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Abstract

As the cost of renewable energy falls below fossil fuels, the key barrier to widespread sustainable
electricity has become availability on demand. Energy storage can enable dispatchable
renewables, but only with drastic cost reductions compared to current batteries. One electricity
storage concept that could enable these cost reductions stores electricity as sensible heat in an
extremely hot liquid (>2000 °C) and uses multi-junction photovoltaics (MPV) as a heat engine to
convert it back to electricity on demand, hours or days later. This paper follows previously
reported technoeconomics and liquid containment, examining equipment that would be needed to
exchange heat between resistive heaters, a molten silicon storage tank above 2000 °C, and a heat
engine. Herein, we report on a pump that was designed and tested to circulate the liquid silicon
between these three regions and the effect of spatial thermal cycling was simulated in models
and experiments. While the pump successfully circulated silicon between 1800-2080 °C for ten
hours, circulation with a temperature gradient caused it and other non-isothermal experiments to
dissolve significantly due to the temperature dependent solubility of not only carbon, but also
silicon carbide which otherwise protected the graphite infrastructure. Methods to reduce
dissolution and an alternative embodiment are presented.

Highlights:

* This study investigates pumping molten silicon for economical thermal storage of
electricity

e Pumping above 2000 °C using an all graphite infrastructure is possible and was thermally
and mechanically successful.

* A compact, simple method successfully metered the pump flow rate above 2000 °C.

e The temperature dependent solubility of graphite and silicon carbide in silicon near
2000 °C caused dissolution.

e Alternative methods and materials are proposed to build on the overall pumping
success for a system that could last decades.

Keywords: High temperature; Thermal energy storage; Pumping Silicon; Liquid Metal;
Thermophotovoltaics

1) Introduction
Over the last decade the cost of electricity derived from intermittent renewables, i.e., solar
photovoltaics (PV) and wind, has fallen drastically [1, 2] making renewables cheaper than fossil-
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derived electricity in many locations. While the levelized cost of energy (LCOE), the total cost
divided by the lifetime electricity output, is low it does not account for the intermittent nature of
these energy sources—which are not always available to meet demand. Therefore, fossil-based
technologies remain the main source of on-demand energy. As a result, Denholm [3] and others
[4-6] have shown that renewable penetration onto the grid will be limited to < 10-15% without
long duration (10+ hours) grid-level storage. Thus, how to store energy at the grid-scale cheaply,
has emerged as one of the most important technological barriers to the decarbonization of the
grid—a critical step toward mitigating anthropogenic climate change [7, 8].

Existing storage technologies suffer from two main problems: cost and geographical limitations.
That is, although lead-acid and lithium batteries are used for short duration storage, even their
predicted future cost asymptote of ~$150/kWh-e [6, 9] is too expensive for the longer durations
needed where costs below $50/kWh-e (possibly even as low as $20/kWh-e [10]) without
geographic restriction will be required to enable cost competitive renewable with storage [11-
14]. Thus, given that a new cost regime is required to enable a renewable grid, the goal of this
research was to investigate a new regime of energy storage, namely storing electricity as
extremely high-temperature heat and converting back to electricity using PV. This is in effect a
complete rethinking of the two traditional high costs of storing electricity i.e., storage and
conversion. This approach has been termed Thermal Energy Grid Storage using Multi-junction
PV, abbreviated TEGS-MPV. In the TEGS-MPV concept, temperatures above 2000 °C are
necessary to enable the MPV heat engine to be efficient and have high power density [13]. Here,
the high temperature produces high energy and high intensity light than can be converted
efficiently and compactly. As a result, the MPV system is estimated to have an efficiency similar
to conventional turbomachinery (~50%) while being significantly cheaper (~$0.30/W-e). A
conceptual view of the TEGS concept is shown in Figure 1.
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Figure 1: Schematic overview of the TEGS-MPV concept. Excess electricity (left) is converted
to heat and stored at a peak temperature above 2000 °C until needed. Then, it is pumped through
a multi-junction photovoltaic heat engine, where electricity is produced. The cold fluid is then
stored until excess electricity is available again.

The ability to pump is central to the TEGS-MPV concept because the liquid storage medium
must be transferred to enable charging and discharging. However, the highest temperature
commercial pumps operate only near 600 °C [134], while this pump must operate at 2400 °C,
more than three times the absolute temperature. This new temperature regime introduces new
challenges and uncertainties that are addressed below. Material selection has been limited to
graphite by mechanical, thermal, and chemical constraints described previously and experimental
methods involving inert containment, thermal insulation, and temperature measurement were
previously reported [15]. However, this work represents the first-time graphite has been used as a
dynamic component above 2000 °C, i.e., a pump that is mechanically connected to much lower
temperature metals and polymers in the motor that powers it. Thus, new challenges in thermal
isolation with rigid mechanical connection arise, in addition to thermal stress from expansion
with temperature. There are also critical chemical concerns given that the graphite pump reacts
with Si to form SiC. SiC is a hard, refractory compound that in previous work has formed a
protective scale that slows further reaction between the Si and the graphite infrastructure.
However, another potential problem exists, which is that SiC itself may dissolve in the Si fluid.
Another key question is whether the initial formation of SiC, when a graphite pump is first
submerged into, Si will bond adjacent parts together and cause the shaft to seize or become
rough, accelerating wear.

To answer these questions, a graphite pump was designed, modeled, and experimentally tested to
circulate Si. This builds on earlier work by Amy et. al [16, 17] where a ceramic pump for molten
tin was designed and tested [17] that holds the world record for pumping temperature of 1400
°C. Although the temperatures here are much higher, from a mechanical standpoint graphite
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behaves similarly between 1400 °C and 2400 °C, in fact, its mechanical strength actually
increases with temperature up to 2600 °C [18]. This experiment tests several potential failure
modes together, including convection enhanced reactions, wear enhanced reactions, SiC binding
the pump shaft to the pump body, and the thermal isolation challenge of keeping the electronics
cool while in contact with a pump above 2000 °C.

2) Mechanical Design

The hydrodynamic requirements of this high-temperature centrifugal sump pump are very
similar to existing low pressure water pumps that have been very well studied [19]. Here, the
efficiency is not critical, due to the very high energy density of the fluid being pumped [15]. That
is, even if the pump efficiency is 10%, the power consumption of the pump is less than 1% of the
power output of the storage system. For the prototype experiment, the pump was designed to
operate at low speed so that harmonics and vibration issues could be decoupled from the primary
interests, which were the thermal and chemical performance. To operate at low speed with
sufficient head, two parameters were altered from water pumps designed for similar pressure and
flow rate, namely the diameter and blade shape. Specifically, a large diameter of 125 mm was
used, despite the low 1 gpm design point so that sufficient pressure (2 kPa) could be generated at
low speed. The key change in blade shape was the use of forward curved blades, as opposed to
backward. Forward curved blades cause the fluid to accelerate circumferentially in addition to
radially, generating a higher absolute fluid speed compared to backward curved blades [20] [15].

With the pump geometry designed, the next step was to experimentally verify its performance.
Due to the high-temperature operation, and the fact that this pump is located inside a tank
surrounded by insulation, no visual inspection was possible during testing. Furthermore, no
commercial method of measuring pressure or flow rate could be used, since the construction
materials used in standard pressure transducers and flow meters would all melt and react in this
corrosive, extreme temperature environment. Instead, the pump was designed to have a constant
head and the flow rate was measured with a simple mass based flow meter [16, 17]. Here, the
fluid is pumped into a separate tank with a hole in its bottom. Then, as the flow rate increases,
the pressure required to force the fluid out of the hole and match the inflow from the pump also
increases. This pressure is generated by the hydrostatic head i.e., the height of the fluid in the
tank, since the pressure on all the external surfaces is atmospheric. Thus, the weight of the tank
indicates the pump’s flow rate, and the weight of the assembly can be measured to determine the
flow rate. To maintain a compact, simple system for this pump prototype, this flow meter was
integrated with the pump, as shown in Figure 2. Essentially, it is a pump with a tank on top of it.
Since the pump and flow meter tank are integrated, no external piping was needed, which helped
keep the system compact, to minimize heat losses. The constant head was generated by the use of
an internal passageway up to the top of the tank, shown on the left of Figure 2. As the pump
speed increased, the fluid builds up in the tank, since more pressure was needed to drive it out of
the hole on the right. With this design, as compared to prior work [16] [17], now only the pump,
or equivalently the tank, needed to be weighed to know the flow rate.
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Figure 2: Flow path in combined pump / flow meter. The fluid is first accelerated to the outer
diameter of the pump, then travels up the pump outlet path and into the tank (flowmeter) above
the pump. The fluid level inside the flowmeter increases until the height is sufficient to drive the
fluid out of the small outlet at the same flowrate as the flowmeter inlet from the pump.

Now that the pump and flow meter were designed, a system was made to mount and actuate the
pump, which is shown conceptually in Figure 3. This design builds on the previous work of
Amy, et. al [16] with important improvements. Most notable is the axisymmetric mounting of the
pump. That is, the vertical rods that mechanically attached the pump to the motor, preventing
translation and rotation, are symmetric to the pump shaft. This is important because the pump
expands with temperature, and any other type of mounting system would cause it to become
misaligned with respect to the motor. Thus, it is an important advance to realize that that
mounting the pump so that its weight and relative expansion is aligned with the rotational axis
mitigates the issue broached in prior work by Amy et. al, where the degree of misalignment was
temperature dependent [17].
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Figure 3: Mechanical design of high temperature pump. The pump is mounted asymmetrically
to the motor with respect to the shaft to avoid thermal expansion induced shaft misalignment.
The pump is connected to the motor with a low thermal conductivity ceramic shaft to thermally
separate the hot and cold components. To accommodate the thermal expansion of the pump
mounts relative to the internal bolts, springs are used in the cold region. The pump is located
inside the tank so that a shaft seal is not needed since the small amount of fluid that leaks along
the shaft remains in the tank. The motor is mounted to a water cooled plate to thermally protect it
from the hot pump.

The pump is actuated by an insulated shaft connected to the motor. The low thermal conductivity
of this shaft is important because it is not actively cooled before directly contacting the motor,
which contains components made from lower melting materials such as polymers and aluminum.
To further protect the motor, the plate which secures both it and the pump is water cooled, as
further described in the Thermal section. The overall pump system including insulation is shown
in Figure 4. This system builds on the conceptual system shown in Figure 3, by adding vertical
actuators, weight sensors, and the heater. The actuators are needed because the Si is frozen
during assembly, so the pump is held above the Si and then lowered after it has been melted.
These actuators are known as non-captive linear actuators. They are powered by stepper motors
which rotate a nut to climb up and down a fixed lead screw. The weight sensors shown, suspend
the tank and insulation above the metal pump infrastructure and are used to measure the flow rate
of the Si. Here, it was geometrically simpler to weigh the insulation and tank (~ 50 Ibs) instead
of the pump, so the measurement was simply the negative of if the pump was weighed. Thus, in
this experiment the flow rate was determined by the reduction in combined weight measured for
the tank and insulation. These sensors are aluminum bars with strain gauges attached and are
commonly used for weighing shipped packages. The heater is also shown beneath the tank, and
the tank is supported by 4 rods on the corners (not shown) so that it remains at least 20 mm away
from the heater to avoid short circuiting by arc discharge [15].
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Figure 4: Full prototype pump system. The pump is lowered into the tank once the silicon is
melted by linear actuators mounted to the motor plate. The tank is heated from below and is
supported by the insulation which rests on a scale. The scale reports the weight change of the
tank, and by extension, the weight of the flow meter above the pump, enabling the calculation of

3) Thermal Considerations

The thermal design of the pump system focuses on heating the pump, tank, and Si to above 2000
°C while keeping the motor and actuator cold and in alignment. The pump and motor both mount
to the same water cooled stainless steel plate, as shown in Figure 5. This design incorporates
several heat transfer techniques to protect low temperature components while keeping the system
simple and minimizing the risk of coolant leaks. The most difficult component to thermally
protect is the motor since it is mechanically attached to the pump. Two main approaches are used
to achieve this: thermal isolation and geometric separation. The thermal isolation is mainly
employed by the long pump shaft, a section of which is made from partially stabilized zirconia,
with a relatively very low thermal conductivity of 2 W/mK. The pump mounts and the motor are
also geometrically isolated by locating water cooled channels between them. Through this
arrangement, the coolant water essentially breaks the heat transfer circuit between the pump
mounts and the motor, even with large (12 mm) channels and moderate heat transfer coefficients
(~2000 W/m?K) as shown in Figure 5.



Motor/Pump
Mount Plate

Insulating

A B
Figure 5: Temperature distribution of pump motor from side (A) and top (B) view. The motor is
kept cold by the water cooling which not only cools the motor/pump mount plate, but also
geometrically separates the hot pump mounts from the cold motor—effectively breaking the
thermal circuit and protecting the motor from overheating.

The pump mounts are installed mechanically in series with springs to accommodate the
relatively large expansion of graphite compared to the CFC bolts securing them. This net thermal
expansion is 4 mm, which would cause stress of 450 MPa—far exceeding the 120 MPa tensile
strength of the CFC—if not relieved by the springs. On the other hand, the springs have a force
constant of 15 N/mm and are installed with a preloaded displacement of 5 mm for a maximum
displacement of 10 mm and 150 N maximum force. The use of the springs then only imparts 2
MPa of stress onto the bolts, which is well below the fracture strength. Figure 6 shows how
drastically these springs are compressed when the pump is heated.

Figure 6: Thermal expansion of pump supports relative to internal CFC thread rod. The graphite
and ceramic pump supports expanded 5 mm vertically, while the CFC thread rod expanded less
than 1 mm. The springs at the top accommodated this mismatch, visibly compressing 4 mm.
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Although the pump is approximately isothermal compared to the 2000 °C thermal gradients
present in the system, in this small scale experiment the insulation and thermal isolation length
scales in the pump are so short that the coldest (top) part of the pump is actually more than 100
°C colder than the hottest Si as shown by the model predictions in Figure 7. This temperature
variation is critically important if the SiC layer does not prevent the dissolution of the graphite
since the change in carbon solubility in Si over 100 °C in this temperature regime is about 1%
[21]. Although this may seem small, it may allow for a substantial amount of carbon to dissolve
in the hotter section of the pump or tank, and deposit in the colder top of the pump. This
potential for dissolution is modeled in the following section.

degC
degC
2100

2000
2090

1800
2080
1600

2070
1400

2060
1200

2050
1000

Pump

2040
800

2030
600

2020
400

200 2010

2000

Figure 7: Temperature distribution of pump system (left) and pump (right). The model uses a
fixed temperature input to the base of the tank, based on the heater temperature of 2100 °C.
External convection and radiation boundary conditions are applied, and the motor and pump
mounts are actively water cooled. The figure on the right shows than temperature varies by 100
°C within the pump.

4) Chemical Considerations

It has been shown [15] that SiC can form a protective layer on graphite, greatly slowing further
reaction under isothermal conditions, but it was unclear how this layer would behave between
dynamic surfaces and under the advective enhancement of any degradation mechanism.
Therefore, in these pump tests the key goal was to learn the effect of pumping on the SiC layer.
Two main failure modes were anticipated: seizure and wear.

SiC can be formed by Si penetration in the gas or liquid phase, as shown in Figure 8. Here, it
should be noted that at 2000 °C, the vapor pressure of Si is quite substantial. Vapor transport and
subsequent reaction is much slower than direct contact with the liquid and subsequent reaction.
Here, this discrepancy is pronounced because of three factors: the low concentration of the vapor
in the gas, the tortuous path compared to the surface area of the shaft/pump gap to be coated, and
the lack of capillary pressure to drive Si into the pores. The time required for a 10 um thick layer
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of SiC to form on the pump shaft can be estimated based on the length and cross section of the Si
vapor path, which would take nearly one year for this geometry. This estimation is based on
Fick’s law with the surface area of the shaft and sleeve multiplied by the area to give the volume
of SiC to form. The rate of mass transfer is based on half of the sleeve length. This is in stark
contrast to the layer growth for graphite submerged in molten Si which forms a 10 um layer in
two hours, since the reactants are effectively at 100% concentration on both sides of the SiC
layer (i.e., pure C and Si). Thus, in the time span of these experiments the pump shaft was not
coated with SiC until it was submerged.

Figure 8: Vapor (left) and liquid (right) silicon source for SiC layer formation. The path for
vapor diffusion is so long and narrow that a SiC layer would take days to form compared to only
minutes when submerged as shown on the right.

With it established that the SiC layer will form only when liquid reaches a given location,
another question emerged regarding the rate of formation. Here, the concern was that if the layer
formed rapidly, too much SiC would simultaneously bridge the gap between the shaft and the
pump body (which can fluctuate from 0-200 um as the shaft moves) and the shaft would seize.
Since the SiC formation is fast, the rate of formation can only be limited by controlling the rate
at which Si is put in contact with the graphite. Here, the pump was slowly lowered at 2 mm/min
into the Si using the actuators shown in Figure 4, slowly submerging the bottom half of the

pump.

The pump was therefore lowered slowly into the Si in all experiments, but in the first test the
sleeve bearing (i.e. the static part of the pump surrounding the shaft) was too long to be fully
submerged. During this test, the pump was slowly lowered to the bottom of the tank while
rotating slowly, over the course of 30 minutes. The torque required to rotate that shaft remained
roughly constant during this time, but once the pump speed was increased to overcome the head
to actually start pumping, the shaft seized very quickly, after only a few minutes. While this
caused the test to fail, this test turned out to validate the theory that slow immersion was
necessary. As shown in Figure 9, at the bottom of the shaft where immersion was slow, the
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surfaces remained smooth and separated by Si as desired. On the other hand, near the top of the
shaft where Si was rapidly introduced by the increase in pressure from the change in pump
speed, the surfaces are very rough and the SiC is thick and even bridges the gap in some areas. In
fact, the roughness exceeded the average gap width, such that there was interference to the
rotation, which caused the pump to seize. Future tests avoided this issue by slowly introducing
liquid Si to the entire shaft-sleeve interface.
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Figure 9: Post mortem cross-section of the pump assembly (cut in half). Dynamic SiC surfaces
contact at the top of the shaft, causing binding which stopped the pump from rotating. The thick,
rough SiC formation was causes by the rapid introduction of silicon to the top of the sleeve

5) Pumping Results

The pump operated for up to 10 hours and at temperatures as high as 2080 °C during three
experiments. In two experiments, the flow rate was measured as shown in Figure 10. As
described in the Mechanical section, by measuring the mass of the tank over time, the flow rate
could be determined. This relationship between the pump speed setting and measured mass was
the primary way the performance of the pump was confirmed in these tests. The temperature and
pumping histories of these experiments are shown in Figure 11, where the duration of pumping
and phase change (melting/freezing) are shown with horizontal lines at the top of the figure. In
all three of these tests, the pump did not fail mechanically, nor did any components overheat or
suffer excessive thermal stress.
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Figure 10: Silicon fluid drain curves (left) stacked (middle) and used to calculate flow rate
(right). The drain curves are measured by filling the mass flow meter from Figure 5.3 and then
stopping the inlet flow. So, the weight is recorded over time while the flow meter drains as
shown on the left. This curve is then numerically differentiated with respect to time to get the
mass flow rate vs time. Lastly, the mass flow rate is plotted vs the mass as shown on the right.
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Figure 11: Pumping duration and temperature in three experiments. The top shaded region
shows the different phases of the experiment: melting, pumping, and freezing. In the main plot, a
horizontal temperature plateau is visible during phase change due to the high latent heat of

However, during the 10-hour experiment, there was no indication of flow after the first few
minutes of the pump rotating. The pump continued to rotate throughout the test as observed
visually and by the shaft encoder measuring its speed, and there was no mechanical fracture of
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the pump during the entire test. After ten hours of rotating, though, the torque required gradually
increased until the shaft seized. The cause of this lack of mass signal and shaft seizure was clear
after the experiment—the pump outlet and shaft were coated in a thick layer of SiC. The source
of this SiC was also clear because of the large amount of missing material from the lower pump
components, as shown in Figure 12. That is, carbon from the hottest parts of the pump, including
the impeller and surrounding pump body, had dissolved into the Si and precipitated out in the
colder areas, including the pump outlet, the top of the pump, and the top of the tank. Notably,
even if the flow path was not clogged, so much SiC was generated (~500 ml of highly porous
SiC) that it even bridged the 10 mm gap between the pump and the tank so that neither could be
weighed independently.

Figure 12: Part A shows the pump cross section, which suffered major dissolution after 10 hours
of pumping. The regions closest to the pump entrance at the bottom center experienced the most
thickness loss. Part B shows the pump outlet channel that is blocked by porous SiC and Part C
shows the outer surfaces of the pump which are also covered in SiC. Part D shows the bottom of
the pump, where macroscopic (~1mm) porosity has developed from the dissolution of carbon.
Part E shows the thick SiC present is poorly adhered, and was deposited on top of silicon, rather
than forming at the surface because when the SiC scale was chipped off, revealing the silicon

The series of experiments presented above are shown sequentially in Figure 13, where the time
dependent degradation becomes very clear. For example, the vertical gap above the impeller is
much larger in the 10-hour test than in the shorter duration tests. Another notable result was that
in the 1-hour test, the pump outlet labeled on the left of the figure was partially clogged with SiC
and SiC has also deposited at various levels on the inside of the flow meter. The fact that this
deposition/precipitation was not present in the shorter test, and far more is present in the longer
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test clearly points to a time dependent degradation mechanism that turned out to cause the pump
to fail after < 24 hours of use. Here, without the protection of SiC, the thermodynamic driving
force for dissolution is by analogy actually quite similar to a pump made of sugar pumping
water. That is, the solubility of sucrose in water at 20 °C is within a factor of two of the
solubility of carbon in Si at 2400 °C [22]. This is in contrast to polyethylene which can be safely
to contain drinking water and is more than 10,000 times less soluble [23].

0.1 hours 1 hour 10 hours
Figure 13: Images showing how the pump dissolves over time. These images are from three
separate experiments of varying length, but otherwise similar conditions. The buildup of
precipitated SiC can be seen after one hour, but it is much more obvious after 10 hours, where

Given the rapid dissolution observed in this relatively isothermal test, and the difficulty in
quantifying the rate due to the significant flow path change during the test, an experiment was
designed to quantify the dissolution rate. This is especially important because although the pump
could be made very nearly isothermal in a large system, the regions of the system where heat is
exchanged fundamentally cannot.

6) Quantifying Dissolution Rate

Solids are subject to dissolution into a liquid when circulated across a temperature gradient if the
solubility varies significantly in the temperature range. Here, Si was circulated between regions
of the graphite infrastructure at temporally steady but different temperatures. For example, in the
TEGS system, Si is pumped from the cold tank, through the heater, and to the hot tank. Here,
although the hot tank remains hot and the cold tank remains cold, Si is pumped between the
tanks at varying levels of carbon saturation and solubility. To check whether this varying carbon
solubility would result in dissolution of the graphite infrastructure, or if the SiC or other
resistances could mitigate the dissolution, an experiment was designed to generate the ~500 °C
temperature gradient that will be present between the hot and cold tanks of the TEGS system.
This experiment was conducted in an induction furnace where a 200 mm tank was heated from
the bottom with the top uninsulated. Then, via natural convection, the hotter Si at the bottom of
the tank, via buoyancy, circulated to the top of the tank. In this configuration carbon dissolved in
the hot zone, and precipitated and deposited in the cold zone at the top.

A 3D heat transfer, mass transfer, and fluid dynamics multiphysics model was developed using
COMSOL to inform the heating/insulation scheme required to generate the desired temperature
profile. The temperature profile was also strongly influenced by the convective heat transfer in
the Si, which is driven by the temperature dependent density of Si. Thus, the fluid mechanics and
heat transfer physics were solved simultaneously. The model was also used to predict the flow
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rate between the hot and cold zones. In the actual experiment, temperature was measured by a
pyrometer focused on the tank lid as shown in Figure 14, so the model was adapted to match the
temperature attained in the experiment, of 1070 °C. Although this temperature is lower than the
melting point of Si, the lid is 50 mm above the Si, and 200 mm from the heated zone. Here, the
base of the tank was found to be 2100 °C based on the insulation, external convective and
radiative boundary conditions, and the measured and matched lid temperature. As shown on the
right of Figure 14, the sharp thermal gradient generates buoyancy driven flow on the order of 30
mm/s or a 1 g/s (assuming 80% of the flow recirculates in smaller eddies). This model predicts 1
mm thickness loss in 200 minutes based on the average rate of net dissolution from the hot zone.
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Figure 14: Thermal and fluid model predictions for the dissolution experiment. On the left is a
black graphite crucible containing silicon and surrounded by insulation. It is heated from the
bottom inductively, causing the thermal gradient shown on the right. This thermal gradient
induces natural convection which enhances the mass transfer, so that dissolution can be

Now that an estimate was in place for the rate of dissolution for this specific geometry and
thermal conditions, an experiment was conducted to validate the model. Here, the 200 mm
crucible was filled with Si and first heated from the middle to melt all of the Si. Then the heater
was moved to the bottom of the tank to induce natural convection. Here, although the top of the
tank decreased to only 1070 °C, based on the COMSOL modeling this corresponds to a peak
temperature of the bottom of the tank of 2100 °C.

This experiment showed dissolution nearly as rapid as modeled, suggesting that the SiC layer
does not prevent saturation of carbon in Si near the surface of the SiC layer. Carbon from the SiC
itself clearly dissolved into the Si, since a measurable material loss of 0.82+0.16 mm was
observed as shown in Figure 15. This uncertainty is based on the standard deviation of six
measurements, each taken from the dissolved bottom region and the top region that was not
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submerged. The variation in measurements is mainly due to the nonuniform dissolution in the
hot zone, while the measurements themselves were made with 0.05 mm accuracy. This amount
of material loss is in fairly good agreement with the COMSOL model that predicted 1.18 mm of
material loss, 30% more dissolution that was observed.

~0.8 mm loss

Figure 15: Results of four hour nonisothermal circulation experiment. Dissolution material loss
of about 0.8mm in the hot 2100 °C zone at the bottom was observed. This dissolved graphite was
precipitated and formed porous SiC at the top of the liquid region. The darker particles in the
middle and right figures are SiC.

Notably, the precipitated carbon formed highly porous SiC in the top of tank which interrupted
the flow profile, slowing the rate of dissolution. Here, as the SiC built up, the effective height of
the circulating region decreased. This caused the temperature range of the circulating region to
reduce, perhaps from 500 °C to about 250 °C. This estimate is based on the liquid region being
reduced by a factor of two, due to the ~50 mm height of SiC deposition visible in Figure 15
compared to the 100 mm temperature profile in Figure 14. Since solubility is temperature
dependent, this reduced the variation in solubility between the hot and ‘cold’ zone. Then, since
the concentration is determined by solubility, the concentration gradient was reduced. Mass
transfer is driven by the concentration gradient, so the driving force—and thus the rate—of mass
transfer was reduced. Similarly, the smaller temperature range also reduced the velocity of the
fluid since the buoyant affects were suppressed by the smaller changes in density that accompany
a small change in temperature. Thus, the driving force for diffusion and the advective
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enhancement of natural convection were both reduced as SiC continued to deposit in the top of
the tank. This is likely the main reason for the overprediction of the COMSOL model.

Another form of thermal cycling also occurs in the TEGS system—transient thermal cycling. For
example, between heating and storage phases the pipes in the heater section of the TEGS system
will cool by 100-600 °C. This could cause delamination, because of thermal or solid-solid phase
change stresses that develop between the SiC and graphite. The thermal expansion coefficient of
graphite [18] is relatively constant, at about 5 um/mK, while for SiC [24] it is 4 um/mK. Since
graphite expands more than SiC, when the temperature is increased the SiC will be stressed in
tension. Then, if it fractures and more SiC forms, it would be loaded in compression on cooling.
Because the thickness of the graphite is more than 1000 times thicker than the SiC, essentially all
of the strain is expected to be resolved in the SiC, generating stress according to

o=Le =E(0'C —a'SiC)AT . Here, o is stress, Eis the elastic modulus of SiC, ¢ is the strain, o is the

thermal expansion coefficient, and AT is the temperature change. This stress exceeds the tensile
strength of SiC along grain boundaries, although it is below the compressive strength along grain
boundaries and the tensile strength of single-crystal SiC [24]. This suggests the SiC layer may
initially crack on expansion along grain boundaries, but once these cracks are filled with more
SiC, the layer may eventually be continuously loaded with only compressive loads.

Since the SiC layer grows to ~20 pum thick in about 30 minutes, 25 cycles could cause 0.5 mm of
wall thickness loss, which would be very obvious since the wall is only 3 mm thick. With this
prediction, the transient thermal cycling experiment was conducted, varying the temperature
from 1600-2100 °C 22 times over 8 hours, as shown in Figure 16. The experiment stopped short
of 25 thermal cycle initial target, because the optical path to the temperature measuring
pyrometer became blocked near the end of the experiment, as indicated by the trailing peak
temperature for the last three cycles.
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Figure 16: Temperature (left) of transient thermal cycling experiment over time. The
temperature was ramped between 1600-2100 °C 22 times over 8 hours to check for thermal
stress induced SiC delamination. Images of transient thermal cycling experiment (right). Part A
shows a tank which was cycled only once for reference. Part B shows the tank that was cycled
22 times, resulting in up to 3mm (the entire wall thickness) material loss. Part C shows a cut
perpendicular to Part B, where the entire wall thickness was lost as indicated by the arrow and
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The results of the experiment are shown in Figure 16. Here, material loss ranged from nearly
zero, at the top and to bottom, to up to 3 mm (the entire wall thickness) near the middle. The
remaining flakes of SiC above the SiC surface indicate that delamination did indeed occur, but it
is difficult to fully decouple the delamination effects from the dissolution effects. It is also not
completely clear why the material loss varies so greatly spatially. The most material loss
occurred at the top surface of the Si, and then the loss trailed off lower down the tank wall. This
was roughly the hottest part of the crucible, although the heating was spread over at least 50 mm
vertically. Thus, although this experiment proves transient thermal cycling can cause
delamination, more analysis and experiments would be needed to determine under which specific
conditions it occurs. For example, the rate of thermal cycling and the dwell time at the high and
low temperature may affect whether delamination occurs. However, increasing the length of the
experiment may also exacerbate the effects of dissolution, further mixing the two effects. Thus,
if these two comingling effects are to be better quantified in future work, care should be taken to
try and decouple them, as dissolution is clearly an important phenomenon to consider.

Conclusions and Future Work

The results of this work show that a major challenge in the use of Si significantly above its
melting point has been confirmed in three sets of experiments, due to the high solubility of
graphite and SiC containment in the liquid Si. In fact, since Si was investigated for its unique
position as an affordable, potentially containable liquid, these results suggest that the idea of
using a single liquid for sensible energy storage and heat transfer is problematic. This could be
problematic for the TEGS-MPV application described herein, which involves temperatures
above 2000 °C, and it also may be problematic for applications closer to the melting point of Si
[21], since they are still likely to involve sensible heating above the melting point to some extent.
In these lower temperature embodiments, this effect is likely to take place much slower, but
when thinking about lifetimes on the order of decades, such issues may still become necessary to
address.

However, the performance benefits of moving heat with a liquid are so significant that further
work is warranted and continuing on the containment and pumping of liquids above the recently
set 1400 °C record [17]. Similarly, the cost and performance benefits of operating a photovoltaic
heat engine at extreme temperatures near 2000 °C warrant the investigation of alternative
extreme temperature storage materials. Further, the results presented here serve as an important
proof-of-concept of the mechanical and thermal feasibility of pumping a liquid above 2000 °C,
eclipsing the prior record set at 1400 °C [13]. Based on the feasibility and attractive
technoeconomics, we introduce below a simple alternative embodiment of TEGS to motivate
future work, that can overcome this problem of dissolution. We also discuss unresolved issues
with the TEGS-MPV system that would translate to this new embodiment and similar
alternatives.

One alternative embodiment of TEGS which merits further consideration is the separation of the
storage and heat transfer systems. One specific material pair that appears ideal is graphite storage
and tin (Sn) as a heat transfer fluid. Graphite is actually a much cheaper storage material than Si
because low grade graphite can cost as little as $0.50/kg, and its mass-based specific heat
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continues to increase up to 2 kJ/kg/K at 2000 °C, approximately twice as high as Si. This leads to
a much lower cost per unit energy of ~ $3.6/kWh, and an estimated cost < $10/kWh even after
all auxiliary components, construction etc. are considered (i.e., using the same methods as Amy
et al. [13]). Notably, this cost is lower than the projected < $20/kWh targets set forth in long
duration storage analyses that examine what would be required to fully decarbonize the grid [10,
11, 14]. Similarly, although Sn costs approximately $20/kg, making it too expensive to use for
bulk storage, it is affordable for use as a heat transfer fluid, due to the much smaller volume
required. However, the challenge becomes, how can thermal energy be exchanged with the
graphite. Liquid tin could be used to transfer thermal energy from the heater to the graphite, and
from the graphite to the heat engine as shown in Figure 17. However, the question still arises,
will tin have the same solubility problem as Si?

The dissolution can be reduced by reducing temperature, convective effects, the solubility
variation across the temperature range, as well as the length scale for diffusion. In addition to
these four effects, a regenerative, or reversible dissolution-precipitation scheme could also be
employed. In this case, the direction of fluid flow and or thermal/solubility gradient could be
periodically reversed in an attempt to redeposit lost material in the same location. A simple
diagram showing how this could work is given in Figure 18. Here, the direction of flow is
reversed axially, and the direction of heat transfer is reversed radially in order to reverse the
effects of dissolution locally. The reason this approach can potentially work for Sn, but not for
Si, is because of the extremely low solubility of carbon in Sn vs. the large solubility of carbon
and SiC in Si. This means that Sn could complete many charge/discharge cycles without a pipe
becoming clogged in the region where it is deposited, or completely dissolving the pipe wall in a
region where it is dissolved. This is because the driving force for dissolution is so low. For Si, on
the other hand, the dissolution rate is sufficiently fast, that within 24 hrs, one could potential clog
a pipe, or full dissolve a pipe wall within the execution of a single charge/discharge cycle.

It is also important to appreciate that in the case of Sn, a refractory coating could be applied to
reduce dissolution. This would be similar to the idea of SiC protecting graphite, but an even
more refractory coating such as TiC or ZrC which would have lower solubility due to its higher
dissociation temperature (due fundamentally to the stronger covalent bonds compared to SiC). It
1s important to note that the material change from Si to Sn will reduce dissolution by more than
three orders of magnitude, and the other four methods above can each reduce the rate by more
than and order of magnitude, such that decades of life can be achieved even without fully and
successfully employing all the techniques discussed. With this alternative approach, one could
avoid the challenges associated with temperature dependent dissolution, and thus the graphite
version of TEGS-MPV with liquid tin has major reliability and lifetime advantages over the Si
based embodiment, in addition to its much lower cost.
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Figure 17: TEGS-Sn concept with combined Heater and MPV section, which can enable natural
regeneration of carbon dissolution and precipitation cycling since the hot side of the
Heater/MPV piping changes between charging and discharging. On the right the temperature
profiles during charging and discharging are shown.

C

Figure 18: Regeneration of dissolved graphite by precipitation in the same location. Part A
shows a graphite pipe with tin flowing through it before any dissolution and without heat transfer
to drive dissolution. Part B shows an exaggerated geometry change of the pipe, after cold tin has
been flowing in from the left and heated by the pipe, dissolving the wall mostly on the hot (right)
side. Part C shows the pipe after hot tin has been flowing in from the right and cooled by the
pipe, causing precipitation mostly on the right since the solubility gradient is larger at higher
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