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Abstract. Modern electric grids that use intermittent renewables require energy storage to maintain reliability. Many 
potential solutions exist, but latent heat thermal energy storage shows particularly high potential for low cost grid scale 
energy storage. In this paper, we present the design and initial experimental results for a lab-scale prototype of a novel 
latent heat thermal storage system. This version of our prototype used 50 kg of aluminum-silicon alloy as a phase change 
material, and a novel valved thermosyphon concept to control heat flow from a thermal storage tank to thermoelectric 
generators for dispatchable electricity production. Our results validate the system: the thermal storage system was able to 
receive heat input, evenly distribute heat to and from the phase change material with small temperature gradients, and 
controllably dispatch heat to a heat engine for electricity generation on demand. With the basic principle of this 
technology demonstrated, our next step will be to evaluate and improve system efficiency. 

INTRODUCTION 

As intermittent electricity generation from wind and photovoltaics increases, there is a growing need for 
dispatchable electricity and energy storage [1]. However, the potential for existing renewable technologies to meet 
this need is limited. Energy storage technologies such as pumped hydro and compressed air are geographically 
limited, electrochemical batteries have a high material cost, and traditional concentrating solar power systems that 
incorporate thermal energy storage are very large, resulting in large capital requirements and limited market options. 
As an alternative solution, we have proposed a small scale (~100 kW) solar power tower (termed Solar 
ThermoElectricity via Advanced Latent Heat Storage, or “STEALS”) that locates both latent heat thermal energy 
storage and a power block on top of the tower. Directly integrating these components together with the solar receiver 
reduces the length of pathways for heat, which reduces both thermal losses and cost compared to traditional 
concentrating solar power.  

In previous work, we established the design of STEALS [2-3] and demonstrated subsystems independently. We 
tested the stability of several containment materials in an aluminum-silicon phase change material (PCM), and 
identified plasma-sprayed ceramic coatings as suitable for longer term testing. We designed and predicted 
performance of a valved thermosyphon, a concept that we developed to control heat flow for dispatchability [4]. 
Using this design, we built and tested a prototype “thermal valve,” and found that it was able to quickly and reliably 
regulate heat flow [5]. We also performed in-depth techno-economic analysis, showing that STEALS has the 
potential to provide cost-competitive dispatchable electricity when operated as a complement to photovoltaics [3,6-
7].  
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Building upon our theoretical work and subsystem demonstrations, here we present the design and initial 
experimental results of an integrated lab-scale prototype of the STEALS system. These results demonstrate that the 
technology functions with strong performance. The system received heat input at the bottom of a thermal storage 
tank, simulating heat input at the receiver of a solar power tower. Using heat pipes and a high thermal conductivity 
PCM, the thermal storage tank evenly distributed this heat with small temperature gradients. Our valved 
thermosyphon concept also demonstrated effective heat transfer with a small temperature drop, and was able to 
controllably dispatch heat for electricity generation on demand. In this prototype, interfaces between subsystems 
were mechanically robust and exhibited small temperature drops, showing that the overall system performs well 
when integrated as a single unit. This shows promise for future experiments in which we may explore alternative 
heat engines (in particular, a Stirling engine) and design configurations to evaluate and improve reliability and 
efficiency. 

PROTOTYPE DESIGN 

Our initial lab-scale prototype (Figures 1-2) integrates all major STEALS system components that would be 
placed on top of a solar power tower and integrated with a solar receiver, but uses electrically generated heat input to 
simulate solar heat flux. A thermal storage tank was filled with 50 kg of 4047 aluminum. Three sodium heat pipes 
were embedded in the aluminum to distribute heat received at the bottom of the tank into the aluminum and to a 
sodium-based valved thermosyphon located at the top of the thermal storage tank. This valved thermosyphon is a 
new technology that enables dispatchability of the system by controlling heat flow from the thermal storage tank to 
the power block. The valve in the center of this thermosyphon controls how much sodium reaches the evaporator at 
the interface with the thermal storage tank, thereby controlling how much sodium vapor is generated and condenses 
on the heat engine [4-5,8]. The heat engine used for this prototype was an array of 14 thermoelectric generators 
(TEGs), whose cold side is in direct contact with a copper-water heat exchanger for heat rejection. 

The thermal storage tank and heat pipes were made of 304 stainless steel, and were coated with a plasma-sprayed 
MgO-Zr2O3 coating. The 4047 aluminum is an aluminum-silicon alloy with a melting point of 577 C and is 
attractive for its high energy density (470 kJ/kg measured by DSC), high thermal conductivity (160 W/(m*K) [9]), 
and low cost ($1.40/kg using recycled aluminum [10-11]). Each heat pipe contained 80 g of sodium, and the thermal 
valve contained 130 g of sodium. The array of thermoelectric generators included several cascaded TEGs, in 
addition to several single stage low temperature TEGs. In total, there were 5 high temperature skutterudite TEGs and 
14 low temperature Bi2Te3 TEGs. For the low temperature TEGs that were not cascaded with a corresponding high 
temperature TEG, either a damaged skutterudite TEG or insulation was used to simulate the thermal performance of 
the high temperature TEG. 
 

 

FIGURE 1. This initial STEALS prototype consisted of a thermal energy storage tank, a valved thermosyphon, and 
thermoelectric generators. This cross-section shows the three heat pipes internal to the thermal storage tank, the design of the 

vapor tubes and liquid return funnel in the valved thermosyphon, and thermocouple placement. 
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In our experimental apparatus, a flat plate heater (Thermcraft FPH-C 12-1250) simulated heat input from 
sunlight at the bottom of the thermal storage tank, and guard heaters (Thermcraft VFR-180-18-14-V-S) were used to 
simulate insulation that would exist for an industrial-scale system. Because this lab-scale prototype was ~700 times 
smaller than an industrial-scale system, it had a much higher surface area to volume ratio and thus would experience 
high thermal losses without the guard heaters. The entire system was enclosed in a steel vacuum chamber, and 
evacuated to ~10 mTorr, for safety precautions (in the event of a failure, high temperature sodium and water vapor 
in air may react). Thermocouples (96 total, all k-type) were placed on each heater, the sides of the thermal storage 
tank, inside the thermal storage tank, inside the thermal valve, on the hot and cold side of each TEG, and at the inlet 
and outlet of each water heat exchanger.  

To measure electrical power output from the TEGs, we used a custom-built measurement system integrated with 
commercial instrumentation. This included a source measurement unit (Keithley 228A) to source and measure the 
current for the current-voltage (IV) curves, a custom-built high-current multiplexer, two digital multimeters 
(Keithley 2700) to measure the voltages using integrated  multiplexer cards (7701), and a custom LabView program. 
Using this system, we took 4-probe I-V curves of each TEG every 20 minutes of the experiment ranging between -
1.2 to 5.2 V for the low temperature TEGs, and -0.8 to 2 V for the high temperature TEGs. We processed the data 
with a custom IGORPro procedure to determine the maximum power point for each TEG, and summed these 
maximum powers to obtain total power output from the TEG array. 

 
 

 

FIGURE 2. In this initial prototype, the thermal storage tank had a 16” diameter, was 16” tall, and was filled with 50 kg of 4047 
aluminum. Each heat pipe was filled with 80 g of sodium, and the valved thermosyphon was filled with 130 g of sodium. The 

TEG array was composed of 5 high temperature skutterudite TEGs, and 14 low temperature Bi2Te3 TEGs, which were in direct 
contact with a copper-water heat exchanger on the cold side. 
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CONSTRUCTION PROCESS 

To construct the STEALS prototype, we first fabricated the thermal storage tank and heat pipes. The thermal 
storage tank was 16” in diameter, 16” tall, and was made by welding a rolled sheet to the deep drawn cup endcap. 
The heat pipes (Figure 1) consisted of 1” diameter tubing and two metal-spun pieces for each cone on the ends, 
welded together with a #100 stainless steel mesh lining the inside. The thermal storage tank and heat pipes were then 
coated with a plasma-sprayed MgO-Zr2O3 coating (Oerlikon Metco M210NS-1). After coating, we welded the top of 
the heat pipes to the evaporator plate of the valved thermosyphon, which we constructed separately by welding tubes 
and sheet metal together. This heat pipe/thermosyphon assembly (all made of 304 stainless steel) was supported 
from below at the evaporator plate by 4 support rods, so that the heat pipes could be freely suspended inside the 
thermal storage tank. After moving this assembly into our steel enclosure for testing, we inserted pieces of 4047 
aluminum TIG rod (3/16” diameter, 2-6” long) into the thermal storage tank. We then filled empty spaces 
surrounding the valved thermosyphon with insulation, installed the guard heaters on the outside of the thermal 
storage tank and valved thermosyphon, placed radiation shields around the prototype, and connected the water heat 
exchanger, thermocouples, and heater wires. 

The TEG assembly fit into wells that we designed into the condenser of the thermal valve.  TEGs were placed in 
regions where the condenser plate was 1/16” thick, while other parts of the thermal valve condenser plate were 3/8” 
thick. This allowed the condenser of the thermal valve to provide structural support while minimizing thermal 
resistance between the valved thermosyphon and the TEGs. For each TEG assembly (Figure 3), graphoil (a thin 
sheet of graphite) was placed between the high temperature (skutterudite) TEG and the condenser. Thermal paste 
(Techspray 1977-DP) was spread in a thin layer between the two TEGs. On the cold side of the low temperature 
(Bismuth Telluride) TEG, more thermal paste was used to improve thermal contact to the copper-water heat 
exchanger (HX). We applied 20 pounds per square inch of pressure to the TEGs with a clamping plate held down by 
4 compression springs (due to design constraints, this is ~7X lower pressure than reported to be necessary for 
achieving a low thermal interface resistance using graphoil [12]).  To reduce thermal losses from the heat exchanger, 
we placed a block of insulation between the heat exchanger and the clamping plate. We also instrumented each TEG 
with thermocouples on the inlet and outlet of each heat exchanger and hot and cold side of each TEG. 
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(a)

(b) 

(c) (d) 

FIGURE 3. This initial STEALS prototype used an array of 14 thermoelectric generators. Five of these TEGs were cascaded 
with a high temperature (High T) skutterudite module and a low temperature (Low T) Bi2Te3 module. The others used either a 
damaged skutterudite module or insulation with a low temperature Bi2Te3 module to achieve approximately the same thermal 

performance as the cascaded TEGs. (a) shows the cascaded TEG assembly with heat exchanger (HX) and clamping system. (b) 
shows the TEGs on the condenser of the thermal valve, with all low temperature TEGs visible. (c) shows the displacement of 

compression springs used to apply 20 pounds per square inch of pressure to each TEG. (d) shows the full TEG assembly.  
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EXPERIMENTAL RESULTS 

Initial testing of the STEALS prototype demonstrated that the technology functions and shows promise as a 
dispatchable thermal energy storage system. Figure 4 provides data from an experiment that consisted of four 
phases, which are labeled as (I) Initial heat-up, (II) thermosyphon shut-off, (III) simultaneous electricity generation 
with heat input, and (IV) electricity generation from stored energy. 

 

FIGURE 4. Experimental results demonstrate that the STEALS prototype functions as expected. (a) The primary heater 
underneath the thermal storage tank reached 800 °C as it delivered heat to the bottom of the thermal storage tank. The guard 

heater around the thermal storage tank (Guard PCM) was controlled to be slightly colder than the side of the thermal storage tank 
to simulate the performance of insulation that would exist in a commercial system. The guard heater around the valved 

thermosyphon (Guard Valve) was similarly controlled to simulate insulation around the valved thermosyphon. (b) Temperatures 
of the aluminum-silicon PCM inside the thermal storage tank remained within 10°C throughout the experiment. (c) The 

evaporator of the valved thermosyphon remained nearly constant, while the temperature of the condenser mirrored whether or not 
the system was in an “on” (period III and the beginning of period IV) or “off” (period II) state. (d) Electricity output was higher 
from bismuth telluride (labeled as BiTe) TEGs than skutterudite (Sku) TEGs, and matched operation of the thermal valve. These 

experimental results indicate successful thermal control and the ability of STEALS to generate dispatchable electricity from 
latent heat thermal energy storage. 

 
 
After (I) initial heat-up, we (II) closed the valve of the thermosyphon to stop heat transfer from the thermal 

storage tank (evaporator of thermosyphon) to the power block (condenser of thermosyphon). This resulted in the 
immediate drop in the temperature at the condenser of the valved thermosyphon at a time of 36 hours in Fig. 4(c), 
and the corresponding reduction in electricity output from both high temperature skutterudite and low temperature 
bismuth telluride thermoelectric generators in Fig. 4(d). Once the PCM had fully melted (Fig. 4(b) at a time of 38 
hours), we demonstrated (III) simultaneous electricity generation with heat input from the main heater, to simulate 
daytime electricity production while the sun is shining. During this period, PCM temperatures were highly uniform 
throughout the storage tank, and electricity output was nearly constant. After closing the valved thermosyphon to 
fully re-melt the PCM, during period (IV) we re-opened the valved thermosyphon and demonstrated 3 hours of 
continuous electricity output (from hours 56-59) from stored energy with no heat input, before final cooldown.  
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For the duration of this experiment, temperature differences throughout the system were minimal. Temperatures 
measured inside the aluminum-silicon PCM (thermocouples placed 1” and 6” from the bottom of the tank, at radii of 
3 and 6 inches) were all within 10°C of each other. This nearly uniform temperature can be attributed to the high 
thermal conductivity of the PCM and the high effective thermal conductivity of sodium heat pipes. During periods 
(III) and (IV), when the valved thermosyphon was open, the temperature drop from the evaporator to the condenser 
was also very small, indicating a high effective thermal conductivity of the valved thermosyphon. In fact, the 
temperature of the vapor space near the condenser was measured as higher than the vapor space near the evaporator 
(this can be attributed to thermocouple error). The total temperature drop from the PCM to the TEGs while the 
thermal valve open was 25-36 °C (using the TEG with the highest temperature measurement), resulting in TEG hot 
side temperatures up to 549 °C. 

The on/off function of the valved thermosyphon was also successful in this prototype, as we observed a distinct 
response to opening and closing the valve. In response to opening the valved thermosyphon to the “on” state, the 
TEGs reached half of maximum power in just 12 minutes. Unfortunately, heat losses through the valved 
themosyphon were high in the “off” state: electricity output from the TEGs was measured at 12 W when “on” 
(periods III-IV in Figure 4) and remained as high as 2 W when “off” (period II in Figure 4). This is primarily due to 
the fact that this lab-scale prototype has a higher surface area to volume ratio than a commercial system would have, 
leading to inherently higher thermal losses at this small scale. With improvements in insulation, we may be able to 
reduce power generation and improve thermal storage efficiency in the “off” state in future experiments, and larger 
scale systems would also result in higher performance. 

CONCLUSION 

The initial experiments we present here indicate that the STEALS subsystems can be successfully integrated into 
a dispatchable thermal storage system. The thermal storage tank was able to receive heat input and store thermal 
energy with small temperature gradients. The valved thermosyphon reliably controlled heat flow from the thermal 
storage tank to the heat engine, with a fast response that enables operation as a peaking plant or other possible 
ancillary services. Critically, all components of the design were brought together with successful mechanical and 
thermal interfaces. This system design, initially modeled for commercial scale performance and cost in [3], now has 
significantly reduced risk for continued progress. This provides encouragement for future testing with alternative 
power blocks (a Stirling engine), larger systems, and sunlight for heat input.  
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