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Abstract. This study investigates the thermal performance of a novel particle-based thermal
energy storage (TES) system. A small-scale TES bin was constructed using masonry materials
in a multi-layered configuration. The primary objectives were to measure heat loss through the
bin’s wall and assess the thermal conductivity of the calcium silicate (Ca-Si) material, the in-
sulating layer, at elevated temperatures. Heat transfer rates were determined using two inde-
pendent methods, with results showing a minimal discrepancy of 3%. The thermal conductivity
of the Ca-Si was found to be 0.115 W/m-K, indicating its effectiveness as a thermal insulator.
Additionally, the expansion joint (EJ) layer successfully recovered its original thickness after
cooling, demonstrating its ability to mitigate stresses resulting from the thermal expansion of
inner layers. These findings support the scalability and efficiency of the proposed particle-
based TES system design.
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1. Introduction

Thermal energy storage (TES) technologies offer a promising solution for mitigating the inter-
mittency of solar energy. TES systems enable the effective utilization of excess thermal energy
generated during periods of high solar irradiation, allowing for its storage and subsequent use
during periods of low or no solar input. The TES system is one of the key components in
concentrated solar power (CSP) plants; it plays a crucial role in enhancing operational flexibility
and improved dispatchability. Using solid particles as both a heat transfer and thermal energy
storage medium overcomes temperature limitations of conventional media like molten salt or
water, as they can withstand temperatures exceeding 1000 °C. The particle-based TES system
comprises two main components: the particulate material and the containment structure. King
Saud University (KSU) has conducted significant research related to both of these aspects.
Several potential options for the particulate material have been investigated. These candidate
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materials exhibit significant variations in terms of cost and performance [1]. For the contain-
ment structure, a simple and inexpensive design has been proposed and previously examined
[2]. This design incorporates four layers, arranged from the innermost to the outermost as
follows: (1) alumina-rich insulating firebrick, (2) perlite concrete with refractory cement, (3) ex-
pansion joint, and (4) reinforced concrete. However, this design faces two challenges: (1) the
inherent brittleness of the insulating firebrick, which erodes over time due to particle flow, re-
ducing thermal performance and contaminating the particles [3], and (2) the shrinkage ten-
dency of perlite aggregates. The insulating firebrick and perlite concrete layers serve as the
thermal insulating layers of the TES system. To address these issues, calcium silicate was
selected as a substitute for the insulating firebrick and perlite concrete layers due to its superior
thermal and mechanical properties. An additional protective layer was introduced between the
particles and the Ca-Si layer to mitigate erosion. This study aims to design, construct and test
a small-scale particle-based TES system incorporating these materials.

2. Experimental setup and test procedure

A small-scale particle-based TES bin was built on a concrete platform, comprising a base, a
wall, and a lid (Figure 1). The base was constructed from Ca-Si boards, each with dimensions
of 0.3 m x 0.6 m x 0.05 m. These boards were cut and shaped to form a cylindrical structure
with a diameter of 2.4 m. Fourteen levels of Ca-Si boards were stacked to achieve a base
height of 0.7 m. The base was encased in a reinforced concrete (RC) shield to protect against
environmental exposure and support the bin’s wall and content.

Wall
layers

Figure 1. A 3D model and a photograph of the TES bin

The bin’s wall, a multi-layered structure, was constructed on top of the base. It is com-
posed of four layers arranged from innermost to outermost: (1) high-density firebrick (HDFB),
(2) Ca-Si, (3) expansion joint (EJ), and (4) RC. The HDFB layer is made of Mullite firebricks
that include 75% alumina. To ensure the integrity of this layer, the Mullite firebricks were spe-
cifically designed and manufactured to have an interlocking feature as illustrated in Figure 2a.
With this feature, the bin’s inward collapse is avoided, no mortar is required, and the assembly
becomes easier. These bricks demonstrated excellent thermal shock resistance, enduring 25
cycles of heating to 1000 °C and quenching in water without cracking or spalling. The HDFB
layer primarily protects the Ca-Si layer from particle-induced erosion. The Ca-Si layer was
constructed from calcium silicate boards, Figure 2b. The Ca-Si offers several advantages, in-
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cluding lower thermal conductivity, greater mechanical stability, lower cost, and most im-
portantly, it can operate at temperatures up to 1100 °C. The EJ layer serves as a damper,
absorbing thermal stresses from the HDFB and Ca-Si layers. It is made of recycled bitumen
fiber, Figure 2c. It has high compression and recovery rates (95%) and a compressive strength
= 2 MPa. The outermost layer was constructed from RC to provide structural integrity and
environmental protection. The wall construction was performed as follows: (1) building the RC
shell (outermost layer), (2) installation of the expansion joint layer on the RC shell, and (3)
simultaneous assembly of the HDFB and Ca-Si layers.
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Figure 2. (a) Mullite bricks, dimensions in mm, (b) Ca-Si board, and (c) recycled bitumen fiber board

The HDFB layer comprises five vertically stacked levels of interlocking bricks (each 0.25
m high and 0.06 m thick), resulting in a bin height of 1.25 m. Construction of the HDFB and
Ca-Si layers started by assembling the first level of interlocking bricks, followed by the instal-
lation of five corresponding levels of Ca-Si boards circumferentially enveloping the HDFB layer.
This iterative process was repeated until the completion of five HDFB levels and 25 Ca-Si
levels. Figure 3 illustrates the progressive construction of these two layers until fully completed.
The interlocking bricks were engineered to form a cylindrical structure with an approximate
inner diameter of 1 m. Concurrently, the CaSi rectangular boards were cut and shaped on-site
to conform to a cylindrical configuration, achieving a uniform thickness of approximately 0.668
m.
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Figure 3. Construction progress of the HDFB and Ca-Si layers
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Upon completion of the wall construction, the bin became ready for experimental evalua-
tion. This test aims to analyze the wall's effectiveness in minimizing heat loss. The experiment
utilized heated, stagnant particles as the storage medium. The bin was filled with approximately
1.3 metric tons of white sand, with an average diameter of 0.3 mm and a bulk density of 1550
kg/m?3. Electric resistance heaters served as the thermal energy source, comprising four heat-
ing coils, each with a power rating of approximately 6.5 kW and made from Kanthal-A1 wire.
These coils were strategically positioned within the bin at vertical intervals of 0.25 m. The filling
of the bin and the installation of the heating coils were performed concurrently, with sand
poured to predetermined heights, followed by the placement of each coil, as depicted in Figure
4. Heater operation was regulated by a sophisticated control panel equipped with four propor-
tional-integral-derivative (PID) controllers, contactors, and switches. Surface temperatures of
the heating coils were monitored using Type-K thermocouples, each encased in a 0.1 m-long
ceramic tube positioned within the coil, with the resulting data relayed to the PID controller for
precise thermal regulation. Each heater operated independently to ensure uniform heating.
Following the completion of the sand filling process, the bin was sealed with a lid. The lid was
constructed from Ca-Si boards, eight levels of shaped Ca-Si boards were stacked to form a lid
with a height of 0.4 m, arranged to cover the bin’s inner diameter.
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Figure 4. (a) Filling the bin and installing the heaters, (b) lid installation

To evaluate the performance of the TES bin, critical parameters including temperatures,
heat flux, and the thickness of the EJ layer were measured. Therefore, an array of calibrated
Type-K thermocouples (XC-K, Omega Engineering Inc.) and thin-film heat flux sensors (HFS-
3, Omega Engineering Inc.) were deployed at designated locations within the bin’s multi-lay-
ered wall structure. The thermocouples, pre-calibrated to ensure measurement accuracy, were
installed to capture the temperature variations across the wall’s layers. Specifically, thermo-
couples were arranged at three distinct vertical levels, as illustrated in Figure 5, to monitor
interface temperatures between adjacent layers: one thermocouple (TC) positioned at the in-
ner surface of the HDFB layer, another at the HDFB-Ca-Si interface, a third at the Ca-Si-EJ
interface, and a fourth at the EJ-RC interface. The installation methodology, also depicted in
Figure 5, was designed to optimize measurement precision. To enhance contact between the
thermocouples and the wall, grooves were created on both sides of the Ca-Si board, enabling
direct contact with the HDFB and Ca-Si layers on one side and the Ca-Si and EJ layers on the
opposite side. The average thickness of the Ca-Si layer is approximately 0.668 meters.
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Figure 5. Thermocouples distribution, dimensions are in meter, (left) side view, (right) top view

To quantify the heat loss through the multi-layered wall, two thin-film heat flux sensors
were attached to the inner surface of the EJ layer, specifically positioned at the mid-height of
the bin, positioned 90 degrees apart in the radial direction to capture representative heat flux
measurements across the cylindrical structure. These sensors were securely adhered using a
silicone-based adhesive, ensuring optimal contact and sustained measurement integrity. Fig-
ure 6a illustrates the detailed placement and configuration of the installed sensors. All thermo-
couples and heat flux sensors were wired to a data acquisition unit (Keysight 34972A) to ac-
quire their signals for analysis of the bin’s thermal performance.
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Figure 6. (a) The heat flux sensors, (b) Implemented methodology to quantify the layers expansion

To quantify the thermal expansion of the wall’s layers (HDFB and Ca-Si) due to elevated
temperatures, the following methodology was implemented. A rectangular segment measuring
0.2 m by 0.3 m was extracted from the EJ layer at the mid-height of the bin. A through-hole
was then created within this segment. Two stainless-steel foils were applied to cover both
surfaces of the EJ segment; one foil, featuring a perforation aligned with the through-hole in
the EJ segment, was oriented toward the RC layer, while the unperforated foil faced the Ca-Si
layer. Subsequently, a larger concentric hole was drilled in the RC layer, ensuring alignment
with the EJ segment’s through-hole. By measuring the thickness of this segment, the thermal
expansion of the HDFB and Ca-Si layers can be quantified. A depth gauge was used to meas-
ure the thickness as temperature varied. The mid-height location was selected since it is far-
thest from end effects, such as thermal gradients or structural constraints near the base or lid,
thereby providing a representative measurement of the fundamental material response of the
EJ layer. Figure 6b illustrates the sequential stages of this measurement tool preparation.
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3. Results

Following the complete filling of the bin with white sand and the secure installation of the Ca-
Si lid, the heaters were activated. The heating process was sustained until the sand attained
a steady-state thermal condition. As depicted in Figure 7, the temperature at the bin’s center
stabilized at approximately 700 °C, a level consistently maintained over several days, demon-
strating the system’s capacity to achieve and sustain high-temperature operation.
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Figure 7. White sand temperature at the bin’s center

Figure 8 illustrates the temperatures of the wall layers, specifically the inner and outer
surface temperatures of the HDFB, Ca-Si, and EJ. The data confirm the attainment of a steady-
state thermal condition, indicating stable operation of the system. Qualitatively, the Ca-Si layer

demonstrates exceptional performance as a thermal insulator, effectively suppressing heat
flow through the bin's wall and thereby minimizing heat losses.
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Figure 8. Temperatures of the wall layers

Temperature measurements recorded on the third day (Day 3) of steady-state operation
were averaged to facilitate detailed analysis. The resulting mean values are presented in Table
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1, providing an overview of the thermal performance across the bin’s multi-layered wall struc-
ture.

Table 1. Average temperatures of the wall’s layers

Location HDFB inner HDFB-CaSi CaSi-EJ EJ outer
surface interface interface surface
Temperature [°C] 695.4 690.1 46.9 31.0

The heat loss through the bin’s wall was quantified using two methods. The first method
employed direct measurements of heat flux at the inner surface of the EJ layer (Figure 6a).
The second method utilized thermal properties of the EJ layer, specifically the temperature
difference across the layer and its thermal resistance. For the first method, the heat flux was
continuously monitored throughout the experiment, yielding an average heat flux of 75.6 W/m?
on Day 3. Consequently, the heat transfer rate was calculated using the following equations:

Qw = qm Agyi (1)
Agji =1 Dgy,;L (2)

where gy, is the measured heat flux, Ag;;, Dg;; are the inner surface area and inner diameter
of the EJ layer, respectively, and L is the height of the bin.

The original inner diameter of the EJ layer, measured prior to the initiation of the experi-
ment, was 2.389 m. As the heating process began, the rising temperature of the sand induced
a corresponding increase in the temperatures of the inner layers (HDFB and Ca-Si). Conse-
quently, these layers expanded against the EJ layer, resulting in its compression and a subse-
quent increase in both its inner diameter and inner surface area. A key objective of this exper-
iment was to evaluate the ability of the EJ layer material to relieve thermal stresses imposed
on the inner layers due to temperature increase and to verify its capability to recover its original
thickness upon cooling of the bin. To validate this hypothesis, the thickness of the EJ layer
was measured using the methodology described previously (Figure 6b), with measurements
taken both before the experiment and when the sand temperature approached 700 °C. Results
indicated minimal compression of the EJ layer (10%) due to the expansion of the two inner
layers, corresponding to a thickness reduction of 1.22 mm. As the expansion was directed
outward, the EJ layer’s inner diameter increased while its outer diameter remained constant
due to confinement against the RC layer. Utilizing the updated inner diameter and correspond-
ing surface area, the measured heat transfer rate was determined to be 710 W. The second
method for determining the heat transfer rate through the wall involved calculations based on
the EJ layer’s thermal properties. By employing the known thermal conductivity and the up-
dated thickness (or diameter) of the EJ layer, the thermal resistance Ry, of the EJ layer can
be calculated and the heat transfer rate is then determined as follows

o
_ |PEji
RE] - ZHLkE] (3)
Quw =% (4)
w Rg;

where Dg, , is the outer diameter, kg, is the thermal conductivity and AT, is the temperature
difference across the EJ layer.

The thermal conductivity of the EJ material was measured in the laboratory using the HFM
436 Lambda device (Netzsch). By employing the average value of the inner and outer surface
temperatures across the EJ layer, the thermal conductivity was determined to be 0.049 W/m-K.
Substituting this value into Equation 3 and then using Equation 4, the heat transfer rate through
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the wall (Q,,) was calculated to be 687.2 W. The corresponding heat flux at the inner surface
of the EJ layer was computed as 73.18 W/m?. A comparison between the measured and cal-
culated heat transfer rates revealed a marginal discrepancy of 3%, which is well within the 10%
error band stated by the manufacturer of the HFS, affirming the reliability of the methodologies.
This excellent agreement is expected since both the EJ layer and the HFS are near the outside
of the bin away from elevated temperatures. Furthermore, the bin was shaded from solar radi-
ation heating which is known to influence these measurements. In addition to the primary ob-
jective of quantifying heat loss through the bin’s wall, a secondary aim was to evaluate the
thermal conductivity of the Ca-Si layer at elevated temperatures. Given that the heat transfer
rate across the wall layers remains constant under steady-state conditions, the thermal con-
ductivity (kc,_s;) of the Ca-Si material can be determined as follows:

_ QwIn[Dca—si0/Dcasiil
kCa—Sl - 2nLAT cq-si (5)

By substituting the relevant parameters into Equation 5, the thermal conductivity (k¢,_s;)
of the Ca-Si material was determined to be 0.115 W/m-K, confirming its efficacy as a thermal
insulator at elevated temperatures. Upon conclusion of the experiment, the bin was allowed to
cool to ambient conditions. Subsequent measurement of the EJ layer’s thickness revealed that
it had fully recovered to its original value, demonstrating its robust capacity to accommodate
and mitigate thermal expansion stresses without permanent deformation.

4. Conclusions

A small-scale particle-based TES bin was designed, constructed and tested at a high temper-
ature of 700 °C using electric heaters to elevate the temperature of white sand. The experiment
successfully quantified heat loss through the bin’s multi-layered wall, with measured and cal-
culated heat transfer rates exhibiting a minimal discrepancy of 3%, thereby validating the ac-
curacy and reliability of the employed methodologies. The thermal conductivity of the Ca-Si
material was determined to be 0.115 W/m-K, indicating its suitability as a thermal insulator at
elevated temperature conditions. This characteristic is essential for optimizing the efficiency of
thermal energy storage systems. Furthermore, the EJ layer demonstrated the ability to recover
to its original thickness after cooling, highlighting its effectiveness in alleviating stresses in-
duced by the thermal expansion of the inner layers during operation. This characteristic is
crucial for the long-term durability of the TES system. Collectively, these findings are promising
for the scalability of the particle-based TES system using the design outlined in this study.
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