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Abstract: This paper presents the results of an extensive study of two thermal energy storage 

(TES) systems. The goal of the research is to make solar energy cost-competitive with other 

forms of electricity. A small-scale TES system was first built. The inner to outer layers were 

made of firebrick (FB), autoclaved aerated concrete (AAC) and reinforced concrete brick 

(CB). The experiments were conducted at temperatures of up to 1000 °C for sustained 

periods of time. AAC was found to be prone to cracking at temperatures exceeding 900 °C; 

as a result, AAC was eliminated from the second TES system. The second, larger-scale TES 

system was subsequently built of multiple layers of readily available materials, namely, 

insulating firebrick (IFB), perlite concrete (PC), expansion joint (EJ), and CB. All of the 

surfaces were instrumented with thermocouples to estimate the heat loss from the system. 

OPEN ACCESS 



Energies 2014, 7 8202 

 

 

The temperature was maintained at approximately 800 °C to approximate steady state 

conditions closely. The steady state heat loss was determined to be approximately 4.4% for 

a day. The results indicate that high-temperature TES systems can be constructed of  

readily available materials while meeting the heat loss requirements for a falling particle 

receiver system, thereby contributing to reducing the overall cost of concentrating solar 

power systems. 

Keywords: central receiver; high temperature insulation; thermal energy storage; sand 

 

1. Introduction 

Concentrating solar power with thermal storage system represents a distinctive option of utilizing 

solar energy because the thermal energy can be dispatched in a similar fashion as conventional thermal 

power plants to respond to variations in supply and demand. Among all of the technologies that are being 

advanced for solar thermal power generation systems, central receivers are recognized for their high 

thermal efficiency due to their high potential operating temperatures. Recently, researchers have put 

serious efforts in achieving higher operating temperatures in central receiver systems. Although high 

temperatures enhance the efficiency of thermal energy storage (TES), the choices of viable storage media 

become scarcer with elevated temperatures. The construction of a well-insulated TES system becomes 

important in such a high-temperature application because the thermal losses are anticipated to be higher, 

resulting in more substantial thermal cycling issues. However, the cost of such TES system should be 

minimized so that operating at higher temperatures can still be economically justified. In this scenario, 

the use of solid particles becomes a leading candidate for the TES system. 

A multi-national research team is currently engaged in exploiting the potential of solid particles for 

use in a TES system. The study is conducted as a part of a U.S. Department of Energy (DOE)-funded 

SunShot project titled “High Temperature Falling Particle Receiver”, in which the goal is to demonstrate 

that the solid particles with temperatures higher than 650 °C can be stored in a small-scale system with 

a heat loss of less than 4% over an entire cycle. This heat loss can be shown to correspond to a heat loss 

of less than 1% over the same period for a large-scale system. 

Thermal energy storage in solid particles has been studied by a number of research groups. The 

research originated in Sandia National Laboratories (SNL) in the early 1980s attempted to produce a 

direct absorption central receiver that is able to interface electric power and chemical production cycles 

with temperatures (>600 °C) higher than those possible with molten salt receivers [1]. The study 

examined the use of solid carriers as both a storage medium and a working fluid for high temperatures. 

In a subsequent feasibility study, a solar central receiver was built in which free-falling solid particles 

absorbed direct radiation and achieved high temperatures (>550 °C) [2]. The emphasis of the study was 

on the particle material selection and the receiver design. The study identified an inexpensive,  

alumina-based particle material that can operate even at temperatures of up to 1000 °C. The early work 

on the technical feasibility of the solid particle concept at SNL were reviewed and summarized by 

Falcone [3,4]. Optical characterization of master beads and other particle materials was conducted [5,6]. 

Some numerical and experimental studies were performed to understand the particle dynamics with and 
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without heat transfer [7–9]. Researchers at SNL also considered other particulate materials for their solid 

particle receiver (SPR) concept [2,10]. These types of particles are engineered materials that exhibit high 

absorptance and/or durability while remaining suitable for operation at temperatures as high as 1000 °C. 

A number of theoretical investigations have been performed in various configurations on the internal 

fluid dynamics of the solid particles receivers [11–14]. Evans conducted a number of numerical studies 

to study the effect of particle temperature and the efficiency of energy absorption of the solid particle 

receiver [12,13]. 

Meier [14] conducted 2D computational fluid dynamics (CFD) simulations on the performance of a 

solid particle receiver in a pilot plant. Chen et al. [15] developed a 3D CFD model to study the influence 

of particle size and other operating conditions on the performance of solid particle receivers. Researchers 

at Aachen University and the German Aerospace Centre (DLR) introduced the concept of storing energy 

in quartz sand as a part of their work on air volumetric receivers [16,17]. In this design, sand is heated 

by direct contact with air and then flows to a hot storage bin, from which sand can later flow to a fluid 

bed cooler where it exchanges heat to generate steam. Numerical simulation of the heat exchanger 

demonstrated that the sand can achieve temperatures as high as 740 °C. 

Heat transfer due to the charging-discharging of high temperature solid particles from such a hot bin 

is not a common engineering application. A number of studies related to transient heat transfer in TES 

systems with heat transfer fluids other than solid particles (sensible, latent), with packed/moving beds 

as storage, etc., were reported; however, none of the studies similar to the one presented in this paper 

were found in the literature. An early work of Kubie [18] numerically predicted the influence of 

insulating walls in steady-state heat transfer processes in stagnant beds of solid particles. Li et al. [19] 

numerically investigated a discharging process through a TES tank containing spherical capsules as 

storage and a new phase-change heat transfer fluid. A geometric model was used by Zhu et al. [20] for 

the numerical study of steady and transient hopper flows. However, they did not solve the energy 

equation for the investigated geometry. Mario et al. [21] investigated the transient charging-discharging 

process in a packed bed (spherical alumina particles) TES system. They numerically investigated oil, 

molten salt and air as potential heat transfer fluids. 

The literature survey presented above indicates that most studies are related to steady/transient heat 

transfer between storage medium and heat transfer fluids during charging and/or discharging. No study 

was found that relates the heat loss from TES during charging-discharging. Furthermore, investigations 

of the heat loss characteristics of a TES bin using solid particle as both storage and heat transfer medium 

were not found. The literature review also reveals that, although a considerable effort has been made to 

identify appropriate granular particles for solar energy absorption and thermal energy storage, there are 

few available studies regarding the high temperature storage structures and their materials. The research 

effort described in this paper was performed to identify the most suitable designs and materials for the 

storage bins. 

2. Overview of the Falling Particle Receiver Based Concentrated Solar Power Concept 

Figure 1 shows the overall concept for the solar power tower system. 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 storage medium. In this concept, particles fall from a bucket-elevator hopper in the 
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form of a curtain, located at the top of the receiver tower, past the location of the focused solar energy 

from the heliostat array. In this process, the particles become heated to temperatures that can approach 

1000 °C. The hot sand then flows into a well-insulated tank (hot-bin), where it can be stored for later 

use. The sand exits the bottom of the tank and falls onto an air filled tube heat exchanger, which transfers 

thermal energy between the sand and air; subsequently, the hot air is fed into a suitable gas cycle.  

One variation of this system is shown in Figure 1, which includes a general view of the tower and the 

heliostat field and a detailed view of the central receiver concept. This work builds on the experience of 

other developers using sand as the proposed storage medium in trough plants, as well as the work of 

other investigators, such as work on the SPR concept that was introduced and tested at the National Solar 

Thermal Test Facility in SNL [15,22]. The proposed system is expected to overcome the issue of low 

solar energy absorption efficiency through the use of a novel cavity receiver design that has been tested 

at Sandia’s solar facility. Furthermore, a number of other novel features are being researched, including 

a patented mechanism for transferring heat from the sand to air [23], and a compact and integrated 

storage system that minimizes land construction costs and lift height. 

Figure 1. Overview of the solid particle receiver (SPR) concept: (a) field layout of the pilot 

scale demonstration and (b) generic layout of components within the tower. 

 

 

(a) (b) 

3. Material Selection for the Hot Bin 

The tower design bin has several key aspects that require experimental development. A high 

temperature lining material is required that is capable of storing the heated sand with minimal heat loss 

while remaining structurally stable. A number of possibilities were investigated for proper material 

selection of the insulated hot bin, as presented in Table 1. The use of a steel or metal storage frame was 

found to be too soft at temperatures higher than 800 °C, and more exotic metals would quickly become 

unmanageably costly. This prompted an investigation into how kilns and foundries contain their  

high-temperature interior. Here, firebrick is a primary building material; although sound structurally,  
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it is a very poor insulator. Insulating firebrick is also available; however, it sacrifices some of its strength 

for much improved insulation. While effective, insulating firebrick is still costly and insufficient for the 

overall insulation needs. An effective insulation layer was determined to be required. In this regard, a 

series of high-temperature insulating concretes are being tested. The first was aerated autoclaved 

concrete (AAC), and the second was perlite concrete (PC). 

Table 1. Hot-bin material design concepts. FB: firebrick; CB: concrete brick; IFB: insulating 

firebrick; PC: perlite concrete. 

Concept# Design description Assessment 

1 Steel or metal frame 
Not suitable—Does not meet the high-temperature 

requirements 

2 Exotic metal frame Not suitable—Does not meet the cost targets 

3 Layers of FB + reinforced CB 
Not suitable—Not expected to meet the heat  

loss limit 

4 Layers of IFB + reinforced CB 
Not suitable—Strength is questionable;  

does not meet the cost targets 

5 Layers of FB + Perlite Concrete PC + reinforced CB Warrants further investigation 

6 Layers of IFB + Perlite Concrete PC + reinforced CB Warrants further investigation 

To ensure proper insulation of the hot bin, it was of paramount importance to have materials with 

minimal thermal conductivities. Thermal conductivity measurements were performed using NETZSCH 

Heat Flow Meters HFM 436 (NETZSCH-Gerätebau GmbH, Selb, Germany), which measures the 

thermal conductivity over the range of 10 to 90 °C. Table 2 presents the results of the thermal 

conductivity measurements for insulating firebrick (IFB), AAC, PC, perlite refractory concrete (PRC), 

and expansion joint (EJ). The measurements demonstrate that the materials under consideration have 

low thermal conductivity; therefore, they can function well as insulation materials. 

Table 2. Thermal conductivity measurements of the potential construction materials. 

S# Material Thermal conductivity (W/m·K) 

1 IFB 0.17–0.2 

2 Autoclaved Aerated Concrete (AAC) 0.11–0.15 

3 PC 0.1–0.14 

4 Perlite Refractory Concrete (PRC) 0.09–0.12 

5 Expansion Joint (EJ) 0.038–0.05 

4. First Scale Hot-Bin 

4.1. Construction 

The storage bin walls are made of three layers: insulating firebrick, insulating concrete, and reinforced 

concrete. The first two materials are known to possess low thermal conductivity, thereby limiting heat 

loss considerably. The main advantage of this design is that the materials used are readily available and 

inexpensive; they are also capable of handling operation at high temperature. To test the refractoriness 

of this type of storage bin and measure the temperature distribution, a small-scale storage bin was built 
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and tested. Figure 2 shows a drawing for basic experimental bins, as well as the first actual test bin that 

was built for this experiment. 

As shown in Figure 2, the inner storage compartment is surrounded by thick layers of firebrick (FB), 

AAC, and reinforced concrete brick (CB). Two layers of AAC (I & II) were constructed to achieve the 

desired thickness. To simulate the high-temperature solid particles, a liquefied petroleum gas (LPG) 

burner was inserted inside the inner compartment of the storage bin. During the preliminary tests,  

the burner was able to maintain steady temperatures of up to 900 °C. The storage bin was instrumented 

with numerous thermocouples to accurately quantify the temperature distribution through the walls.  

Five thermocouples were placed in every layer of each wall at uniformly distributed locations to find the 

average temperature. High temperature Nextel insulated K-type thermocouples (accuracy ±0.75%) are 

used on both sides of the firebrick whereas perfluoroalkoxy (PFA) insulated K-type thermocouples 

(accuracy ±1.5 °C up to 375 °C) are used in the other layers. In the meantime, the flow of LPG from its 

tank to the burner was also measured continuously to determine the rate of energy introduced into the 

inner compartment. 

Figure 2. Description of the thermal energy storage bin experimental apparatus:  

(a) engineering drawing, showing the dimensions of the bin and (b) photograph of the actual 

bin, showing the thermocouple wires. 

  

(a) (b) 

4.2. Computational Analysis 

A finite element model was developed in the ANSYS workbench environment, and both transient 

and steady-state thermal analyses were performed. Figure 3a shows the geometry developed for the 

simulation (the AAC slab covering the top of the experimental fire pit was included in the model, but is 

not shown in the figure). Because the geometry and loading conditions are symmetric across several 

bisecting planes, only 1/8 of this geometry is required to solve for the temperature distribution.  

The reduced model is shown on the right in Figure 3a. 

Figure 3b shows the boundary conditions used in the simulation. Each of the exposed surfaces of the 

bin, as well as the top soil surface, were given a convection boundary condition with a coefficient of  

10 W/m2·K, and each of the outermost surfaces of the soil was given a constant-temperature boundary 

condition of 25 °C. The initial temperature for all materials was set to 17 °C. For the transient case,  
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the temperature along the inside surface was ramped up to 800 °C and then held constant as shown in  

Figure 4. This approximates the furnace temperature as measured in the experiment. 

Figure 3. (a) Geometry of the finite-element model (dimensions in m); (b) Boundary 

conditions applied to different surfaces. 

 

(a) 

 

(b) 

Figure 4. Temperature boundary condition for inside surface. 
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For the transient analysis, ANSYS approximates a solution to the familiar transient heat equation in 

three spatial dimensions over each element: 

( ) ( ) ( )x y z x y z

T T T T T T T
C V V V q k T k T k T

t x y z x x y y z z

               
             

               
 (1) 

Because the elements are static (Vx = Vy= Vz = 0), there is no heat generation ( q  = 0), and the materials 

are considered isotropic (kx = ky = kz = k); as a result, this equation simplifies to: 

( ) ( ) ( )
T T T T

C k T k T k T
t x x y y z z

            
         

            
 (2) 

where ρ is the density of the material, k is its thermal conductivity, and T is the temperature (a function 

of x, y, z, and t). The thermal conductivity of the perlite concrete region was a function of temperature. 

Table 3 shows the values which were used for the simulation [24]. This data is for a 1:6 mix of aluminate 

cement to perlite. The temperature gradients in the reinforced concrete, the firebrick, and the soil were 

expected to be fairly small because the perlite concrete had the greatest thermal resistance by far and 

would account for the largest temperature drop. Constant-value approximations were used for the 

thermal conductivities of these other materials at their respective experimental temperatures.  

The constant conductivity values used for the firebrick, reinforced concrete, and soil were 0.35 W/m·K, 

2 W/m·K, and 0.265 W/m·K, respectively. 

Table 3. Thermal conductivity of perlite concrete with temperature. Data from [24]. 

S# Temperature (°C) Thermal conductivity (W/m·K) 

1 190.66 0.131 

2 266.22 0.142 

3 316.43 0.147 

4 350.86 0.154 

5 418.13 0.157 

6 434.74 0.162 

7 568.63 0.177 

8 573.03 0.180 

9 753.88 0.203 

4.3. Results and Discussion 

Figure 5 shows the history of the temperature distribution across the layers of the hot bin.  

The simulation results (in color) are superimposed over the experimentally measured temperature 

distribution at various times. 

The distributions are in close agreement, indicating that the model and the assumed material 

properties are close to the actual values. The model’s temperature at a distance of 0.1 m increases faster 

than the experimental readings, whereas the temperature at 0.3 m increases more slowly. One possibility 

for this difference is that the high-temperature conductivity of the firebrick is slightly lower than the 

value taken from literature, while the high-temperature conductivity of the AAC is slightly higher. 
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Figure 5. Superposition of the experimental (black) and computational (in color) results for 

the temperature distribution across the layers of the hot bin. 

 

The average rate of heat loss through the bin over 8 h was computed from the simulation results and 

was found to be 8750 W. The rate of heat loss was also computed from the steady-state simulation and 

found to be only 2350 W. In addition, the steady-state temperature distribution differed significantly 

from the distribution at 8 h. This discrepancy indicates that transient effects will be an important 

consideration when assessing thermal energy leak for the hot bin in the pilot building. The transient 

response was very slow because all the materials involved have low thermal diffusivities. A final 

important note was that the temperature of the reinforced concrete rises no higher than approximately 

50 °C in the steady-state mode. The temperature of the total structural concrete (CB) should be kept 

below 66 °C to avoid long-term degradation, according to American Society of Mechanical Engineers 

(ASME)’s guidelines on containment vessels for nuclear reactors [25]. Local hotspots are permitted to 

reach 377 °C, and in the case of through tubes, a temperature of 93 °C is acceptable according to the 

ASME code for high-temperature reactor containment regarding CB. 

During the experiment, the AAC on the exhaust hole acting as a chimney exhibited the clear formation 

of cracks around the hole (due to the approximately 900 °C exhaust gases) and on the surface of the 

AAC chimney (Figure 6). 
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Figure 6. Autoclaved concrete (AAC) cracking and heat damage. 

 

5. Improved and Refined Scale Hot Bin 

5.1. Construction 

With this significant material issue at hand (Figure 6), the use of alternative hot bin materials was 

required. To this effect, AAC and FB are replaced by PC and IFB, respectively. Perlite concrete was 

chosen because such material has been tested in lab-scale furnaces up to 1000 °C cycles without cracking 

or crumbling for approximately 50+ hours’ worth of exposure. It was found, however, that at 100+ h of 

exposure, perlite using Portland cement became extremely fragile and degraded. According to the 

literature, concretes utilizing Portland cement begin to undergo physical and chemical dehydration, even 

at very low temperatures. Beginning at approximately 450 °C, the decomposition of the calcium 

hydroxide commences [26]. Portland cement-based concretes typically begin to lose strength  

(as measured by cold-compression tests) at temperatures above 300 °C [27]. This behavior was reflected 

in our lab samples tested at 1000 °C. Alternative concretes were therefore considered. Candidates include 

a mix of perlite, fireclay and Portland cement; aluminous cement with perlite aggregate; or firebrick 

mixed with large quantities of perlite. The perlite firebrick must be fired as individual bricks before 

placement–a procedure that may prove to be too expensive. The perlite/fireclay/Portland mixture may 

be placed monolithically, but has a higher conductivity and also a very clay-like texture before setting, 

so that it could not be easily poured. Aluminous cement has a proven refractory quality when mixed with 

water and could be poured in a manner similar to Portland cement. 

There were a number of lessons learned from the first experiment, which are summarized as follows: 

• A test apparatus with a larger, more representative size was required to simulate the heat loss 

from the actual hot TES bin to be constructed within the 300 kW test facility at King Saud 

University (Riyadh, Kingdom of Saudi Arabia). 

• Despite the durability and low cost of firebrick, its thermal performance was not suitable due to 

its high thermal conductivity. 

• AAC is not suitable for use in future designs, due to the issue of cracking caused by  

high temperatures. 

• It was necessary to regulate the flow of LPG more tightly. 
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With these issues in mind, a new storage bin design was produced that is suitable for high temperatures, 

a sketch of which is shown in Figure 7. 

Figure 7. Scaled thermal energy storage (TES) bin for the heat loss measurements and the 

materials testing (all dimensions are in meters). 

 

In this design, FB and AAC are replaced by IFB and PC, respectively. However, this replacement is 

performed on only one half of the walls. In the other half of the walls, only PC is used. The reason for 

not having IFB on the second half is that we are interested in learning about the durability of PC when 

it is directly exposed to extreme temperatures. In both cases, RC remains as the external layer. The IFB 

and insulating concrete are known to possess low thermal conductivity, thereby limiting heat loss 

considerably. The main advantage of this design is that the materials used are readily available and 

inexpensive; they are also capable of handling operation at high temperature. Furthermore, an EJ was 

installed between PC and RC to relieve stress. 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. In the tunnel, 

silicon carbide cross beams spaced a few inches apart serve as structural supports for the ceiling.  

In addition, a large LPG tank was installed on site to fuel a sustained fire within the bin. This large-scale 

tank ensured both a long experimental run time and a constant fuel flow rate for the tests. Figure 8 shows 

the TES bin before and after the installation of a shield. This shield was installed to minimize the effect 

of radiation and wind on heat loss measurements. 
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Figure 8. Pictures of the TES bin (a) before installing the shield and (b) after installing  

the shield; (c) inside picture of the hot bin. 

  

(a) (b) 

 

(c) 

The experiment was continuously run for nearly 45 h, during which the temperature was maintained 

at approximately 800 °C, and steady state conditions were closely approximated. The storage bin was 

instrumented with numerous thermocouples similar to first experiment. In addition, the flow of LPG 

from its tank to the burner was also measured continuously to determine the rate of energy introduced 

into the inner compartment. The total rate of heat output from the LPG was approximately 50–55 kW. 

The cylinders needed to be monitored on 30-min intervals to sustain the pressure for a fixed flow rate. 

5.2. Results and Discussion 

Similar to the previous case, a finite element model was developed in the ANSYS workbench 

environment, and both transient and steady-state thermal analyses were performed. Because the 

geometry and loading conditions are symmetric across a bisecting plane, only 1/2 of the geometry of 

Figure 7 is required to solve for the temperature distribution. 

Figures 9 and 10 show both the experimental and the simulation results for the temperature 

distributions determined for the system in the cases of with and without firebrick, respectively.  

The simulation and experimental results are in close agreement. The curves exhibit similar behavior and 

agree fairly well over the same timeframe. Both results indicate that the transient response time of  

the system is on the order of 2 days, and the simulation provides a reasonably close agreement of the 

temperature distribution during that transient startup. 
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Figure 9. Experimental and simulation results of the TES bin for the half that was  

covered with IFB: (a) temperature over time and (b) transient to steady-state temperature 

distributions across the layers (black lines represent the experimental data, and red lines 

represent the simulation results). 

  

(a) (b) 

Figure 10. Experimental and simulation results of the TES bin for the half that was not 

covered with IFB: (a) temperature over time and (b) transient to steady-state temperature 

distributions across the layers (black lines represent the experimental data, and red lines 

represent the simulation results). 

 
 

(a) (b) 
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The steady state heat loss was found to be approximately 4.4%. Furthermore, inspection of the 

materials used to construct the TES system indicated that they remained intact and did not show signs 

of cracking or wearing. These results demonstrate that high-temperature TES systems can be constructed 

of readily available materials while meeting the heat loss requirements for a falling particle receiver 

system, thereby reducing the overall cost of concentrating solar power systems. 

6. Conclusions and Future Recommendations 

A systematic design process was used to develop a high-temperature thermal energy storage system. 

The favorable thermal performance of a TES bin constructed of readily available materials was 

demonstrated. Computer simulation results agree with the observed temperature history of the hot bin. 

The prototype exhibited superior performance and no degradation of the materials. This design can also 

be suitable for high-temperature applications other than the falling particle receiver. This experiment is 

still underway, and further tests will explore the effectiveness of the materials as insulators, particularly 

at high temperatures, as well as further examining their structural soundness at these elevated conditions. 

The TES bin had a rectangular shape; this shape was chosen for its simplicity and ease of 

instrumentation. However, this shape would not be suitable for large-scale TES bins due to its structural 

issues, especially at the corners. Therefore, it is preferable to test a different, more structurally robust 

design. It was determined that a round-shaped TES bin would be a suitable option to pursue and build 

for continued testing. 
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