vides a low cost storage system. Various pilot systems 
have been tested successfully but there is no plan for the 
commercial deployment of a CTR system in a commercial 
plant. 
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3.2Liquid Media Storage Systems 
Liquid media storage systems offers higher heat trans-

fer rates (dynamics) than the solid media due to convec-
tion heat transfer. Liquid media storage systems can either 
be active direct or indirect systems. Two tanks (one for 
hot and the other for cold) or single tank thermocline can 
be utilized.  

3.2.1 Liquid Storage Media 

Table 1 presents suitable liquid storage media. In the 
operating temperature range of the parabolic trough plants 
(i.e. 293 - 393oC) carbonate salts and mineral oil are not 
suitable. Nitrites salts are associated with corrosion prob-
lems. Although silicone oils are not hazardous to the en-
vironment, they are very expensive. Synthetic oils are 
very expensive (Pilkington, 2000).  Out of all these liquid 
media, inorganic mixtures of nitrate molten salts have 
been preferred by researchers and are the most studied. 
This is because they offer good thermo physical properties 
(specific heat = 1500 J/kgK, density=1880 kg/m3, vapour 
pressure of less than 0.01 Pa) and they are cheap with cost 
range of 0.4 to 0.9 $/kg (Herrmann et al., 2004). In order 
to obtain required properties, nitrate salts are mixed to 
form eutectic mixtures. Table 5 presents the principal mix-
ture of molten salts for use as liquid media in storage sys-
tems for parabolic trough plants with their melting tem-
peratures. One of the main disadvantage of molten salt 
media is their high melting point and as such heat tracing 
must be employed to prevent the solidification of the salt. 
Hitec XL salt is stable up to 500oC withfreezing point of 
about 120oC and solar salt is stable up to 600 (Pacheco et 
al., 2002). 
 

Table 5: Candidate inorganic molten salt mixtures for thermal storage in 
parabolic trough 

 

3.2.2 Direct Two-Tank Storage System 
In the direct two-tank system (Figure 8), the HTF in the 

solar field is used as the storage medium. This system has 
the advantage that it does not require a costly HTF/molten 
salt heat exchanger. During charging hot fluid from cold 
storage tank is pumped through the solar field where it is 
heated and then stored in the hot tank. During discharging 
the hot fluid is pumped from the hot storage tank through 

the steam generator where superheated steam is produced 
and then back to the cold storage tank.  

 

    Figure 8: Two tank direct system for SEGS I Plant  (De Laquil et al., 1993) 
 
This system has been used commercially in the 13.8 

MWe SEGS I plant using mineral oil as the HTF and stor-
age medium and a capacity of 120 MWhth with a cold and 
hot tank volume of 4160 and 4540 m3 respectively. This 
system offers utilization factor of up to 100% since there 
is no need for a heat exchanger. This system was not pos-
sible in the later SEGS plants using synthetic oil as HTF 
because of the cost of synthetic oil which is almost eight 
times that of mineral oil and its higher vapour pressure 
which will require pressurized tanks. The cost of oil ac-
counts for about 42% of the investment cost (Pilkington 
2000 and Dinter et al., 1991). This system was not suitable 
for use in parabolic-trough systems using synthetic oil as 
HTF. 

3.2.3 Indirect Two-Tank Storage System 
The high cost of synthetic oil which limited its use as 

storage media led to the development of the indirect two-
tank system by INITEC of Spain (Dinter et al., 1991). In 

this system another fluid (molten inorganic salt) differ-
ent from the HTF in the solar field is used as the storage 
medium and a heat exchanger is required in order to 
transfer heat between the HTF and the storage medium.  

INITEC proposed two configurations of system using 
Hitec molten-salt (54% KNO3, 40% NaNO2 and 7% 
NaNO3) having a melting temperature of 142oC. In the 

first configuration, during charging, the molten salt is 
heated by the HTF from the solar field in a heat exchanger 
and then stored in the hot tank. During discharging, the 
molten salt from the hot tank is pumped through the heat 
exchanger to the cold tank and in the process heating the 
HTF. The heated HTF is then used to produce steam in a 
steam generator (Figure 9(a)). This is referred to as HTF 
charging and discharging. In the second configuration, the 
HTF is used to heat the molten-salt using the heat ex-
changer during charging. During discharging the molten 

Salt name Type of 
mixture 

Salt Constituents Melting tempera-
ture (oC) 

Hitec Tenary salt NaNO3, NaNO2, 
KNO3 

120 

Hitec XL® Tenary salt Ca(NO3)2, NaNO3, 
KNO3 

130 

Solar Salt Binary NaNO3, KNO3 220 
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salt is pumped directly to the steam generator for the pro-
duction of steam. This is called HTF-charging and salt-
discharging.  

In this way the rate of heat transfer is thus increased 
since the HTF/salt heat exchanger has been eliminated 
during discharging (Figure 9(b)). The advantage of this 
configuration is potential for cost reduction since the mol-
ten salt/steam generator is more compact than HTF/steam 
generator. Comparison of the two configurations using a 
200 MWhth capacity system showed that the capital cost 
of the salt/steam generator system is 43.4 $/kWhth, which 
is less than the HTF/steam generator system by 5.1 
$/kWhth (11.8%). Although the HTF-charging and salt 
discharging provides lower cost of storage, the high melt-
ing temperature of the salt limited its further use. 

The technical and economic feasibility of the two-tank 
indirect system for use in a 50 MWe capacity plant was 
investigated by Herrmann et al. (2004) considering stor-
age capacities up to 15 hours full load operation. A capital 
cost for the storage system ranging from 65.63 $/kWhth to 
31.00 $/kWhth was obtained for capacities from 1-15 

hours of full load operation respectively, neglecting the 
cost of construction management, procurement, engineer-
ing and interest. It was found out that for storage capacity 
of less than three hours the LEC is higher than the refer-
ence plant (plant without storage) and storage with 12 
hours of capacity gives the lowest LEC which is 10% 
lower than the reference plant. In order to develop the 
technology into commercial status Kelly et al. (2006) con-
ducted a rigorous optimization study of the complete solar 
thermal plant integrated with the storage system. The 
study is different to that of Herrmann et al. (2004) in the 
sense that it considers: the effect of changing the approach 
temperatures of the HTF/salt heat exchanger from 2oC to 
15oC; two Rankine-cycle pressures of 101 bar and 66 bar 
were considered. About 144 configurations were studied. 
The study found out that the storage system with the low-
est capital cost does not result in lower LEC. The storage 
system with Rankine steam pressure of 66 bar gave lower 
capital cost but the LEC is higher due to lower efficiencies 
in the Rankine-cycle at 66 bar.  
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Figure 9 The Indirect two-tank configurations (a) HTF charging and discharging (b) HTF charging and steam discharging (Herrmann et al., 2002)

The indirect two-tank system is currently the most ma-
tured thermal storage system for parabolic-trough plants 
and has reached commercial status with most commercial 
plants in operation using it. As such it serves as the bench-
mark for comparison with other storage concepts that are 
being developed. 

3.2.4 Water/Steam Accumulators 

In these systems sensible heat is stored in pressurized 
water at saturation point since water has a high specific 

heat capacity of 4.2 kJ/kgK. During discharge, the pres-
sure of the saturated water is reduced to produce saturated 
steam. So during discharge the steam pressure reduces 
with time. The water/steam accumulator can be charged 
by either condensing the superheated steam in the pressur-
ized water, in this case the temperature of the water in-
creases or by maintaining a constant temperature in the 
accumulator by the addition of more water. Another 
method of charging the accumulator in which the HTF is 

(a) 

(b) 
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not water is to use a heat exchanger (Steinmann and Eck, 
2006).   

Water/steam accumulators are more suited for buffer 
storage so that unexpected transients can be compensated. 
This storage concept has fast reaction times and as such 
can give room for the extended reaction time of backup 
and storage systems. Water/steam accumulators are well 
suited for solar thermal plants that utilize water/steam as 
the HTF.  

Steam accumulators have been utilized for the storage 
of thermal energy in industrial applications that require 
process heat and high storage capacities in the range of 
20-30 kWh/m3 are obtainable. The main problem associ-
ated with steam accumulators is that steam cannot be pro-
duced at constant pressure and only saturated steam can 
be produced (Tamme et al., 2008). A 20 MWhth capacity 
has been utilized in the PS10 power tower plant in Spain 
(Solucar, 2006).  

3.3 Single Tank Thermocline Systems (Dual Medium) 
One of the methods by which the cost of the two-tank 

system can be reduced is the use of a single tank. This can 
be achieved by using a single tank thermocline system in 
which the difference in density between the hot and cold 
fluid is utilized. The hot fluid can thus be stored at the top 
while the cold can be stored at the bottom of the tank thus 
effectively using one tank for both the hot and cold me-
dium. The hot and cold fluids are separated by a layer 
called the thermocline. The single tank can be used as ei-

ther a direct or indirect system. Figure 10 shows the con-
figuration of the single tank indirect system coupled to a 
parabolic-trough power plant. The main challenges of sin-
gle tank thermocline system are: the design of the thermo-
cline so that mixing does not occur between the hot and 
cold fluid is complex; and charging and discharging must 
be done in a controlled way in order to maintain the ther-
mocline region (stratification between hot and cold fluid). 
In order to maintain the thermocline and reduce the 
amount of liquid media, low cost filler materials (solid 
media) such as rocks or sand are used in the tanks. In this 
situation the solid media and the storage fluid serve as the 
storage media and thus can be termed a dual storage sys-
tem. Even though the solid media serve as the primary 
storage media (Gil et al., 2010).  

The single tank thermocline system has been utilized 
successfully in the Solar one power-tower plant using a 
capacity of 182 MWhth with 906 m3 mineral oil (caloria) 
and 6170 tonnes of rocks and sand as the storage media. 
A good stratification was achieved in the single tank dur-
ing operation with operating temperatures of between 218 
and 302oC (Pacheco et al., 2002; Brosseau et al. (2005). 

Molten salts are the most suitable liquid media for stor-
age systems and thus to develop a single tank thermocline 
system, the compatibility of the low cost filler material in 
the molten salt environment has to be determined first. 
The filler material should also have the following proper-
ties: availability, high specific heat capacity; be non-haz-
ardous and small void fraction so that the amount of liquid 
medium required will be small (Pacheco et al.; 2002). 

 
Figure 10: Single tank thermocline system (Herrmann et al., 2002) 

 

In a previous study (Burolla and Bartel, 1979), Taconite 
(pellets of iron ore) was found to withstand the molten salt 
environment for several years at 550oC while granite rock 

dissolves in the molten nitrate salts. Pacheco et al. (2002) 
has considered several materials as candidate filler mate-
rial and chose seventeen for testing. These were: Witherite, 
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Taconite, Scheelite, Quartzite, Marble, Magnesite, 2 types 
of Limestone (one from New Mexico and the other from 
Kansas), Illmenite, Hydroxyapatite, Fluoropatite, Corrun-
dum, Cassiterite, Carborumdum, Bauxite, Barite and An-
hydrite. These materials were tested for corrosion by im-
mersing them in Hitec XL® salt (42% Ca(NO3)2, 15% 
NaNO3, 43% KNO3 by weight) and observing them after 
10, 100 and 1000 hours. Result showed that only Cassit-
erite, Scheelite, corundum, apatite, marble, taconite, 
quartzite and limestone from New Mexico shows good 
compatibility with the Hitec XL salt environment. Test on 
compatibility of marble, taconite, quartzite and limestone 
from New Mexico were also conducted with Solar salt (60% 
NaNO3, 40% KNO3 by weight) for 400 hours’ immersion 
time. Thermal cycling test were conducted on four filler 
materials (marble, taconite, quartzite and limestone from 
New Mexico) because of their availability and cost. Ex-
periments were conducted using a cylindrical container 
having a diameter of 10 cm and height of 30 cm filled with 
each of these materials and filter sand in order to reduce 
the void fraction in the tank. Results showed that only 
Taconite and Quartzite withstand the thermal cycling test 
in Hitec XL salt temperatures between 290 and 400oC. As 
such Quartzite-rock/Silica-filter-sand was selected as the 
first candidate for use in thermocline tanks because of 
their performance in the test and is more available than 
taconite. 

Brosseau et al. (2005) conducted extended isothermal 
and thermal cycling tests on Quartzite-rocks/Silica-filter-
sand for extended period of time in molten salt environ-
ment (Hitec XL) in order to find the durability of the filler 
in the longer term. The Isothermal testing was done by 
immersing the filler material in hot molten salt at temper-
atures between 450 and 500oC for a period of one year. 
For the thermal cycling test a tank of 10.2 cm diameter 
and 25.4cm height was used and the operating tempera-
tures were same as that of Pacheco et al. (2002)and 10,000 
cycles were completed. Results showed that the filler ma-
terials can withstand the environment of molten salt even 
on the long term. This has thus confirmed that Quartzite 
rock/Silica-filter-sand can be used in molten salt thermo-
cline tanks and thus a cheap filler material has been ob-
tained.  

 
Design and Performance Evaluation of Thermocline 
Tanks 

Design of a thermocline tank entails finding the param-
eters such as tank diameter, height that will provide a very 
good performance. Pacheco et al.(2002)evaluated the per-
formance and economics of a single tank thermocline sys-
tem by lab scale experiments and simulations. A 2.3 
MWhth capacity tank was designed and constructed using 
Quartzite and silica-filter-sand in the ratio of 2:1 respec-

tively (since it was found to be the best filler) with an ac-
tual void fraction of 0.22. A tank with diameter of 3 m and 
height of 6.1 m made up of carbon steel was used. 49.9 
tonne and 21.9 tonne of quartzite and silica filter sand 
were used respectively. Eutectic mixture 50% NaNO3 and 
50% KNO3 was used as the liquid media. The actual heat 
capacity of the storage, shape and size of the thermocline, 
change in shape of the thermocline temperature profile af-
ter sometime and the heat lost were studied. These were 
compared with results of a model developed.  

A thermocline tank with a capacity of 688 MWhth was 
simulated using the model developed and result showed 
that the thermocline region requires a certain tank height 
to maintain stratification and as such the capacity of a 
thermocline tank depends on the height of the tank. The 
theoretical capacity utilization of thermocline tanks was 
about 68% compared to 85% for the two-tank system. The 
thermocline tanks resulted in about 35% decrease in cost 
compared to a two-tank system for the 688 MWhth capac-
ity. The study therefore proved the feasibility of thermo-
cline tanks for use in parabolic-trough plants.  

In order to have a greater understanding of the effi-
ciency and thermal characteristics of a thermocline tank 
during charging and discharging, Yang and Garimella 
(2010) developed a model. Hitec salt (7%NaNO3, 
40%NaNO2, 53% KNO3) with melting temperature of 
149oC stable up to 538oC and Quartzite rock was used as 
the filler material. The model was developed using Fluent 
CFD code and validated with the result of Pacheco et 
al.(2002). Procedure for the design of thermocline tanks 
were developed and result showed that the discharge effi-
ciency increases with the height of the tank and reduces 
with increasing Reynolds number. The size of the filler 
material also affects the discharge efficiency inversely 
(the smaller the size the larger the discharge efficiency). 
Design procedure for designing a thermocline tank for a 
pre-defined power and useful thermal capacity were pro-
duced. 

Preliminary design work conducted by EPRI (2010) for 
a single tank thermocline storage system (indirect) for dif-
ferent operating temperatures and capacities ranging from 
100 to 3500 MWhth for use with parabolic-trough showed 
that the capital cost of single tank is always lower than that 
of the two-tank system at all capacities and that the cost 
reduction was caused by the salt inventory requirement of 
each. The cost reduction for thermocline capacity ≥500 
MWhth is ≥ 20%. The single tank requires about half the 
amount of salt of the two-tank system. A capacity of 1500 
MWth resulted in minimum capital cost per kWhth for the 
single tank thermocline system. On the annual perfor-
mance aspect, the single tank thermocline system is only 
comparable to the two-tank system when the single tank 
is operated by sliding pressure during discharge to provide 
a minimum amount of super-heat. 
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From the capital cost point of view single tank offers 
cost reduction potentials of about 33% (Pacheco et al. 
2002 and EPRI, 2010). It is expected that this reduction in 
cost will lead to reduced LEC for parabolic trough plants. 
In view of this, Kolb (2011) compared the annual perfor-
mance of the single tank thermocline system with the two-
tank system using the TRNSYS software using the An-
dasol plant as reference plant. The weather data for Tu-
cumcari, New Mexico with a time step of 3 minutes was 
used for the simulations because the annual DNI for this 
place is similar to that of Spain (2.3 MWh/m2). Sliding 
pressure operation was employed in the Rankine-cycle to 
maintain 50oC of super-heat. The Rankine-cycle was de-
signed to operate up to 90oC below the design temperature 
of 390oC. Using this allowable reduction in temperature 

the model produced a predicted annual gross output of 152 
GWh for the two-tank system and 149 GWh for the single 
tank system. This shows that allowing for a HTF temper-
ature difference of 90oC during discharge makes the ther-
mocline storage system performance similar to the two-
tank system.  

The only challenge hindering the utilization of the po-
tential of the single tank thermocline is thermal ratcheting. 
Thermal ratcheting occurs due to the expansion and con-
traction of the tank. During expansion the filler materials 
move down and during contraction they cannot move up 
and thus stresses are exerted on the walls of the tank which 
can lead to bursting of the tank. Also performance and cost 
analysis of the optimum storage capacity for use in com-
mercial plants needs to be conducted.

4. Latent Heat Storage (LHS) Systems 
 
When materials undergo phase change, energy is ab-

sorbed or released. The phase change from solid to liquid 
is used. Solid to liquid phase change is preferred to liquid 
to vapour phase change since in the latter changes of pres-
sure occurs making the system complex.  

LHS systems offer higher efficiency since thermal en-
ergy is transferred at constant temperature thus minimiz-
ing the temperature difference between the HTF and the 
Phase Change Material (PCM). During charging, thermal 
energy is stored as latent heat (the material changes from 
solid to liquid). During discharging the energy is released 
by solidifying the material. The temperature of the PCM 
is chosen in such a way that it is between the charging and 
discharging temperatures of the HTF. The storage capac-
ity per unit volume of LHS systems is about 2.5 times 
greater than that of the sensible heat storage systems. LHS 
systems thus offer smaller size storage. To completely 
charge and discharge a LHS system using a HTF such as 
the one used in parabolic-trough power plants the PCM 
must be superheated and sub-cooled respectively due to 
the wide operating temperature range (Dinter et al., 1991; 
Nomura et al., 2010).  

Although PCMs have high storage density theoretically, 
the large operating temperature (about 100oC) in parabolic 
trough plants makes their utilization factor to be very low 
because discharging ceases once there is no enough tem-
perature difference between the PCM and the HTF. To il-
lustrate this, Figure 11(a) presents the temperature profile 
of a LHS system at the end of charging and discharging 
using a single PCM at a melting temperature of about 
307oC. It will be observed that large portion of the PCM 
is in the liquid form at the end of discharging because 
there is no temperature difference to drive heat transfer 
between the HTF and the PCM. In order to increase the 

utilization factor of LHS systems the melting temperature 
of the PCMs must always be greater than that of the HTF 
during discharging and lower during charging.  

This can be achieved by cascading many PCMs with 
different melting temperatures (Pilkington, 2000). Mi-
chels and Hahne (1996) asserted that for a fully optimized 
system five PCMs modules are required.  

 
 
 
 

 
                  (a)                                  (b) 

Figure 11: Temperature profile of a single and cascaded LHSS for para-
bolic-trough plant (Dinter et al., 1991) 

Figure 11(b) shows an illustration of the temperature 
profile for a cascaded storage system at the end of dis-
charging using five PCMs in the operating temperature 
range. Five suitable PCMs are required to fully utilize 
LHS for parabolic-trough plants. 
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4.1 Research on Cascaded Latent Heat Storage (LHS) 
Systems 

Cascading of LHS system is one way of increasing their 
utilization factor since it avoids sub-cooling and super-
heating of PCM and also offers faster charging/discharg-
ing and increase in exergy efficiency (Shabgard et al., 
2012). The use of multiple PCMs in LHS systems have 
been extensively investigated for low temperature appli-
cations. For parabolic trough plants, in the 1990s, LUZ in-
ternational, INITEC and SGR conducted studies on cas-
caded LHS systems with 5 PCMs. LUZ international con-
siders five PCMs (NaNO3, KCl-KNO3, KNO3, KOH, 
MgCl2-KCl-NACl) and INITEC also considered five 
PCMs (NaOH-NaCl, KOH, KNO3-KCl, NaNO3 and 
NaNO2). Results showed that due to the very low thermal 
conductivity of the PCMs, it is difficult to utilize the full 
theoretical capacity of the storage during charging and 
discharging. One way of enhancing the thermal conduc-
tivity in the PCM is to increase the surface area of the HTF 
pipe by reducing the distance between the HTF-pipes in 
the storage module. This led to an optimum distance be-
tween tubes of 60 mm. Also obtaining suitable five PCMs 
was not possible at the time and thus only three materials 
were obtained. This led to the proposal of using three 
PCMs in cascade from the colder end of the storage sys-
tem and a concrete storage module on the high tempera-
ture side by SGR (Dinter et al., 1991)  

Michels and Hahne (1996) conducted laboratory tests 
using three different PCM (NANO3, KNO3/KCL and 
KNO3) having melting points of 308, 320 and 336oC re-
spectively in cascade and thermal energy is supplied using 
electric heaters. Figure 12 shows the laboratory schematic 
of the system. The results obtained showed that utilization 
factor is increased by cascading. The study also showed 
that the heat transfer characteristics of a single shell and 
tube (annular HX) and an array of tubes in a single cylin-
drical tank are similar. This means that simplifying the 
analysis of an array of tubes to a single shell and tube is a 
valid assumption. 

Michels and Pitz-Paal (2007) conducted experiments 
using three PCMs: KNO3, KNO3/KCL and NaNO3 having 
335oC, 320oC and 306oC melting temperatures and heat of 
fusion of 95, 74 and 172 kJ/kg respectively. The experi-
ment was conducted with a shell-and-tube heat exchanger 
with the HTF flowing in the tube of 0.012 outer diameter 

and the PCM occupies the shell section having 0.13 inner 
diameter. Experimental result showed that cascading of-
fers higher actual storage capacity. A model was devel-
oped in Dymola and validated using the experimental data. 
Five PCMs were used and optimization studies on the size 
of each stage was conducted. An optimized thermal stor-
age having a capacity of 875 MWhth (capacity for 6 hours 
full load operation of a 50 MWe parabolic trough plant) 
was designed.  

The resulting storage obtained requires higher amount 
of molten salt than the two-tank system. This is because 
of the low thermal conductivity of the PCMs. Increasing 
the thermal conductivity of the PCMs from 0.5 to 2 W/mK 
was found to greatly reduce the amount of PCM to be less 
than that of the two-tank system by 4,000 tonne 

 
Shabgard et al. (2012), conducted an exergy and heat 

transfer analysis of a commercial scale three stage cas-
caded LHS system in which thermo-syphon tubes were 
used in each module in order to enhance the thermal con-
ductivity of the PCM. A thermal resistance network model 
developed by Shabgard et al. (2010) was used in the anal-
ysis. The three PCMs used are eutectic mixtures of (per-
centages by mass): NaOH-NaCl(26.7%); KCl (22.9%)-
MnCl2(60.6%)-NaCl; and NaOH(66.2%)-NaCl(20%)-
Na2CO3(14.8%) with melting temperatures of 370oC, 
350oC and 318oC respectively. Operating temperatures 
typical for the parabolic-trough plants using synthetic oil 
of between 280oC and 390oC were used. Comparison of 
the three stage system with a single PCM storage were 
done and results showed that cascading increases the ex-
ergy efficiency compared to non-cascaded systems and 
that the PCM stage with the lowest melting temperature 
resulted in the highest exergy efficiency. Also it was 
found out that the design of an efficient system using 
thermo-syphon pipes for solar thermal plants is dependent 
on the length of the charging and discharging cycles. For 
a charging time of less than 10.5 hours the single PCM 
system with the smallest melting temperature has higher 
exergetic efficiency. 

Although cascading increases the utilization factor of 
PCM storage modules, the low thermal conductivity is 
still hindering the performance and cost effectiveness of 
these systems. As such thermal conductivity of PCM must 
be enhanced 

.
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Figure 12: Schematic Diagram of a cascaded PCM test Module (Michels and Hahne, 1996) 

5. Conclusions 
 
The stable and sustainable operation of any solar ther-

mal power plant requires a thermal storage system. There 
are basically three methods of storing thermal energy: 
chemical, sensible and latent. Chemical storage is at the 
developmental stage and very expensive. The sensible and 
latent heat storage methods are the most considered for 
parabolic trough plants. Three technologies have been re-
searched over the years under the sensible storage meth-
ods: CTR, two-tank system and the single tank thermo-
cline. The two-tank indirect system is the most matured 
technology and currently the state of the art. The challenge 
with this technology is it is expensive due to high storage 
material requirement, the use of two tanks and has high 
parasitics.  

The use of single tank thermocline system offers lower 
cost and reduced storage material inventory. This technol-
ogy has been demonstrated on small scale and simulations 
of commercial scale systems have shown its capability of 

producing a smaller and more cost-effective storage sys-
tem. The main challenge of the single tank thermocline 
system is thermal ratcheting. There is also need for a com-
plete optimization of the storage system integrated with 
commercial scale solar thermal plant to determine the 
storage size and capacity that will give the minimum cap-
ital cost and LEC. 

The availability and low cost of concrete prompted the 
development of the CTR in order produce a more cost-
effective system. Various pilot plants were tested and the 
feasibility of developing a commercial scale system has 
been conducted successfully. The main issue with CTR is 
their high volume. 

The use of LHS system offers smaller storage volume 
and high efficiency. The low thermal conductivity of po-
tential PCMs and the lack of PCMs to cover the operating 
temperature range have hindered the capability of produc-
ing a more cost-effective system than the two-tank system.
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