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ANALYSIS OF A HYBRID CASCADED LATENT/SENSIBLE STORAGE SYSTEM
FOR PARABOLIC-TROUGH SOLAR THERMAL PLANTS
M.D. Muhammed 1, 2*, O. Badr1

ABSTRACT
The molten-salt two-tank system is the state-of-the-art thermal storage technology employed in the more
mature parabolic-trough solar thermal power generation using synthetic oil as the heat-transfer fluid (HTF). This
storage technology requires high storage-material inventory, making it very expensive. The use of latent-heat
storage (LHS) system offers smaller storage size and material inventory. However, such a storage system faces
two challenges: there are limited number of commercially-available phase-change materials (PCMs) are suitable
in the operating temperature range; and these materials have very low thermal conductivities. The use of finned
tubes, nevertheless, can overcome the later shortcoming. In this study, the analysis of a hybrid storage system,
consisting of a three cascaded finned-tube LHS stages and a sensible concrete tube register stage, was carried out
through modelling and simulation. A procedure for the design of the finned-tube cascaded LHS stages was
developed. For a typical 50 MW parabolic-trough solar thermal power plant, the dimensions of a storage system
with 6 hours of operation at full load were obtained. The three-stage cascaded LHS sub-system provides 45.5% of
the total storage capacity of the entire system and has a volumetric specific capacity of 54% greater than that of
the two-tank system. The volumetric specific capacity of the entire storage system is 9.3% greater than that of the
two-tank system.
Keywords: Latent Heat Storage, Sensible Storage, Parabolic-trough Solar Thermal Power Generation
Dymola, Modelling and Simulation
INTRODUCTION
The parabolic-trough solar thermal power generation technology is the most mature concentrated solar
power technology. Three HTFs can be employed in the solar field: Thermal oil [1], molten salt [2,3] and
water/steam [4-6]. The operation and maintenance experience gained in the successful commercial operation of
the 354 MW, Solar Electricity Generating Stations (SEGS) plants in California, USA for over two decades [1] and
their cost effectiveness in the medium-scale capacities (i.e.<200 MW) led to the deployment of many commercial
plants world-wide. Currently, there is 2.68 GW of capacity in operation with thermal oil as the HTF and another
1.4 GW under construction around the world [7, 8]. Most of these plants are equipped with molten-salt two-tank
storage systems, which have high investment cost due to the expensive molten-salt/HTF heat exchangers and the
large storage material inventory. They also have high energy requirements due to the need to prevent the storage
material (i.e. molten-salt) from solidifying.
The utilization of the energy absorbed or released when a material changes phase (i.e. latent heat) offers
higher storage density and small operational temperature difference, thus have the potential of resulting in a more
compact and efficient latent-heat storage system compared with the traditional sensible-heat molten-salt system.
This can lead to a reduction in the levelised electricity cost (LEC) for the solar plant.
The operating temperature of the synthetic oil in parabolic-trough solar power plants ranges between
291oC and 393oC. Therefore, in order to have high energy storage efficiency, the associated storage system needs
to employ a number of phase-change materials (PCMs), with different melting temperatures, in a cascade [9 – 15].
This poses two challenges:
• There is lack of commercially available and cost effective PCMs to cover the whole operating temperature
range.
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Suitable PCMs have very low thermal conductivity of about 0.5 W/mK [11, 16].

Over the years, three commercially available PCMs (NaNO3, eutectic mixture of KNO3/KCl and KNO3)
have been investigated [9, 17] and their suitability and thermo-physical properties have been proven
experimentally. Various methods of increasing the apparent thermal conductivity of suitable PCMs has been
proposed and tested [18 – 21]. These include: micro encapsulation which involves using a highly conductive
material such as graphite to form a PCM composite; macro encapsulation of the PCM in small cylindrical or
spherical enclosures, thereby increasing the overall surface area for heat transfer within the storage media; and the
use of thermo-syphon tubes (i.e heat pipes) and the use of fins (radial or axial). The use of fins is the most practical
approach for storage systems for solar thermal power generation [22 – 27].
The concrete tube register (CTR) storage concept has been investigated with various laboratory-scale
units and pilot systems have been successfully operated for temperatures up to 500oC [28 – 31]. Concrete offers a
low-cost storage system in terms of capital investment and maintenance, wide availability and low environmental
impacts [11].
The objective of this study is to conduct analysis of a hybrid three-stage cascaded finned latent-heat
storage (LHS) modules assisted with a high-temperature sensible-heat CTR storage stage, for parabolic trough
plants using synthetic oil as the HTF, through Simulation. This was carried out, employing the Dymola simulation
environment and the “TechThermo” library [32]. Design of a storage system for a 50 MWe plant was done using
fins to tackle the problem of lower thermal conductivity of suitable PCMs, while a CTR was used to cover the
operating temperature range of the parabolic trough plants.
THE STORAGE SYSTEM CONFIGURATION
The storage system consists of three finned LHS modules (each having a different PCM) and a CTR
module connected in series (Figure 1a). Each LHS module will be a vertical cylindrical enclosure containing a
number of parallel finned tubes (Figure 1b). The cylindrical configuration of the enclosures was selected for its
compactness and lower heat losses compared with rectangular enclosures [33]. In a LHS module, the PCM
occupies the space between the parallel finned tubes. The CTR module consists of arrays of tubes embedded in a
casted concrete (Figure 1b). A storage module can, thus, be considered to consist of storage elements (Figure 1c)
placed in parallel. As the performances of individual elements in a storage module are identical, the performance
analysis of the modules can be carried out by considering only a single storage element in each module. The
analysis of finned LHS modules, conducted by [34], indicated that with HTF-pipe inner and outer diameters of
0.008 and 0.012 m, respectively, a fin outer radius of 0.0488 m, a fin thickness of 0.001 m and a distance between
fins of 0.01 m results in the best heat flux enhancement. Thus, these values were employed here.
In the finned cascaded LHS modules the three most suitable, experimentally-tested and commercially
available PCMs NaNO3, KNO3/KCl and KNO3 were used. Their thermo-physical properties are presented in table
1. Considerable research has been carried out for developing suitable concrete materials for use in CTRs. A hightemperature concrete (N4-concrete) consisting of blast furnace cement as a binder, heat-resistant gravel and sand,
and a polyethylene fibre permeability improver (see table 1) has been tested for over 370 charging-discharging
cycles with no degradation in performance [22,29,31]. This was used as the storage material in the CTR considered
in this study.

Cascaded
finned-LHS
modules

Figure 1. The storage system configuration a) the system, b) cross-section of modules, and c) single storageelement
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Table 1. Thermo-physical properties of suitable PCMs [12, 31]
NaNO3
Solid
@ 20
oC
Melting temperature (oC)
Latent heat of fusion
(kJ/kg)
Density (kg/m3)
Specific heat capacity
(kJ/kgK)
Thermal
conductivity
(W/mK)
Dynamic
viscosity
(kg/ms)
Thermal
expansion
coefficient (1/K)
Volume expansion (%)

Liquid @
melting
306

KNO3/KCl
(4.5% by mass)
Solid Liquid
@
@
20oC
melting
320

171.8
2261

1910

KNO3
Solid
@
20 oC

1850

Equation

Value range

335

74.4
2100

Liquid @
melting

N4 concrete

95.2
2109

1870

1.096

1.823

1.21

1.21

953

1342

0.495

0.565

0.48

0.48

0.5

0.459

2250
−4

0.7 + 8.75 × 10 𝑇𝑇(℃)

720-1050

1.467 − 6.667 × 10−4 𝑇𝑇(℃)

1.45-1.2

3.02x10-3

2.97x10-3

-

3.65x10-4

4.16x10-3

-

11.6 x 10-6

3.3

-

-

10.7

14.1

MODELLING
Cascaded Finned Latent Heat Storage (LHS) Model
In the modelling, a single finned-LHS element was considered (Figure1c). To capture the changes in the
temperature of the HTF as it flows through the HTF-pipe, the element was divided into differential axial segments
of length dz (Figure 2a). In each axial segment (Figure 2b), the heat transfer was assumed to be one dimensional
in the radial direction. The heat transfer in and out of the finned annular gap was estimated by using an effective
heat transfer coefficient obtained using CFD considering a single finned annular gap [35, 36]. Finned segments
(Figure 2b) are placed in series to form a finned LHS element. The finned LHS elements of the three cascaded
LHS modules are then connected in series to form a complete cascaded finned LHS element.
The finned segment model is divided into two sub-models:
• The HTF-flow in pipe model
• The finned annular gap model
Dymola, a simulation environment based on the Modelica language, capable of determining the dynamic
behaviour of technical systems, allows the building of individual physical models that can be combined together
to form a complete model [37]. Figure 2 presents the structure of the finned segment model. The thermo-physical
properties of both the HTF and PCM are inputs to the HTF and annular gap models, respectively.

Figure 2. Physical model of the finned storage element
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Figure 3. Structure of the finned segment model
HTF-Flow in Pipe Model
In the HTF-flow in pipe model, the heat absorbed or released by the HTF in the pipe due to forced
convection and conduction through the HTF-pipe wall is calculated. The energy balance of the HTF flow is given
by:

where,

𝑚𝑚̇𝑐𝑐𝑝𝑝,ℎ𝑡𝑡𝑡𝑡 �𝑇𝑇ℎ𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖 − 𝑇𝑇ℎ𝑡𝑡𝑡𝑡,𝑜𝑜𝑜𝑜𝑜𝑜 � = 𝑄𝑄̇ + 𝑚𝑚ℎ𝑡𝑡𝑡𝑡 𝑐𝑐𝑝𝑝,ℎ𝑡𝑡𝑡𝑡

𝑑𝑑𝑇𝑇ℎ𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑

(1)

𝑇𝑇ℎ𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖 + 𝑇𝑇ℎ𝑡𝑡𝑡𝑡,𝑜𝑜𝑜𝑜𝑜𝑜
2
The first term on the right-hand side of equation (1) represents the heat transferred through the wall to the PCM
given by:
𝑇𝑇ℎ𝑡𝑡𝑡𝑡 =

𝑄𝑄̇ = ℎ𝑓𝑓𝑓𝑓 2𝜋𝜋𝑟𝑟𝑖𝑖 𝑑𝑑𝑑𝑑�𝑇𝑇ℎ𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑤𝑤𝑤𝑤 � = 2𝜋𝜋𝜋𝜋𝜋𝜋𝑘𝑘𝑤𝑤 �

𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑤𝑤𝑤𝑤
𝑟𝑟

𝑙𝑙𝑙𝑙 � 𝑟𝑟𝑜𝑜 �
𝑖𝑖

�

(2)

The second term on the right-hand side of equation (1) represents the time rate of change of the enthalpy of the
HTF due to the change in its mean temperature. This term was neglected in order to simplify the model since its
effect will be cancelled out over a complete charging-discharging cycle. The thermo-physical properties of the
HTF (i.e. Therminol VP-1) were obtained, as functions of temperature, from Solutia [38].
Finned Annular Gap Model
The fins attached to the outer surface of a HTF pipe contribute to the increase in the effective heat transfer
into/out of the PCM. In the modelling of the finned annular gap, it will be assumed that the PCM occupies the
annular gap exchanging heat with the HTF flowing through the pipe only in the radial direction. At the start of
charging, the PCM is at a temperature lower than its melting point and heat transferred from the HTF increases
the temperature of the PCM until the melting point is reached. The average PCM temperature remains almost
constant until all the PCM has melted. After the complete melting, the average PCM temperature starts to increase
until there is no driving temperature difference. The discharging process is the reverse of the charging process.
The effective heat capacity method [39] was employed in modelling the heat exchange during phase change. The
phase change was assumed to occur over a small range of temperature ΔTm. Thus, the specific heat capacity during
phase change is given by:
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𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚 =

𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑠𝑠 + 𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑙𝑙
𝜆𝜆
+
2
𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(3)

The transient change in the temperature of the PCM is calculated from:

where,

𝑄𝑄̇ = 𝑚𝑚𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝

𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑠𝑠
𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝 = �𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚
𝑐𝑐𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝,𝑙𝑙

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 < 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 > 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(4)

(5)

To avoid discontinuities, the change in specific heat capacity from one phase to the other was assumed
be linear. The heat transfer rate from the HTF pipe surface was calculated using:
𝑄𝑄̇ = ℎ𝐴𝐴�𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 �

(6)

The effective heat transfer coefficient (ℎ) during the charging and the discharging processes were
obtained by [35] and [36] using CFD simulations by considering a single finned annular gap. For the charging
process the quasi-stationary heat transfer coefficient is presented by equations (7)-(9) for the three PCMs
considered. For the discharging process, the effective heat transfer coefficient during solidification was found to
vary linearly with liquid fraction and the HTF mass flow rate, and was represented by equation (10).

ℎ𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 1391.6(𝑚𝑚̇) + 933.64

(7)

ℎ𝑚𝑚,𝐾𝐾𝐾𝐾𝐾𝐾3 = 1409.4(𝑚𝑚̇) + 715.93

(9)

ℎ𝑚𝑚,𝐾𝐾𝐾𝐾𝐾𝐾3 /𝐾𝐾𝐾𝐾𝐾𝐾 = 1363.6(𝑚𝑚̇) + 744.51

where,
and

ℎ𝑠𝑠 = 𝑎𝑎(𝛽𝛽 ) + 𝑐𝑐

𝑎𝑎 = 224.04(𝑚𝑚̇) + 20.265

𝑐𝑐 = 1395.4(𝑚𝑚̇) + 267.96

(8)

(10)

(11)
(12)

The Concrete Tube Register (CTR)
The CTR segment consists of the HTF pipe and the concrete annular gap (Figure 1). In order to increase
the model’s numerical accuracy, the concrete annular gap was divided into radial elements. The transient heat
transfer into or out of each radial element was calculated using one-dimensional transient conduction, considering
the annular gap as a hollow cylinder. Thus, the energy balance for each radial element, i, is given by:

𝑄𝑄̇𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑚𝑚𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑇𝑇𝑖𝑖
𝑑𝑑𝑑𝑑

where 𝑄𝑄̇𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛 is the net heat transfer rate into the radial element from neighbouring elements.

(13)

ANALYSIS
The complete model of the HCSS element was formed by joining the cascaded finned LHS elements of
the three LHS modules in series with that of the CTR element. In a solar thermal power plant, the storage system
will be connected parallel to the solar field; therefore, the bottom of the cascaded finned-LHS will be connected

612

Journal of Thermal Engineering, Research Article, Vol. 7, No. 3, pp. 608-622, March, 2021

to the inlet of the solar field while the top of the CTR will be connected to the outlet of the solar field. The boundary
conditions of the storage system are thus:
Charging:
Inlet temperature of HTF (top) = 393oC (Outlet temperature from the solar field)
Outlet temperature of HTF (bottom) = 290 – 330oC (To avoid overheating of the HTF in the solar field)
Discharging:
Inlet temperature of HTF (bottom) = 286oC (power block outlet temperature at design point)
Outlet temperature of HTF (bottom) ≥350oC (This is the minimum temperature for turbine operation)
Individual Finned LHS Module Lengths
From the heat transfer point of view (i.e. heat exchanger design) the length of each module must be
selected to achieve the minimum temperature difference at the end of the cascaded module (terminal temperature
difference), typically 1 – 5oC. The smaller the terminal temperature difference (𝑇𝑇ℎ𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑚𝑚 ) the higher the required
length of the module. Thus, a compromise needs to be made in selecting a suitable length of the module and the
terminal temperature difference. Considering sodium nitrate module, a HTF inlet temperature of 286oC and mass
flow rate of 0.03 kg/s, and initial PCM temperature of 1oC above melting point of the PCM, simulations were
conducted considering different length of the module, or HTF-pipe, from 5 to 17.5 m. Figure 4 presents the
variation of terminal temperature difference and effectiveness of the module with the HTF-pipe length. The
effectiveness was calculated using the relation:

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑄𝑄̇𝑎𝑎𝑎𝑎𝑎𝑎,𝑝𝑝𝑝𝑝
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
=
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑚𝑚̇ℎ𝑡𝑡𝑡𝑡 𝑐𝑐𝑝𝑝,ℎ𝑡𝑡𝑡𝑡 (𝑇𝑇𝑖𝑖𝑖𝑖,ℎ𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑚𝑚 )

(14)

From Figure 4, it can be concluded that the terminal temperature difference is an inverse exponential
function of the HTF-pipe length and a 4 – 5oC temperature difference can be a compromise with a corresponding
heat exchanger effectiveness of 0.75 to 0.8. Since the main mode of heat transfer during the discharging process
is conduction the HTF-pipe lengths for the other two PCM modules are expected to be same as that for the sodium
nitrate module. A 5oC terminal temperature difference corresponding to finned-LHS module length of 10 m was
selected as a good compromise.
Cascaded Fined LHS Length
Considering a terminal temperature difference of 5oC, corresponding to a 10 m length for each finnedLHS module, simulation was conducted for the cascaded finned-LHS for the discharging process. Each PCM is
assumed to be initially at 20 K above its melting temperature and a length of each axial segment of 0.6 m was
used.
Figure 5 presents the variation of the HTF outlet temperature at the end of the cascaded finned-LHS with
time. Initially the HTF temperature reduces rapidly due to the decrease in the average temperature of the overheated PCM; it then becomes constant for a period of time before starting to reduce slowly until the end of the 6
hours discharging time. A stable HTF temperature of 328oC was obtained for about 3.5 hours from the beginning
of discharging. The slow reduction in the HTF outlet temperature signifies the reduction in the heat flux as the
solidification process progresses. From Figure Figure 6 it can be observed that the PCMs in modules 2 and 3
solidified faster than the PCM in module 1 with a rate inversely proportional to the latent heat of fusion of the
PCM. The liquid fraction for PCM in module1 (NaNO3) is higher due to its higher latent heat of fusion and at the
end of discharging (6 hours) there is still remaining 30% unsolidified PCM.
This indicated that the latent heat of fusion of each PCM should be considered in the design. There is
need to consider changing the length of each element based on different criteria and examine the impact on capacity
utilisation. Thus, other methods of dividing the total cascade length between the three PCM modules were
considered. Using a total cascade length of 30 m, the cascade was then divided using the following criteria:
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Case 1: module length proportional to the latent heat of fusion of the PCM (i. e. 𝐴𝐴 ∝ 𝜆𝜆). This result in a
cascade with module-length ratio of 25:11:14 corresponding to NaNO3, KNO3/KCl and KNO3 PCMs,
respectively.
Case 2: the length is adjusted such that the same storage capacity in achieved in each module
(i. e. 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 𝜆𝜆 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). This results in a module-length ratio of 11:22:17.

Figure 5. HTF outlet temperatures for a complete
three stage cascade using equal module length
of 10 m and HTF inlet temperature of 286oC

Figure 4. Variation of terminal temperature
difference and effectiveness with HTFpipe length for the NaNO3 module

Figure 6. Liquid fraction for each PCM module in the cascade system
Simulations were then conducted based on the criteria described. Table 2 presents the element theoretical
storage capacity and the length of each finned LHS module using each of the criteria. The element theoretical
storage capacity was calculated considering the latent and sensible heat capacity for 20 K temperature difference
above and below the melting point of each PCM.
Figure 7 presents the HTF outlet temperature and heat discharged comparisons of the three cases. It can be
seen that using same capacity in each module (Case 2) produced higher HTF outlet temperatures. Figure 7(b)
indicates that although Case 2 has the lowest theoretical element storage capacity (Table 2), it has the highest
actual storage capacity (i.e. the amount of heat discharged) and consequently the highest utilisation factor. This
thus makes splitting the total length of the cascade based on same storage capacity in each module to be the best
option in terms of storage capacity and PCM utilisation.
Finally, the following procedure for the design of the cascaded finned LHS is proposed:
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•
•
•

First a terminal temperature difference is selected
Based on the terminal temperature difference, the length of each module can be determined and the
total length of the cascade obtained
The total length of the cascade is then divided based on having the same storage capacity in each
module to obtain the final length of each module.

Table 2. Theoretical capacity and the length for each cascade corresponding to each criterion
PCM
Element theoretical storage capacity Module length (m)
(MJ)
Case 1
Case 2
Case 3
Case 1
Case 2
Case 3
NaNO3
48.37
21.28
32.25
15
6.6
10
KNO3/KCl
12.54
25.08
19.00
6.6
13.2
10
KNO3
18.96
23.02
22.57
8.4
10.2
10
Total
79.88
69.39
73.82
30
30
30
Case 1: using length proportional to latent heat of fusion
Case 2: using same capacity in each module
Case 3: using same length (heat exchange point of view)

a)

b)

Figure 7. a) HTF outlet temperature, b) heat discharged comparisons for cases 1, 2 and 3
Design of Complete Storage System
In the previous section, the total length of the cascaded finned LHS of 30 m distributed with the ratio
11:22:17 between the three successive modules was obtained. For the CTR, HTF pipes with the same inner and
outer diameters as those employed in the cascaded finned LHS modules were employed and an outer diameter of
0.08 m for the CTR element was considered to minimise the radial temperature gradient at the end of charging.
A segment length of 2.5 m was used. A CTR length of 130 m was found to satisfy the storage system
boundary conditions for a 12-hour charging-discharging cycle and a periodically balanced state (state at which
subsequent charging and discharging cycles becomes similar) was reached after 10 cycles.
Figure8 presents the variation of cumulative heat transferred to/from the PCM with time during charging
and discharging respectively for the cascade and the CTR element for the 10th cycle. The total storage capacity of
the HCSS element is 129.23 MJ, of which 44% (57.26 MJ) is that of the cascaded finned LHS elements and the
rest (56%) is from the CTR element. The cascaded finned LHS elements provide less than 50% of the total storage
capacity. This is undesirable as it will limit the potential of the latent heat storage. Thus, there is need for exploring
whether the percentage capacity provided by the cascade can be increased.
The total length of the cascade was increased to 36 m. Simulations were conducted with CTR lengths of
80 m, 90 m and 120 m for 12 hours charging-discharging cycle in order to determine the length of the CTR that
will satisfy the required boundary conditions. Figure 9 presents the HTF outlet temperature during charging and
discharging at the cycle at which subsequent charging discharging cycles becomes similar for the three CTR
lengths. A CTR length 120 m satisfies the boundary condition requirements. Table 3 presents the performance
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comparisons between a complete storage system with cascade and CTR lengths of 30 m and 130 m, respectively,
with that of corresponding lengths of 36 m and 120 m. The reduction of 10 m (~7.6%) in length in the CTR resulted
in a decrease in its storage capacity and specific storage capacity of ~11% and 3.5%, respectively. The storage
capacity of the cascaded finned-LHS section, increased as its length was increased from 30 m to 36 m (i.e. by
~20%). However, the specific storage capacity and percentage of PCM that undergoes phase change during a
complete charging discharging cycle decreased with increase in the length of the cascade. The 36 m length of the
LHS cascade element storage capacity is greater by only 0.9 MJ (i.e. 0.6%). Although the storage capacity ratio
of cascade, relative to the total storage capacity of the HCSS, increased from 44% to 50.4%, increasing the length
of the cascade did not result into a higher specific capacity system. As such, 30 m is the optimum length of the
cascade for the HTF mass flow rate of 0.03 kg/s.
Up to this point, a HTF mass flow rate of 0.03 kg/s has been used. The HTF mass flow rate affects the
total length required for the storage system to satisfy the boundary conditions and thus determines the actual
storage capacity. For each HTF mass flow rate there is corresponding cascade and CTR lengths that will give the
maximum specific storage capacity. In view of this, simulations were conducted for cascade lengths ranging from
30 m to 42 m and HTF mass flow rates of 0.025 kg/s to 0.04 kg/s. Figure 10 presents a plot of the specific storage
capacities considering different cascade length for each of the HTF mass flow rate. The specific capacity depends
on the HTF mass flow rate and the length of the storage element. The specific capacity reaches a maximum and
then starts to reduce as the length is increased. For each HTF mass flow rate the best cascade length is the one with
the highest specific capacity and phase change.

Figure 8. Variation of cumulative heat transferred
to/from storage element with time for the 10th cycle

Figure 9. HTF outlet temperature during charging and
discharging for CTR lengths of 80, 90 and 120 m

Table 3. Performance comparisons for storage elements with cascade lengths of 30 m and 36 m
30 m

36 m

Cascade

CTR

Length (m)

30

130

Actual storage capacity (MJ)

56.8

72.4

Cascade
36
65.5

CTR
120
64.5

Storage capacity/unit length (MJ/m)
Specific storage capacity (kJ/kg)

1.89

0.56

1.82

0.54

124.01

49.75

119.28

48.02

Mass of storage material (kg)

457.8

Percentage of storage material phase
change (mphase change)/mtotal) %

87.6

Percentage of total element capacity (%)

44

616

1455.6

549.34

1343.6

83
56

50.4

49.6
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Figure 10. Effect of element HTF mass flow rate and
cascade length on specific storage capacity
of the cascade and the CTR

Figure 11. Effect of element HTF mass flow rate on
percentage phase change and percentage
capacity of cascade

Selection of Storage Element Design HTF Mass Flow Rate
Since the storage capacity of an element of the storage system depends on the mass flow rate of the HTF
and the single element storage capacity determines the total number of storage elements required for a particular
total storage capacity, the selection of design mass flow rate must consider the capacity of the whole storage system
(not a single element). For a 50 MWe parabolic-trough solar power plant (Andasol 1 type), a thermal storage
system with a capacity of 875 MWhth is required for 6 hour discharging operation (Michels and Pitzpaal, 2007).
Table 4 presents the calculated number of storage elements required and total storage system HTF mass flow rate
for the different single element HTF mass flow rates. Although the single element HTF mass flow rate increases
from 0.03 kg/s to 0.04 kg/s, the total required HTF mass flow rate for the 875 MWhth storage capacity, for 0.035
kg/s and 0.04 kg/s single element HTF mass flow rates are lower than that for 0.03 kg/s. This is because the single
element storage capacity increases with the increase in its HTF mass flow rate, leading to lower number of storage
elements required to fulfil the total storage capacity. Figure 11 presents the percentage contribution of the PCM
cascade to the total storage capacity of the HCSS and the percentage PCM phase change produced by the cascade.
This was calculated by multiplying the element percentage phase change with the number of required elements.
The percentage phase change shows the percentage utilization of the PCM in each case. Storage element HTF
mass flow rates of 0.03 and 0.035 kg/s have almost equal percentage phase change and the percentage capacity of
the cascade increases and then decreases with a maximum at an element HTF mass flow rate of 0.035 kg/s. A
single element HTF mass flow rate of 0.035 kg/s was then selected as the design HTF mass flow rate for
maximising the percentage capacity of the PCM cascade.
HCSS Size for 6 Hour Storage Capacity
The cascade and CTR lengths of 36 m and 150 m, respectively, were obtained as the best values that
satisfy the boundary conditions of the parabolic-trough solar power plant for single element HTF mass flow rate
of 0.035 kg/s to maximise the percentage capacity of the PCM cascade. For these values, the storage capacity of
an element of the HCSS is 152.24 MJ. For an 875 MWhth storage capacity system, 20,691 storage elements in
parallel will be required.
The Cascaded Finned LHS modules
The storage-elements for each finned-LHS module will be arranged in a cylindrical enclosure in a
staggered arrangement in order to have compact module. A cylindrical enclosure with a diameter of 16.3 m will
accommodate the 20,691 storage elements allowing for extra space for construction tolerances between elements.
Table 5 presents the dimensions and the storage material requirement for the cascaded finned LHS modules. The
height of each module was calculated considering the volume of solid PCMs, PCM expansion, the dimensions of
the fins and assuming a total header height of 0.1 m. The net volume of each module represents the volume of the
storage excluding the header volume and the gross represent that including the header volume. The storage material
requirement for each module was also presented. The net storage material volume was calculated considering the
active amount of PCM within the fins while the gross volume of storage material includes the volume between
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storage-elements. The cascade provides 45.5% of the total capacity of the entire storage system with a gross
volumetric specific capacity of 43.75 kWh/m3.
Table 4. Total HTF mass flow rate and pumping power for 875 MWhth capacity HCSS
Storage element HTF mass flow rate (kg/s)
0.025

0.03

0.035

0.04

30

30

36

36

Length of CTR (m)

120

130

150

170

Element storage capacity (MJ)
number of storage elements for 6
hours storage capacity
Total storage system HTF mass
flow rate (kg/s)

110.49

129.2

152.24

173.11

28509

24381

20691

18197

713

731

724

728

Total pressure drop (bar)

0.78

1.15

1.75

2.45

pumping power (kW)

71.27

107.84

162.48

228.62

Length of cascade (m)

Table 5. Cascaded LHS module dimensions and storage capacities
PCM
NaNO3

KNO3/KCl

KNO3

Total

Storage material
Net volume of storage material (m3)
Gross volume of storage material
(m3)
Gross mass of storage material
(tonne)

1207

2415

1866

5489

1634

3268

2526

7428

3694.8

6863.4

5326.3

19.98

14.01

15884.6

Storage modules
Length of module including header
(m)

9.74

Diameter of storage module (m)

16.3

Net volume of storage module (m3)

2012.48

4148.57

Gross volume of storage module
(m3)

2022.9

4159

Storage capacity (MWhth)

94.41

% of HCSS storage capacity
Gross volumetric specific capacity
(kWhth/ m3)

2902.28
2912.7

9063.33
9094.6

152.18

151.32

397.91

10.8

17.4

17.2

45.5

46.67

36.59

51.95

43.75

Concrete Tube Register (CTR)
A total volume of CTR of 15,800 m3 is required (excluding space between adjacent elements) to provide
the required 54.5% of the total storage capacity. Considering that the storage length is 150 m, the crosssectional
area of the CTR that will fit 20,691 parallel pipes in a staggered arrangement is 4.2 x 27.6 m, the gross storage
volume of the CTR is 17,388 m3. This CTR can be built of small modular units since the construction as a single
618

Journal of Thermal Engineering, Research Article, Vol. 7, No. 3, pp. 608-622, March, 2021
unit is impossible and unreasonable [30]. The calculated gross volumetric specific capacity of 27.4 kWh/m3 is
similar to that obtained experimentally by [30] (26.6 kWh/m3).
Heat Losses
In the simulation, heat losses from the storage modules to the surrounding were not considered. In this
section, these losses will be estimated. Heat losses will reduce the actual capacity of the storage system and thus
the amount of losses needs to be known in order to increase the capacity to compensate for the losses.
The Cascaded Finned LHS
An empirical heat lost equation giving the heat loss per unit surface area of a storage tank was developed
by Herrmann et al. (2004) following empirical relationship for estimating the rate of heat loss from the two-tank
molten-salt storage system employed in Solar Two solar power plant in California, USA[40]:

𝑞𝑞̇ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.00017 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.012 𝑘𝑘𝑘𝑘 ⁄𝑚𝑚2

(15)

where Tsalt is the average temperature in the storage tank.
This relationship was used in estimating the daily heat loss (since the cycle of operation of the integrated
storage system with plant is 24 hours) from each of three finned LHS modules using the average storage
temperature (i.e. temperature at the end of charging) and the surface area, of each module. The total daily heat loss
for the three modules was 5.774 MWhth. This represents only 1.45% of the cascaded finned LHS total storage
capacity, and therefore, will not have a considerable impact in the performance of the system.
Concrete Tube Register
The daily heat loss for the CTR was estimated by employing the relationship developed by [41]:

𝑞𝑞̇ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.1669 × (𝑇𝑇conc − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 )1.201

(16)

Considering an average temperature of the CTR at the end of charging of 384oC and an ambient temperature of
25oC, the maximum daily heat loss of 45.87 MWhth, corresponding to 9.6% of the CTR storage capacity was
obtained. The heat loss can be compensated for by increasing the size of the CTR module by 10%.
COMPARISON WITH THE TWO-TANK, MOLTEN-SALT, SENSIBLE-HEAT STORAGE SYSTEM
For storage capacity of 875 MWhth, the commercially available two-tank, sensible-heat, molten-salt
storage system has a total volume of 30,847.88 m3 with an active salt inventory of 26 ktonne [12, 42]. The
volumetric specific capacity of the system is 28.36 kWh/m3. For the HCSS investigated here, the total volumetric
specific capacity is 31 kWh/m3. Although the volumetric specific capacity of the solid sensible-heat CTR storage
is low, the total volumetric specific capacity of the entire HCSS is greater than that of the two-tank system by
about 9.3%. This, therefore shows that the designed storage system is a more compact than the two-tank system.
The volumetric specific capacity of the three-stage cascaded finned LHS modules is ~44 kWh/m3. This is greater
than that of the two-tank system by 54%. This indicates the potential of the cascaded finned LHS in reducing the
size of the storage system.
CONCLUSIONS
A hybrid cascaded latent/sensible storage system for a 50 MWe parabolic-trough solar power plant using
synthetic oil as HTF was analysed. Due to the limited availability of PCMs to cover the entire temperature range
of operation of the solar power plant, a sensible-heat CTR module was added to the cover the temperature range
>335oC. The cascaded finned-LHS provides 45.5% of the total storage capacity. Daily heat losses from cascaded
finned LHS modules are negligible, but represent ~10% of the storage capacity for the CTR. The three-stage
cascaded finned LHS has a volumetric specific capacity of 54% greater than that of the commonly-employed twotank, sensible-heat storage system. This demonstrates the potential of the cascaded finned LHS to provide a more
compact storage system. There is a need for the development of new PCMs with melting temperature between
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335oC and 380oC and also other eutectic mixtures of salts having a high latent heat of fusion (similar to that of
sodium nitrate). This will reduce the required size and the cost of the storage system considerably.
NOMENCLATURE
𝐴𝐴
Outer surface area of the HTF pipe, m2
𝑐𝑐𝑝𝑝
Specific heat capacity, J/kgK
dz
Height of a storage segment, m
h
Heat transfer coefficient in the annular gap or PCM, W/m2K
k
Thermal conductivity, W/mK
m
Mass, kg
𝑚𝑚̇
Mass flow rate of the HTF, kg/s
𝑞𝑞̇
Heat flux, W/m2
𝑄𝑄̇
Heat transfer rate through the HTF pipe wall, W
Outer radius of the HTF pipe, m
ro
Inner radius of the HTF pipe, m
ri
𝑇𝑇
Average temperature, oC
𝑇𝑇𝑚𝑚
Melting temperature of the PCM, oC
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 PCM temperature at the start of melting, oC
𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 PCM temperature at the end of melting, oC
Greek symbols
𝛽𝛽
Liquid fraction in the PCM
𝜆𝜆
Latent heat of fusion of the PCM, J/kg
Subscripts
amb
Ambient
conc
Concrete
fc
Forced convection
htf
Heat transfer fluid
l
Liquid
m
Melting
pcm
Phase-change material
s
Solid
w
HTF-pipe wall
wi
Inner surface of the HTF-pipe
wo
Outer surface of the HTF-pipe
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