Solar Energy 178 (2019) 268–277

Contents lists available at ScienceDirect

Solar Energy
journal homepage: www.elsevier.com/locate/solener

Thermal performance evaluation of lining materials used in thermal energy
storage for a falling particle receiver based CSP system

T

⁎

Abdelrahman El-Leathya,b, Sheldon Jeterc, Hany Al-Ansarya, Syed Noman Danishd, ,
Rageh Saeeda, Said Abdel-Khalikc, Matthew Golobc, Eldwin Djajadiwinataa, Zeyad Al-Suhaibania
a

Mechanical Engineering Department, King Saud University, P.O. Box 800, Riyadh 11421, Saudi Arabia
Mechanical Power Engineering Department, Faculty of Engineering, El-Mataria, Helwan University, Cairo, Egypt
c
George W. Woodruﬀ School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0405, USA
d
Sustainable Energy Technologies Center, King Saud University, P.O. Box 800, Riyadh 11421, Saudi Arabia
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Concentrating solar power
Falling particle receiver
Thermal energy storage

In this study, experiments were conducted on a cylindrical-shaped Thermal Energy Storage (TES) system for a
novel Concentrating Solar Power (CSP) falling particle receiver system. The TES is to be used for storing heated
solid particles. The main objective of the study was to evaluate the thermal performance of some candidate
materials of construction for the walls of TES Hot-bin. In particular, emphasis was on the calculation of the rate
of heat loss over a prescribed period of time, since this parameter was critical to the overall performance of a
high-temperature solar energy plant. The construction materials were selected in order to have low thermal
conductivity and the ability to withstand cyclic high temperatures without failure. An experiment was continuously run in which the temperature was maintained at about 300 °C, 500 °C, and 700 °C respectively, allowing steady state conditions to be achieved for sustained period of time. To simulate the presence of a hightemperature storage material, a heater inserted in the centerline of the interior of the Hot-bin, and the thermocouples were installed to measure the temperatures at various locations throughout the composite wall.
Results show that the thermal conductivity of insulating ﬁrebrick remains low (approximately 0.22 W/m·K) at an
average layer temperature as high as 640 °C, but it was evident that the addition of mortar had an impact on its
eﬀective thermal conductivity. Results also show that the thermal conductivity of perlite concrete is very low,
approximately (0.15 W/m·K) at an average layer temperature of 360 °C. This is evident by the large temperature
drop that occurs across the perlite concrete layer. Due to the large daily ambient temperature swing, a measurement of the thermal conductivity of reinforced concrete was estimated by applying a 3D model of the
reinforced concrete layer. Thermal conductivity of the reinforced concrete layer is about 1.936 W/m·K at an
average temperature 52.5 °C. Based on the estimated thermal conductivity values of layers, heat loss was found
to be 1.39%, 2.58% and 4.59% at 300 °C, 500 °C and 700 °C respectively. Furthermore, inspection of the materials used to construct the TES system showed that they remained intact and did not show signs of cracking or
wearing. These results showed that the high-temperature TES systems can be constructed of readily available
materials and yet meet the heat loss requirements for a falling particle receiver system, thereby contributing to
reducing the overall cost of concentrating solar power systems. An important secondary outcome of this study is
building a database for the thermal conductivity of some masonry materials at high temperatures. These results
should be useful for future studies, especially those that focus on numerical modelling of TES bins.

1. Introduction
Among all technologies being advanced for solar thermal power
generation systems, central receivers are recognized for their high
thermal eﬃciency due to high operating temperatures. However, the
production of this power generation system, which utilizes the solar

⁎

energy, is only in the daytime and on sunny days. So, thermal energy
obtained in those times should be stored to better compensate the
mismatch between availability and demand. In this case, storing
thermal energy plays an important role as it allows for improving the
reliability and the eﬃciency of meeting diﬀerent power demand applications. Therefore TES is evolving as an essential part of most central
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Nomenclature
A
AAC
CSP
D
DAQ
EJ
EPA
FA

FB
IFB
K
L
ORC
PC
Q
RC
T
TES

surface area (m2)
autoclaved aerated concrete
concentrating solar power
Hotbin diameter (m)
data acquisition
expansion joint
expanded perlite aggregate
ﬂy ash

ﬁrebrick
insulating ﬁre brick
thermal conductivity (W/m·K)
Hotbin height (m)
organic rankine cycle
perlite concrete
heat transfer rate (W)
reinforced concrete
temperature (°C)
thermal energy storage

are the best choices. Cocco and Serra (2015) compared the performance
of CSP plants using an organic Rankine cycle (ORC) power generation
unit with linear Fresnel collectors. The results of the performance assessment demonstrate that the two-tank direct storage systems allow
achievement of a slightly higher speciﬁc energy production and those
thermocline TES systems can be an interesting option to reduce energy
production costs. Molten salt is one of the attractive candidates for TES
due to high energy capacity (Bohlmann, 1972; Silverman and Engel,
1977). Kubie (1987) has developed a numerical model for predicting
the inﬂuence of insulating walls in steady-state heat transfer in stagnant
beds of solid particles. The theoretical predictions compared with
available experimental data by Kunii and Smith (1960).
The eﬀect of silica fume (SF) and class C ﬂy ash (FA) on the thermal
conductivity of expanded perlite aggregate (EPA) was investigated by
Demirboğa and Gül (2003). SF and FA were added as replacement for
cement by decreasing the cement weights in the ratios of 10%, 20% and
30% by weight. The results show that thermal conductivity and dry unit
weight of expanded perlite aggregate decreased with increasing SF and
FA content. Both SF and FA showed the maximum reduction of thermal
conductivity but FA was more eﬀective than SF in decreasing the
thermal conductivity. The maximum reduction in expanded perlite
aggregate (EPA) was 43.5%. D. Gawin et al. (2003) provided a mathematical model for analysis of hygro-thermal behavior of concrete as a
multi-phase porous material. Eﬀects of expanded perlite on the mechanical properties and thermal conductivity of lightweight concrete
are provided by Sengul et al. (2011). The results show the compressive
strength and modulus of elasticity of concretes reduced as the content
of the expanded perlite increases. John et al. (2013) developed a program for analyzing concrete made from diﬀerent mixtures of ordinary
Portland cement (OPC) and FA mortars. The samples were tested in a
thermocline TES prototype. The results show that the concrete resisted
temperatures up to 600 °C. Wu and Zhao (2011) investigated the resistance of concrete at temperatures up to 600 °C, with the ultimate
objective of identifying a concrete mixture or mixtures that are suitable
for use as a TES medium in the thermocline energy storage option.
Khare et al. (2013) demonstrated the use of a software package for
materials selection and identiﬁed suitable materials for high temperature (> 500 °C).
Literature review reveals that a considerable eﬀort has been made to
identify appropriate granular particles for solar energy absorption and
thermal energy storage, however there are few available studies regarding the high temperature storage structures and their materials. In
fact no research has been found which deals with TES materials to store
solid particles at temperature as high as 700 °C. Present study is the
extension of previous work and provides detailed thermal analysis at
three diﬀerent temperatures of 300, 500 and 700 °C.

receiver plants. TES systems become more compact at higher storage
temperatures, however, choices of storage media also becomes more
limited with elevated temperatures. The construction of a well-insulated TES system is especially vital since the heat loss is expected to
be higher, and thermal cycling issues become more pronounced. In the
meantime, the thermal energy storage system has to remain cost-effective so that operating at higher temperatures can still be economically competitive.
The TES evaluated in this paper is used to store solid particles (sand)
at temperatures as high as 700 °C. This paper is a continuation study on
a TES system which is seeing ongoing reﬁnement at King Saud
University, Riyadh, Saudi Arabia (El-Leathy et al., 2016, 2015, 2014,
2013, 2012; Al-Ansary et al., 2015, 2011). This eﬀort seeks to aid to
goal of making solar energy cost-competitive with other forms of
electricity by the end of the decade. In previous studies by the research
team, three small to full scale TES systems were constructed for measuring the heat loss and thermal conductivities of the insulating refractory materials that were used in the TES.
TES in solid particles has been studied by a number of research
groups. Ho (2017) reviewed and summarized the recent advances in
solid particle based central receivers. The research originated in Sandia
National Laboratories (SNL) in the early 1980s and examined the use of
solid carriers as both a storage medium as well as a working ﬂuid for
high temperatures (Martin and Vitko, 1982; Hruby, 1986; Falcone,
1984; Falcone et al., 1985; Stahl et al., 1986, 1985; Hruby and Burolla,
1984; Hruby et al., 1986). The emphasis was on particle material selection and receiver design along with the optical characterization of
master beads and other particulate materials.
TES materials were also investigated in the past for varying applications. Zunft et al. (2011) quantiﬁed the heat losses from a subsystem
TES, which consists of a rectangular storage, comprised of four parallel
chambers ﬁlled by ceramic storage material studied in an industrial
regenerative thermal oxidizer. The temperature at full load reached to
630 °C and the total heat losses in a 24 h period amounted to 930 kWh.
Experimental packed bed TES designed by CIEMAT-PSA (Avila-Marin
et al., 2014) is composed of an insulated stainless steel vessel ﬁlled with
0.1 m3 alumina spheres with 9 mm diameter to investigate speciﬁc costs
for the storage sub-system under 20 €/kWhth. Air inlet temperature of
570 °C and diﬀerent air mass ﬂow rates has been investigated. Tescari
et al. (2015) evaluated the mechanical properties of structured reactors/heat exchangers, for high temperature heat storage via the cobalt oxide cyclic redox scheme. Two diﬀerent structures of honeycomb
and perforated block and two diﬀerent compositions were evaluated.
During thermal cycling in the range of 800–1000 °C, diﬀerent loads
were applied to the samples while monitoring their length variation.
To simulate the heat transfer between a packed bed of solid particles
(Phase1) and the ﬂuid (Phase2) ﬂowing through the void space surrounding the particles, a quasi-one-dimensional two-phase numerical
model was developed by Park et al. (2014) to compare heat loss characteristics between Rock caverns, and aboveground tanks, for hightemperature thermal energy storage at temperatures up to 685 °C.
Nandi et al. (2012) evaluated heat losses and storage costs for a number
of TES systems. Results show that the concrete and castable ceramics

2. Overview of the project
Fig. 1 shows the overall concept of the falling particle receiver based
CSP system built at King Saud University, Saudi Arabia. The system
involves the use of sand particles, which not only acts as the primary
solar energy absorber but also serves the purpose of the thermal energy
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Fig. 1. Overview of the Solid Particle Receiver based CSP System built at King
Saud University, Saudi Arabia.
Fig. 3. Scaled TES Hot-bin.

storage medium. In this concept, particles fall from the top in the form
of a curtain, on to a receiver where concentrated light is focused using
the heliostat array. The sand particles get heated to temperatures that
can approach up to 1000 °C. The hot particles then ﬂow into a wellinsulated TES unit called the hot-bin, where it can be stored for later
use. The sand exits the bottom of the hot-bin tank and falls onto an air
ﬁlled serpentine tube bundle heat exchanger, which transfers thermal
energy between the sand and air; subsequently, the hot air is fed into a
suitable gas cycle.

Table 1
Typical composition of IFB used in experiment.
Raw material

Quantity

Al2O3
SiO2
Fe2O3
Alkalies

37.0% Min
44.0 %Max
0.7 %Max
1.1% Max.

Table 2
Physical and thermal properties of IFB.

3. Experimental setup
To test the thermal performance of the full scale TES hot-bin that
was to be used in the on-sun tests with the concentrated tower system at
KSU, a scaled TES unit was ﬁrst built on ground to investigate its performance. The on-ground TES hot-bin was half the height of the real bin
at 1.75 m tall and was a cylindrically shaped building with same layer
thicknesses as the full scale. It consisted of four layers, the ﬁrst outer
layer is of reinforced concrete (RC), outer diameter is 3.00 m and
thickness is 0.20 m. The second layer is the expansion joint (EJ) with
2.60 m outer diameter and 0.025 m thickness. Third layer is the insulating perlite concrete (PC) with 2.55 m outer diameter and 0.40 m
thickness. The inside layer is insulating ﬁrebrick with 1.80 m outer
diameter and 0.16 m thickness. Fig. 2 shows the design layout of TES
bin while Fig. 3 is the picture of actual bin after construction and instrumentation. A tunnel was also included in the design, partly to test
the structure’s ability to handle an internal roof and to also serve as
access to the TES bin base which is closed by insulating ceramic wool
after ﬁnishing the experiment setup. In the tunnel, silicon carbide cross

Property

Rate

Thermal conductivity at 800 °C (W/m·K)
Thermal conductivity at 1000 °C (W/m·K)
Speciﬁc heat at 1000 °C (kJ/kg·K)

0.17 Max
0.19 Max
1.05 Max

beams spaced a few inches apart serve as structural support for the
ceiling.
After construction was ﬁnished a concrete slab roof made up of geopolymer was placed over the top. Geo-polymer concrete was installed as
the ceiling of the hot-bin is able to withstand high temperature with a
thick layer of ceramic wool lining its bottom face minimizing heat loss
as well as protecting the concrete. Also, insulating ﬁrebricks were installed on the hot-bin ground to minimize heat loss to the ground. To
simulate the presence of high temperature sand, an electric heater was
inserted in the centerline of the interior of the bin. The heat loss which

Insulating
Firebrick
Insulating
Firebrick
Insulating
perlite
concrete

Heated
space

Insulating
perlite Heated Expansion Reinforced
Concrete
joint
concrete space

Reinforced
Concrete

Expansion
joint

Tunnel to bin base
Fig. 2. Design layout of the tested TES Hot-bin.
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0.06
0.05

k (W/moC)

0.04
0.03
0.02
0.01
Fig. 4. IFB arrangement.

0
0

Temperature (°C)

Thermal conductivity (W/m·K)

1
2
3
4
5
6
7
8
9

190.66
266.22
316.43
350.86
418.13
434.74
568.63
573.03
753.88

0.131
0.142
0.147
0.154
0.157
0.162
0.177
0.180
0.203

0.05–0.055
230–310

Dimensions
Thickness (mm)
Standard Board Size (mm)

25
2200 × 1220

60

80

100

Fig. 6. Thermal conductivity of EJ measured in laboratory.

Temperature measurements were taken by calibrated thermocouples which were placed at the inner surface of Insulating Fire Brick
(IFB), interface between IFB and PC, interface between PC and EJ, interface between EJ & RC and outer surface of RC. At each of the above
locations, the thermocouples were arranged in three sets to get temperature data at upper, middle, and lower parts of the hot-bin.
An experimental run was initiated by setting the heater power level
to achieve the desired interior temperature. The heater continues to
operate at that power level until steady-state conditions are achieved.
The criterion for judging steady-state conditions is that the diﬀerence
between the average temperature at a certain interface for a given day
and the average temperature for the same interface for the previous day
is less than 0.1%. This criterion needed to be satisﬁed for all layers
before the run was terminated.
Using the experimental procedure mentioned above, the following
testing plan was devised:

Table 4
Technical data and dimensions of Bitulex™ EJ used in experiment.
Technical data
Thermal Conductivity (W/m·K)
Density (kg/m3)

40

Temperature (°C)

Table 3
Variations of thermal conductivity of perlite concrete with temperature (Kunii
and Smith, 1960).
S#

20

1. Start testing at the lowest heater power level (corresponding to an
interior bin temperature of 300 °C).
2. Achieve steady-state conditions and record results.
3. Turn oﬀ the heater until the temperature is reduced by 100 °C.
4. Restore heater power to original level and achieve steady-state
conditions.
5. Repeat Steps 3 and 4 one more time (to have a total of 3 runs at
300 °C).
6. Increase the power level such that the interior bin temperature
reaches 500 °C and repeat Steps 2–5.
7. Increase the power level such that the interior bin temperature
reaches 700 °C and repeat Steps 2–5.
Repetition of measurements at each temperature level is intended to
ensure repeatability of results. From the temperature readings recorded
across the expansion board layer (whose thermal conductivity is well
known through laboratory experiments), the rate of heat loss is calculated using the heat conduction equation. From this information, and
from the temperature readings across the other layers, the thermal
conductivity of each layer was calculated along with the estimated
uncertainties.

Fig. 5. Expansion Joint (EJ) after construction.

we were measuring is the upper limit in this case. If we have sand ﬁlling
the hot bin that means we have extra layer of conduction within the
sand and the resistance will be even higher. Therefore the actual heat
loss will be lower than what we are calculating, due to hot sand particles having limited contact area with each other combined with small
stagnant interstitial air pockets that eﬀectively self-insulate the particle
bed. So the heat loss measurement with such setup is relevant because
the measured heat loss is the upper limit.

4. Materials
Insulating ﬁre brick (IFB) with 0.16 m thickness is used on faces
which would touch the sand. It is light weight and suitable for application up to 1260 °C. The composition is shown in Table 1.
IFB is capable to withstand very high temperatures but for our
purpose it has very low thermal conductivity. Table 2 shows thermal
and physical properties of the IFB.
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1st Run

2nd Run

2nd Run

Fig. 7. Evolution of temperature between layers with time during three runs at 300 °C.

between pieces to ﬁll the gaps.
The outermost layer of TES hot-bin is reinforced concrete which is
a composite of several materials made by mixing dry aggregate gravel,
sand, Portland cement and water. Steel reinforcing mesh bars are used
in the middle of the concrete to give suﬃcient strength. Reinforced
concrete is so designed to resist tensile and thermal stresses in other
layers of the hot-bin that may cause unacceptable cracking and/or
structural failure.

Table 5
Thermal conductivity results for each layer at average temperatures of 300 °C.
Inside temperature
of 300 °C

Average
temperature [°C]

k (FB)
[W/
m·°C]

1st run

268.8
162.5
61.48
268.1
162.1
61.14
268.6
161.9
60.74

0.22

2nd run

3rd run

k (PC)
[W/
m·°C]

k (EJ)
[W/
m·°C]

Q [W]

637.6
0.11
0.04

0.22

639.4
0.11

5. Results & discussion

0.04
0.21

637.0
0.11

5.1. Thermal conductivity veriﬁcation test
0.04

Measurement of thermal conductivity of TES layers was done initially at diﬀerent temperatures using an electrical heater. Heat transfer
rate through the layers was estimated by determining the thermal
conductivity of EJ in the laboratory by using NETZSCH HFM 436
Lambda heat ﬂow meter. Samples measuring (30 × 30 × 2.5 cm) were
tested between two heat ﬂux sensors in ﬁxed or adjustable temperature
gradients. After the system reached equilibrium, the GUI displays the
sample’s thermal resistance and thermal conductivity. The tests were
conducted between 9 and 100 °C. Fig. 6 shows the thermal conductivity
values for the EJ measured in the laboratory. The results show that the
thermal conductivity of EJ increases with the increase in temperature.

Fig. 4 shows the inside view of hot-bin with IFB arrangement.
Geopolymer is used to join the ﬁre bricks because it has very high ﬁre
resistance, high compressive and tensile strengths, high corrosion resistance, rapid strength gain, and lower shrinkage.
Perlite concrete (PC) with high strength is the next layer of hotbin
from inside after ﬁrebrick with 0.4 m thickness. Lightweight expanded
perlite is mixed with refractory cement with mixing ratio of 6:1. This
mixture produced a concrete that oﬀers up to 20 times more thermal
insulation than ordinary concrete as well as a substantially higher operational temperature range. Table 3 shows the thermal conductivity
values of perlite concrete.
Perlite aggregates have excellent thermal insulation, acoustic absorption, ﬁre retardant and lightweight insulating characteristics.
A bitulex ﬁberboard with 0.025 m thickness served as an expansion
joint (EJ) ﬁller was inserted between the perlite concrete and the reinforced concrete to relieve potential stresses on the reinforced concrete. Bitulex is ﬂexible and withstands considerable compression
without losing its expansion qualities and retains its weight and original
dimensions. The board provides good insulation. It is also light to
handle that makes it easy to work with hand or machine tools. All dimensions and technical data for bitulex expansion joint from manufacturer are shown in Table 4.
Fig. 5 shows the construction of EJ which is cut into pieces to be
mounted in the circular shape. The refractory silica had been inserted

5.2. Estimation of thermal conductivity of layers at 300 °C
Fourier’s law of heat conduction for cylindrical surfaces was applied
to determine the heat transfer after the system reached the steady state.
The average inlet and outlet temperatures were calculated for each
layer to evaluate the thermal conductivity which was based on the last
20 h of steady state operation. Uncertainty analysis was done to ensure
the accuracy of thermal conductivity measurement for each layer.
Fig. 7 shows the average temperatures recorded at each layer. In this
ﬁgure, the interior hot-bin temperature is held close to 300 °C in all
three runs. The temperature of inside wall (Interior) reached 300 °C in
few hours. However it took almost three days for the IFB-PC interface to
reach almost a constant temperature of 250 °C for all the three runs. The
behavior of the temperature distribution for three runs is identical
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Fig. 8. Evolution of temperature between layers with time during three runs at 500 °C.
Table 6
Thermal conductivity results for each layer at average temperatures of 500 °C.
Inside
Temperature of
500 °C

Average
Temperature [°C]

k (FB)
[W/
m·°C]

1st run

435.8
234.6
60.33
437.5
242.5
68.43
438.9
246.6
71.74

0.11

2nd run

3rd run

k (PC)
[W/
m·°C]

k (EJ)
[W/
m·°C]

Table 7
Thermal conductivity results for each layer at average temperatures of 700 °C.

Q [W]

Inside
Temperature of
700 °C

Average
Temperature [°C]

k (FB)
[W/
m·°C]

799.4

1st run

639.4
350.9
93.71
639.4
359.8
100.9
642.5
365.6
108.4

0.16

0.08
0.04
0.15

1053.0

2nd run

0.11
0.05
0.18

1179.0

3rd run

0.12
0.05

k (EJ)
[W/
m·°C]

Q [W]

1514
0.1
0.05

0.22

2036
0.14
0.05

0.23

Fig. 9. Evolution of temperature between layers with time during three runs at 700 °C.
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k (PC)
[W/
m·°C]

2102
0.15
0.05
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conditions. This was done by turning oﬀ the heater until the temperature was reduced to less than 150 °C. The heater was controlled in a way
that the inside temperature is maintained at 300 °C whereas the other
layers take longer time to achieve a constant temperature. Once the IFBPC interface remains at a constant temperature for extended time we
assume the process to be steady state and calculate the thermal conductivity using Fourier’s law of heat conduction.
5.3. Estimation of thermal conductivity of layers at 500 °C
In the second step, thermal conductivity values of layers were
evaluated when the interior temperature was adjusted to 500 °C. All the
measurements in each layer were estimated at steady state conditions.
It can be seen from Fig. 8 that the steady-state condition took longer
time than that at 300 °C. In this case, about 13 days were needed to
achieve steady-state conditions for every run.
To achieve reliability in the measurement of the thermal conductivity values for each layer, the heater was turned oﬀ until temperature was reduced to 330 °C. After delaying until a substantial
change in temperature was evident in each layer, the heater was then
turned on to achieve the same temperature level of the ﬁrst step.
Thermal conductivity values of IFB, PC and EJ at interior temperature of 500 °C were estimated on each run for all three inner layers
with same procedure as at 300 °C, these measurements are summarized
in Table 6.
5.4. Estimation of thermal conductivity of layers at 700 °C
Last assessment in the experiment was the evaluation of thermal
conductivity values for layers at temperature of 700 °C. Fig. 9 shows the
average temperatures recorded at each layer when temperature of interior is 700 °C. This ﬁgure also shows that achieving steady-state
conditions requires an even longer testing period. Every run took more
than 11 days to achieve steady state at all layers. Thermal conductivity
values of IFB, PC and EJ at interior temperature of 700 °C are summarized in Table 7.
Individual uncertainties were considered for thickness, heat transfer
rate of layers, thermal conductivity of ﬁreboard measured in laboratory
and also for thermocouples reading as well as other measurements in
order to evaluate the uncertainty in the measurement of thermal conductivity of each layer. Fig. 10 shows the thermal conductivity of each
of the layers and the uncertainty involved in measuring it. The results
show that thermal conductivity measurements have very good repeatability at 300 °C, and acceptable repeatability at 500 °C and 700 °C.
It is interesting to note that the results of the ﬁrst runs at 500 °C and
700 °C diﬀer somewhat from the more consistent second and third runs
at each of the two temperature levels. This may be attributed to the fact
that each run lasted the same amount of time, whereas the ﬁrst run was
supposed to last longer to achieve steady-state conditions, since it was
starting from a much lower temperature than the two subsequent runs.

Fig. 10. Values of thermal conductivity for layers (a) FB, (b) PC, and (c) EJ.

5.5. Estimation of thermal conductivity of reinforced concrete

which indicates that the thermal properties are not changing with
thermal cyclic loading. It can be seen that the steady-state condition for
all layers require longer testing periods.
It is also worth mentioning that the temperature on the outside
surface of the reinforced concrete (RC) is ﬂuctuating. This is due to the
daily ambient temperature swing. Because of this natural phenomenon,
measuring the thermal conductivity of the RC layer using this setup was
deemed unrealistic and impractical since steady-state conditions cannot
be achieved with such variation in temperature. Therefore, all subsequent discussion in this paper will focus on the thermal conductivity
measurement of the other layers.
Results of thermal conductivity at average interior temperature of
300 °C are summarized in Table 5 for each layer. In order to achieve
reliability, the experiment had been repeated three times at the same

Measurement of thermal conductivity of the reinforced concrete
using this experimental setup was not possible due to daily ambient
temperature swing. Therefore a 3D model of the reinforced concrete
layer was built and solved in ANSYS™ to calculate the heat transfer rate
through reinforced concrete numerically. Fig. 11 shows steel bars distribution inside concrete layer. Two arrays of vertical rebar (12 mm
diameter) were immerged with 20 cm space along the periphery and
horizontal rebar (10 mm diameter) was also immerged with a 20 cm
space from top to bottom.
Due to the radial nature of heat transfer in this case, a small segment
of the layer (shown in Fig. 12) was modeled, taking advantage of the
symmetry boundary conditions on the top face, bottom face, and the
two sides.
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Fig. 11. Distribution of steel bars in the concrete layer.

Fig. 12. CAD model and the mesh used for the simulation.

Table 8
Thermal conductivity results for RC layer at diﬀerent average temperatures.
Tej,rc [°C]

Trc,o [°C]

Tavg [°C]

k

50
75
100
125
150

30
30
30
30
30

40
52.5
65
77.5
90

1.92
1.9
1.9
1.8
1.8

concrete

[W/m·K]

k

steel

[W/m·K]

52.66
52.25
51.8
51.42
51

Q [W]

krc [W/m·K]

Increase of krc w.r.t kconcrete [%]

7.65
17
26.12
35
43.67

1.96
1.94
1.91
1.89
1.86

2.01
2.04
2.05
2.05
2.09

5.6. Heat losses

The temperature of the outer face (facing the ambient air) was held
constant at 30 °C, whereas the inner temperature was varied from 50 °C
to 150 °C in 25 °C intervals. It was found that a grid-independent solution was achieved with approximately 640,333 cells. The temperature-dependent data on the thermal conductivity of concrete aggregate
and steel bars was obtained from (Willam et al., 2009).
For each case, the rate of heat transfer was calculated. This rate was
substituted in the heat conduction equation to ﬁnd the eﬀective thermal
conductivity of the layer. Table 8 shows the values of the eﬀective
thermal conductivity at diﬀerent temperatures. Fig. 13 shows the
temperature contours at 100 °C.

Based on estimated thermal conductivity values, the maximum heat
loss at 700 °C is 4.59% as shown in Table 9. The heat loss values from
the second and third runs at 700 °C are generally consistent with the
analytical heat loss values, but the heat loss value from the ﬁrst run is
considerably lower, indicating that the ﬁrst run was supposed to last
longer to achieve steady-state conditions, since it was starting from a
much lower temperature than the two subsequent runs.
One of the interesting ﬁndings is that the thermal conductivity of
the IFB layer seen in Fig. 10(a) (approximately 0.22 W/m·K at 640 °C) is
already well above the value published by the manufacturer at 800 °C,
namely 0.17 W/m·K. This is probably due to the thermal bridging
phenomenon in the insulating ﬁrebrick used in the TES hot-bin, which
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literature, exhibited superior thermal performance, with its thermal
conductivity being as low as 0.15 W/m·K, even at an average layer
temperature of more than 350 °C. While thermal conductivity of reinforced concrete estimated from 3-D simulation model due to large
variation of ambient temperature at average temperature 52.2 °C which
equal 1.936 W/m·K. These results should be useful for future studies,
especially those that focus on numerical modeling of TES bins. Finally,
it is worth noting that the thermal mass of the wall construction tested
in this study was very high. This is evident from the fact that the time
needed to achieve steady-state conditions was one week or more. Given
that the operating cycle of a typical CSP plant is 24 h, it is clear that TES
bins designed for high temperatures will always operate in a transient
mode.
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