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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 renewables to provide this
availability, but there is no clear technology that can meet the low cost needed. Thus, we introduce a
concept termed thermal energy grid storage, which in this embodiment uses multi-junction
photovoltaics as a heat engine. We report promising initial experimental results that suggest it is feasible
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and could meet the low cost required to reach full penetration of renewables. The approach exploits an
important tradeoff between the realization of an extremely low cost per unit energy stored, by storing

DOI: 10.1039/c8ee02341g heat instead of electricity directly, and paying the penalty of a lower round trip efficiency. To understand

why this tradeoff is advantageous, we first introduce a general framework for evaluating storage

rsc.li/ees technologies that treats round trip efficiency, as well as cost per unit energy and power, as variables.

Broader context

Even though the cost of solar and wind has dropped dramatically, the extent to which they can be used on the grid is limited by the need for some form of
energy storage. As a result the storage problem has emerged as one of the most important technological hurdles to mitigating climate change. Current and
future predictions for battery prices are too expensive to enable full penetration of renewables, which has necessitated a search for alternatives. Here, we
introduce a somewhat non-intuitive approach termed thermal energy grid storage, which stores electricity as heat and then converts it back to electricity on
demand. It is well known that the conversion of heat to electricity is thermodynamically limited and therefore results in a significant efficiency penalty.
However, the storage of energy as heat instead of electricity can be 50-100x cheaper, and as a result the 15-40% efficiency penalty becomes a worthwhile
tradeoff. In this article, we introduce a new embodiment that stores heat at extremely high temperatures (>1900 °C) in order to maximize the conversion
efficiency and it also enables usage of a different type of heat engine (i.e., specially designed photovoltaics) instead of a turbine, to achieve even lower cost.
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Introduction

In the last decade the cost of electricity derived from renewables,
i.e., solar photovoltaics (PV) and wind, has fallen dramatically,">
making renewables cheaper or competitive with fossil derived
electricity in many locations. This is a remarkable achievement,
but it is based purely on an assessment of the levelized cost per
unit energy (LCOE) (i.e., the total cost divided by the lifetime
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electricity output, $ per kWh-e). Although this is an important
quantity, it does not account for the fact that renewable
electricity is not necessarily available when desired, since it is
inherently tied to the weather. Thus, providing energy on
demand remains a key necessity provided by existing fossil-
based technologies. Consequently, as Denholm®* and others® ™’
have shown, renewable penetration into the grid will be limited
to <10-15% without grid level storage. Thus, “the storage
problem” ie., how to store/buffer energy at the grid scale
cheaply, has emerged as one of the most important techno-
logical barriers to decarbonization of the grid and mitigating
climate change.

Currently the cheapest grid storage technology is pumped
hydroelectric storage (PHS), which has a high roundtrip effi-
ciency (RTE) ~80-90%, as well as a low cost per unit energy
(CPE) ~ $60 per kWh-e and cost per unit power (CPP) ~ $1 per W-e.®
Here, CPE indicates all the costs related to the storage of energy
(e.g. water reservoir), while CPP represents the costs that scale

This journal is © The Royal Society of Chemistry 2019
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with power output (e.g. water pump/turbine). The issue with PH,
and also compressed air energy storage (CAES), however, is that
they are geographically limited, and in the case of PH the prime
locations have already been exploited.”™** Electrochemical bat-
teries, on the other hand, have promising new chemistries,”'?
but it is unclear if any will displace Li-ion batteries whose prices
continue to drop from $300-400 per kWh-e down to a predicted
asymptote ~$150 per kWh-e.” There is significant concern
nonetheless, that even this lower asymptote for Li-ion is still
not cheap enough to enable the eventual 100% penetration of
renewables. In this respect, alternative solutions to the storage
problem are needed, and it is likely that costs closer to
$50 per kWh-e and below'>'" will be needed to eventually
realize 100% penetration and full abatement of CO, emissions
from the stationary power sector. This low cost requirement
arises from the fact that the storage cost, i.e., levelized cost of
storage (LCOS), should be below the $0.06 per kWh current
average electricity price'® and 10 or more hours'® of storage
are needed to reliably and cost-effectively supply the grid.

Thermal energy grid storage

In thinking about lower cost storage, one class of technologies
that has not received much attention is thermal energy storage
(TES). This is because the final form of energy needed is
electricity, necessitating the conversion of heat back to electri-
city, which tends to occur at low efficiency (~35-40%) and high
cost (~$1 per W-e) for conventional turbine-based heat
engines. However, even though the low efficiency is off-
putting, when one considers the entire economic proposition,
it can actually prove quite attractive if new embodiments that
achieve somewhat higher RTEs or very low CPEs'” and/or CPPs
are considered.

Several embodiments*®*°

are under development involving
the conversion of electricity to heat, which is then stored and
later converted back on demand, such that we have generally
termed this class of technologies thermal energy grid storage
(TEGS) herein. What these various incarnations share is the
storage of heat, which is exploited to be as inexpensive as
possible and can be 1-2 orders of magnitude cheaper than
electrochemical batteries. The simplest embodiment that is
arguably closest to commercialization, is to use molten salt as
is currently done in concentrated solar power (CSP) plants,°
except that one would need to replace the solar heat input with
joule heating. With this approach, one can today achieve a
CPE < $100 per kWh-e,”" but the problem would be the low
RTE (~35-40%) and significant CPP (~$1 per W-e). A more
clever approach introduced by Laughlin®® involves the usage of
a heat pump instead of joule heating, which can in theory
almost double the RTE to ~72%, perhaps at similar CPP, and
makes TEGS a very attractive option. Other interesting and
potentially attractive embodiments also exist, but to determine
the best option, the value of RTE must be assessed with respect
to CPE and CPP. It is therefore important to have a framework
for quantitatively evaluating the tradeoffs between RTE, CPE
and CPP, which ultimately dictates the economics and value to
the grid. In what follows, we briefly introduce a simple
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framework for assessing such tradeoffs, followed by an intro-
duction and discussion of our own incarnation of TEGS, which
our analysis shows may be one of the few solutions to the
storage problem that is inexpensive enough to eventually
enable a fully renewable grid.

A general framework for comparison of storage technologies

For a given storage technology, the total capital expenditure
(CAPEX) can be thought of as a sum of two main components,
CAPEX = CPE + CPP/t, where t is the time that the resource can
be discharged at maximum power. In the simplest terms,
CAPEX is compared to the two primary unsaturated sources
of revenue, namely capacity payments ($ per kW) paid annually,
which scale with the power output promised/supplied, and
arbitrage ($ per kW) earned annually, which is where the RTE
plays a critical role. Notably, we do not assume any intervention
from governments or otherwise to incentivize sustainable
energy despite the positive externalities so that these results
stand on economic drivers alone. Sioshansi et al.* have quanti-
fied how much value a storage resource would receive from
arbitrage, as a function of the RTE and ¢, by using the
Pennsylvania New Jersey Maryland (PJM) grid as an example.
Their work showed that there would be a diminishing increase
in value for large ¢ resources on the 2007 PJM grid and they
quantified how the value of storage changes with RTE, which
we have used as an input in Fig. 1A. This plot shows that a
storage technology with RTE < 36% would not have generated
any value from arbitrage on the 2007 PJM grid. Fundamentally,
this is because the input energy must be purchased and there-
fore the ratio between on-peak and off-peak pricing sets a lower
efficiency limit, #min, to earn arbitrage profit, as shown in
eqn (1). That is, if a technology must buy three times as much
energy as it sells, it must sell that energy for at least three times
the purchase price to derive positive value from arbitrage.
Because these devices cannot charge or discharge instanta-
neously, the closer their efficiency is to #min, the less frequently
they can profitably engage in arbitrage.

I)OHbeak
Nmin ~ P (1)
peak

To assess the value of RTE relative to CPE and CPP, we can
use the simple relation in eqn (2). Here, the CPP for zero net
present value (NPV) is evaluated where total cost is equal to
total revenue earned during the system’s life, discounted with
an internal rate of return (IRR) of 10%, denoted by r. This rate is
based on typical interest rates of energy storage systems,>?
although the effect of variability is explored in extended data
Table S2, ESL.1 Here, L is the lifetime in years, and V,, (RTE) is
the arbitrage value in $ per kW per year, which is a function of
RTE, as shown in Fig. 1A. The capacity payment (CP) is
estimated based on the average net cost of new entry (Net
CONE) of peaking gas turbines. Net CONE is the cost of a
peaking gas turbine minus its anticipated energy and ancillary
revenue, and therefore represents the capacity payment
needed for it to break even.>>>* For the results in Fig. 1, CP
is taken to be $95 per kW per year (see ESIT). Future revenue is
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Fig. 1 Three parameter analysis of energy storage value: CPE, CPP, and RTE. (A) Value of arbitrage as a function of RTE. (B) Value comparison of leading
energy storage technologies (* indicates not shown in C, because off the chart). (C) CPE and CPP (white shapes) of three competitive energy storage
technologies. Arrows and black shapes indicate maximum CPP to break even. Arrow direction and length indicate NPV. The colored contour represents
the RTE to break even, assuming 10% IRR, a 30 year system, and 10 hours of storage.

discounted with the factor o as shown in eqn (3), which
assumes revenue is accrued uniformly over time.

CPP — g( Vs (RTE) 4+ CP) — 1 x CPE @)
ree’
PR 3)

Using this simple relationship, the maximum CPP value
allowed, i.e., to break-even, was estimated for various technol-
ogies, assuming the values given in the table of Fig. 1B, which
are detailed in ESI,f where alternative IRRs are considered.
Using this framework, any storage technology can be evaluated
by knowing its RTE, CPE and CPP. By using its actual CPE
(horizontal axis) and corresponding RTE (color) from Fig. 1C,
one can read off the maximum allowable CPP for the technol-
ogy on the vertical axis. If it turns out that a given technology’s
actual CPP is lower than the corresponding max CPP in Fig. 1C,
then it would be profitable under the stated financial assump-
tions. The max CPP and actual CPP values for different
technologies are then indicated in Fig. 1C, as well as the
estimated values for the technology introduced herein, which
could be profitable based on the conservative “high” results of
the following Cost estimation section.

The results in Fig. 1C show that although it is initially non-
intuitive to operate at low RTE, economically it makes sense to
still consider low RTE technologies that have very low CPE and
CPP values. For example, a storage technology with an RTE of
50%, CPE < $50 per kWh-e and CPP < $0.5 per W-e can be
profitable like PH, while batteries would not be profitable
under the stated assumptions in Fig. 1B. This is largely due
to the limited cycle-life of batteries compared to the storage of
energy via bulk mechanical/thermal methods. To consider the
coordinates of batteries on Fig. 1C their costs must be multi-
plied by 3a/030 = 1.5 (e.g resulting in CPE = $230 per kWh-e
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and CPP = $0.12 per kW-e), where discount factor o accounts for
the shorter loan/payback period of batteries as shown in
eqn (3). Thus, based on this economic motivation, we introduce
a new TEGS concept termed TEGS-MPV that employs ultra-
high temperatures and multi-junction photovoltaics (MPV) to
achieve a profitable combination of CPE, CPP, and RTE as
described in the following sections. With this approach, a
storage technology that is not geographically limited, yet has
similar cost effectiveness to PH, could be realized and could
become the most cost-effective embodiment of TEGS.

A new system concept

The new TEGS-MPV system concept is illustrated in Fig. 2 and
consists of a low cost thermal storage fluid, nominally 553
metallurgical grade (98.5% pure) silicon, which costs ~ $1.6 per kg
at high volume. The liquid Si is stored in a “cold” tank, nominally
at 1900 °C, in the discharged state. To charge the system, the
1900 °C Si is pumped, using an all graphite seal-less sump pump,
through a series of pipes that are externally irradiated by tungsten
or graphite heaters which draw electricity from the grid. In this
heater sub-system, the temperature of the Si is nominally raised to
~2400 °C as it is pumped into the “hot” tank, where it is stored.
The tanks are large, with diameters on the order of 10 m, which
allows the surface area to volume ratio to be small enough that it is
feasible for less than 1% of the energy stored to be lost each day,
which is similar to CSP plants using molten salt TES.”® In this
extreme temperature case, the insulation is more expensive as
detailed in the Cost modeling section, but heat loss can still be
minimal. Assuming such a storage resource were to be discharged
once a day, this leads to an almost negligible penalty on the RTE.
When electricity is desired, the 2400 °C Si is pumped out of the hot
tank and through a MPV power cycle. The MPV power cycle is
envisioned to consist of an array of graphite pipes that are covered
in tungsten (W) foil. The W foil acts as a lower vapor pressure
barrier between the graphite pipes and the MPV cells, which are

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic overview of the proposed technology, where electricity from any source is converted to heat via joule heating, which is then
transferred to a liquid storage medium as sensible heat (1900-2400 °C). Using a cheap material, e.g., metallurgical grade silicon ($1.6 per kg), heat can be
stored, with minimal heat leakage (~ 1% per day) at large scale. When electricity is desired, the liquid is pumped through an array of tubes which emit light.
The light/heat is then converted back into electricity using multi-junction photovoltaic cells that convert the visible and near infrared light, and reflect the

unusable light with a mirror on the back surface.

mounted on an actively cooled block that keeps their temperature
near the ambient temperature (i.e., ~40 °C as described in the
ESIt). The W foil therefore serves as a photon emitter, almost
identical to an incandescent lightbulb,* that emits light to the
MPV cells which convert a fraction to electricity. As the Si passes
through the power cycle piping network it cools as energy is
extracted and converted to electricity, returning to the “cold” tank
to await later recharging. Here, it is important to note that for this
temperature range, 25-33% of the light being converted is in the
visible spectrum, and materials with band gaps similar to or
higher than Si are envisioned. Therefore, these cells are arguably
just PV cells, as opposed to thermophotovoltaic (TPV) cells. For
this reason, we’ve elected to use the term multi-junction PV (MPV)
instead of TPV, to highlight the fact that the envisioned cells bear
resemblance to and use many of the advances that have been
made for MPV, in the context of concentrated PV (CPV).

It should be appreciated that the temperature regime chosen
here represents a rather practical limit for industrially manu-
factured refractories, namely graphite and W. Although both
materials melt/decompose at even higher temperatures, at
2400 °C, a substantial vapor pressure develops, which can lead to
emitter material deposition onto the MPV cells—degrading their
optical performance. Nonetheless, the most extreme temperatures
possible are employed to achieve the highest possible RTE.

To the best of our knowledge, the efficiency of PV that
converts light from a high temperature heat source, most
commonly referred to as TPV, has not exceeded ~29%, which
was achieved using single junction Si cells and a 2000 °C
emitter.”” However, more recent work using an InGaAs cell
achieved almost the same efficiency (28.2%),”® but only required
an emitter temperature of 1256 °C. This is because the single

This journal is © The Royal Society of Chemistry 2019

most important loss in such cells is the voltage, which is usually
~0.3-0.4 V for III-V materials.?° However, this loss is worse for a
material such as silicon, because of its indirect band gap, as well
as Auger recombination at the high photon fluxes in this
application. Given that this voltage loss tends to be almost
constant when practical devices are made (neglecting a small
bandgap dependence), it suggests that the most important
pathway to reaching higher efficiencies (>40%) with a terrestrial
light source is to utilize higher band gap materials than have
been pursued previously. In this way, the rather fixed voltage loss
becomes a smaller fraction of the band gap voltage and the
overall device efficiency improves. However, higher band gaps
require higher temperatures so that a substantial portion of the
emitted spectrum is above the band gap and can be converted.
This is important, because achieving a low CPP requires that the
cells be operated at high power density, so that their cost, which
scales with the total cell area, can remain low. Furthermore,
although photons below the band gap can be returned to the
emitter by mounting the cells on a back surface reflector (BSR),
this recycling is imperfect, so the proportion of photons above
the band gap must be substantial to outweigh the parasitic
below band gap absorption. It is for these reasons that the most
extreme temperatures are considered in this TEGS embodiment.

Although it is appreciated that such a concept may seem
unrealistic, our recent work®® and the initial experiments above
2000 °C described herein have laid the foundation for the high
temperature infrastructure in Fig. 2, by addressing some of the
most critical risks. Key to this approach is the use of a flowing
liquid as a heat storage and heat transfer medium. This is
because, unlike the large thermal resistance present conduct-
ing through a large solid, transferring heat via convection

Energy Environ. Sci., 2019, 12, 334-343 | 337
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minimizes thermal resistance. Usage of a solid or formation of
a solid (i.e., via phase change) can become problematic because
a sensible heat discharge from a solid will inherently cause a
conductive resistance to build up, which will lower the power
output and efficiency over time. Besides direct cost implica-
tions, this issue is undesirable for grid operation because
capacity payments are based on a rated power that can be
supplied/promised (see ESIt). However, since a liquid/fluid can
be pumped, it enables straightforward designs that can achieve
a steady state power output and RTE.

For the MPV power cycle, some of the important system level
considerations have been addressed in previous work by Seyf
and Henty,*" such as the need for the power cycle to be large
(MW scale, with length scales ~10 m) in order to overcome the
losses associated with heat leakage to the environment by
minimizing the ratio of surface area to volume. Their prior
work also identified the BSR reflectivity, or more specifically the
net amount of below band gap cell absorption, as the most
critical parameter. However, while their initial predictions for
the cell efficiency are theoretically justified, they do not fully
capture the realistic voltage losses that tend to occur in real
cells. Thus, a more realistic consideration of practical cell
losses would drive the system towards operation at much
higher temperatures than their initial work indicated,*" as will
be discussed in more detail in the next section. Nonetheless,
the MPV cells considered herein are still envisioned to incor-
porate a BSR, but for this temperature regime, higher band gap
materials as well as multiple junctions are expected to be
optimal. Furthermore, by using cells grown on GaAs as opposed
to InP substrates and by using hydride vapor phase epitaxy
(HVPE) instead of metal-organic chemical vapor deposition
(MOCVD), the cell costs could be much lower than estimated.

One critical question that arises with the TEGS-MPV
approach, however, is why MPV is chosen as the heat engine
instead of a turbine, which could likely be more efficient at
lower temperatures. There are three reasons for this: (1) turbines
that take an external heat input and operate at high efficiencies
(>50%) do not currently exist. Although it may be possible to
develop such a system, a large barrier to commercial deployment
exists, as it would require a large OEM to undertake an expensive
(>$100 million) development effort for a high-risk application.
On the other hand, existing III-V cell manufacturers are posi-
tioned to facilitate the commercialization and deployment of the
described MPV power cycle with much less investment. (2) The
cost of our proposed MPV system can be much lower than that of
a turbine. (3) The speed with which turbine-based heat engines
can ramp from zero to full power is on the order of tens of
minutes to an hour. However, with this TEGS-MPV approach, as
is illustrated in Fig. 2, the MPV modules can be actuated in and
out of the light on the order of seconds, which could provide
much greater value to the grid via load following, thereby
increasing revenue.

Modeling and experimental results on feasibility

One inescapable component needed to realize the TEGS-MPV
system is the storage medium tank. If there is no conceivable
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way to make the tanks, then there is no path towards realizing
the system. Using a liquid storage medium requires that the
tank be impermeable, and the options for materials at these
temperatures are severely limited. One of the only cost effective
options is graphite, but it would be infeasible to fabricate the
entire ~10 m diameter tank from a single monolithic piece.
This necessitates that the tank be formed from sections, with
sealed interfaces that do not leak.

A first and highly encouraging result that suggests this
problem can be easily and cost effectively solved is shown in
Fig. 3. In this experiment, a dense (1.85 g cc™ ') graphite (KYM-20)
miniature “tank” filled with 553 grade Si was heated above
2000 °C for 60 minutes. The tank was made from two sections
and sealed with a thin grafoil face seal that was compressed by
carbon fiber composite (CFC) threaded rods and nuts. The
tank was insulated with graphite felt and aluminum silicate
insulation inside a quartz tube, under high purity argon gas
(<1 x 107° atm O,). The tank was heated by induction and its
temperature was measured using a C-type thermocouple. It is well
known that graphite and Si(1) react to form SiC,** and a protective
SiC scale that prevents further reaction can form, if the graphite
has the right microstructure. In this experiment, as shown in
Fig. 3E, Si penetrated the graphite tank approximately 400 pm,
and created a dense 20 pum thick SiC layer at the interface,
preventing further penetration. Initial experiments showed that
if a thicker grafoil seal is used, the expansive reaction could break
apart the entire “tank”. Thus, this preliminary result is rather
non-trivial, as it offers initial proof and confidence that Si can be
contained at these temperatures in a multi-section tank.

Another feasibility issue concerns the need to pump liquid
Si at temperatures as high as 2400 °C. On this issue, recent
experiments by Amy et al.*° have shown that it is feasible to use
brittle ceramics as mechanical pumps, as they pumped liquid
tin at temperatures up to 1400 °C. Here, the temperature is
~1000 °C higher, which would be a major concern for infra-
structure made from solid metal components. However, for
ceramics and refractories, such as graphite, this is much less of
a concern, since the materials tend to be covalently bonded and
therefore tend to exhibit weak dependence of their mechanical
properties on temperature. In fact, the strength of graphite
actually increases with temperature, up to 2600 °C.** For these
reasons, although pumping at 2400 °C has not been done
before, the testing above 2000 °C and pumping®® at 1400 °C
renders the notion now feasible, as there are no obvious issues
that should prevent operation at the higher temperatures.

Another potential issue with the TEGS-MPV system is that
the heater efficiency is a non-trivial matter, since it would
require power conditioning electronics that could have sub-
stantial losses that ultimately detract from the RTE. This issue
is discussed in more detail in ESI, but the conclusion is that
existing power electronics can supply the necessary input at low
cost with less than 1% parasitic loss.*® This loss is small and
almost negligible, which shifts our focus to the primary loss in
the system, which occurs in the MPV power block.

The PV cell which converts photons radiated from the
thermal emitter to electricity plays a crucial role in the system

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Proof of concept experiment demonstrating a sealed graphite (KYM-20) reservoir containing 553 grade Si above 2000 °C for 60 minutes. Shown
before (A), after (B), cross sectioned (C), and polished (D). (E) SEM backscattered image of the tank wall, showing the SiC protective layer.

efficiency and almost entirely dictates the RTE. The energy in a
photon (eVpnoton) incident on the cell can suffer several types of
losses, which are very strongly dependent on the spectrum of
light, and on the design of the cell itself. The most significant is
the voltage loss, where an incident photon is absorbed by the
cell and converted into electrical current, at a cell open-circuit
voltage Voc < Vphoton- This energy 108s Ejoss = €Vphoton — €Voc
can be partitioned into two individual losses related to the
junction bandgap (Ey): Eioss = (€Vphoton — Eg) + (Eg — €Voc)-
The first loss, referred to as thermalization loss, arises because
the thermally-radiated spectrum contains a wide range of
photon energies, and the energy above the bandgap is lost.
To mitigate this loss, we envision using a two-junction photo-
voltaic device, with the two bandgaps chosen to optimally
convert a band of the spectrum. This MPV approach, illustrated
schematically in Fig. 44, is well established for solar CPV, and is
the only effective approach that has been demonstrated to
mitigate thermalization losses.

The second aspect of the voltage loss, which is typically
~0.3-0.4 eV for high-quality (Ga,In)(As,P)-based III-V devices
at conventional operating conditions of ~25 °C and one-sun
photon flux, is also unavoidable. This loss is largely due the
large solid angle of photon emission,** and has been demon-
strated to be representative of the best III-V cells across a wide
range of bandgaps,” and including lattice-mismatched
alloys.>® An additional voltage penalty occurs, due to non-
radiative recombination, and this penalty is greater for cells
made from silicon than from III-V materials, due to silicon’s
indirect bandgap. It should be noted nonetheless that silicon
was used in the experiments that led to the highest reported
TPV efficiency we're aware of (~29%>7), and therefore using
III-V materials is an important step toward mitigating this
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penalty and reaching higher efficiencies. Most importantly,
however, is the fact that the E; — eV penalty is proportionally
smaller for higher bandgap materials than for lower bandgap
materials. The very high emitter temperatures used in the
TEGS-MPV concept generate correspondingly high-energy photons
for which relatively high-bandgap PV cells are suitable, thus
mitigating the E, — eV penalty. Similarly, the high temperatures
proposed also result in a very high flux of photons, which increases
eVoc, further suppressing this penalty.”

A type of absorption loss also occurs at the system level and
results from the free carrier absorption of sub-bandgap
photons, either at the BSR or in the semiconductor itself. The
BSR should be as reflective as possible, so unusable sub-bandgap
photons are reflected back to the thermal emitter, which is a
critically enabling feature for this system concept.®" A reflectivity
of 98%, as illustrated in gray in Fig. 44, is necessary to realize the
high performance predicted in Fig. 4B, but has been previously
demonstrated.*® The additional losses associated with series
resistance and shadowing are discussed in ESLt

The modeled efficiencies of 1-junction and series-connected
2-junction cells as a function of junction bandgap, for a range
of thermal emitter temperatures, are shown in Fig. 4B. The cell
modeling was performed using the very well experimentally
validated model of Geisz et al.*® including a conservative, but
realistic, Ey/e — Voc = 0.4 V penalty. The incident spectrum was
computed using W’s emissivity’® and the diffuse gray band
approximation was used to account for the MPV cell’s high
absorptivity above the band gap and low absorptivity below the
band gap. Consistent with the cell measurements, we assumed
2% of the light below the cell’s band gap is absorbed, which is
illustrated in the 2100 °C spectrum as shown in Fig. 4A. The

integrated power from this 2100 °C spectrum is 689 kW m 2.
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(A) Ilustration of absorption from a 2100 °C thermal emitter in a two-junction PV cell. The cell reflectivity for photon energies below the bandgap

is assumed to be 98%, meaning 98% of sub-bandgap photons (gray color) are returned to the source, while 2% (black in the figure) are absorbed in the
back reflector. “TJ" indicates the tunnel junction series interconnect. (B)-(i) Modeled efficiencies of 1- and 2-junction PV cells for 1900-2400 °C emitter
temperatures as a function of (bottom) junction bandgap. For 2-junction cells, the top-junction bandgap is selected to give the highest efficiency for a

given bottom-junction bandgap. (ii) Optimal top-junction bandgap.

The fraction of this incident power absorbed by the cell,
including sub-bandgap absorption due to imperfect 98% sub-
bandgap reflectivity, depends on the cell’s bottom-junction
bandgap Egpor, and is 150 kW m™> for Egpoe = 1.4 €V and
367 kW m? for Egbot = 1.0 €V. Every above-bandgap photon
which is absorbed is assumed to be collected as current, an
idealization that can later be replaced with actual measured cell
performance. Nonetheless, this assumption is close to the
measured performance of many previous cells. The cell’s
current-voltage characteristics and maximum-power output
are then computed, with junction voltages adding for multi-
junction devices. The ratio of this power output to the
integrated net input power, including a static 4.6 kW m™>
convection loss (see ESIT) through the inert gas between the
emitter and cell, yields the net cell efficiency. Practical cell
efficiencies are typically ~85-90% of the efficiencies modeled
at this level of idealization.® Fig. 4B shows that practical
efficiencies of well over 40% are achievable for 1-junction cells,
and >50% is possible with 2-junction cells. For the 2100 °C
emitter, the optimal junction bandgaps are roughly 1.0-1.2 eV
for the 1-junction cell, and {1.2, 1.0} eV to {1.4, 1.2} eV for the
{top, bottom} junctions of a 2-junction cell.

As described in further detail in the ESL,{ a dual junction PV
device could be fabricated using the inverted metamorphic
multijunction (IMM) cell architecture. The cell is grown on a
GaAs substrate, but first the lattice constant is slowly increased
by means of a compositionally step-graded buffer so as to
enable strain-free deposition of (Al)GaInAs films with bandgaps
of 1.0-1.2 eV. Years of development of lattice-mismatched
epitaxy, and the IMM cell specifically, have lead to defect
densities <106 cm ™2 and W, < 0.4 V,*® despite the mismatch
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with the substrate. The junctions in the tandem are separated
by a tunnel diode.

Cost estimation

The major advantages of TEGS-MPV over other grid level energy
storage technologies are its expected low cost and geographi-
cally flexibility. Thus, it is important to demonstrate the basis
of the cost estimates provided, as summarized in Fig. 5. As a
nominal design point, we considered a 100 MW-e output
system with 10 hours of storage. The CPE includes the storage
medium, tank, insulation, auxiliary components, and construc-
tion, using a similar procedure to Glatzmaier'” and Wilk et al.*'
The CPP includes the heater, MPV cells, inverter, emitter, insula-
tion, construction, and cooling system. Following a summary of
the basis of these costs, the ESIT describes the methodology used
to generate these estimates and associated sources.

In the base case, 553 grade (98.5% pure) Si is used at a
market price of $1.60 per kg. The tank wall is made from
isostatic molded graphite (e.g. KYM-20) of density 1.8 g cm >, at
a cost of $7 per kg based on multiple quotes from large
suppliers. The insulation for all components consists of gra-
phite felt ($7000 per m?), surrounded by an aluminum silicate
blanket, surrounded by a fiberglass blanket. The cost of the
graphite felt dominates, so its use is constrained to the region
above the 1350 °C temperature limit of aluminum silicate.
Construction costs are based on the cost of molten-salt CSP
plants,*" plus the labor cost of assembling additional compo-
nents as detailed in ESIL.f The cost of the heater includes
graphite heating elements, graphite pipes and headers, insula-
tion, and inert containment. The MPV power block contains
similar elements, although the cost is dominated by the
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(A) Estimated CPE of TEGS-MPV in the base case and low cost case. (B) Estimated CPP of TEGS-MPV in the base case and low cost case. The low

cost case assumes scrap steel as the storage medium, MPV cell cost reduction and higher power density, and low-cost graphite.

$0.08 per W-e inverter cost," $0.10 per W-e MPV cell cost, and
$0.07 per W-e cooling cost. This cell cost is based on an
assumed power density of 100 kW m~? and a cell cost®' of
$10000 per m>. In reality, this cost may be much lower if the
aforementioned cell manufacturing developments are realized
(i.e., GaAs substrates and HVPE). Similarly, an alternative
embodiment of interest is Fe partially or fully replacing Si as
the storage medium. In this scenario, the cost of the medium
becomes extremely low if one uses scrap steel, and the other
tank costs, especially insulation and construction, dominate.
In this less conservative lower cost case, we also assume a lower
grade extruded ($2 per kg) graphite is used for the tank and a
higher heat loss of 2% per day, instead of 1%. The effect of
these changes is shown in Fig. 5.

Discussion

Based on the analysis presented herein, the TEGS-MPV concept
offers an attractive value proposition as a grid storage technol-
ogy. In this study, a simplified framework was presented that
enables one to compare and assess the economic viability of
new grid storage solutions. Of particular importance is the
tradeoff between RTE, CPE and CPP. The analysis showed that
some TEGS embodiments have the potential to significantly
exceed the expected 36% RTE lower bound,* while also achiev-
ing extremely low CPE and CPP. A new TEGS embodiment was
then presented based on ultra-high temperature storage media,
in liquid form, and that uses MPV as the converter. This new
approach has several noteworthy benefits including the ability
to reach >50% RTE with a CPP < $0.5 per W-e, and the
potential to offer load following capabilities to grid operators.
These benefits strongly suggest that, if realized, the TEGS-MPV
approach could be one of the few grid storage approaches that
are inexpensive enough to enable the eventual 100% penetra-
tion of renewables onto the grid. However, there are a number

This journal is © The Royal Society of Chemistry 2019

of practical challenges that must be overcome to realize the
TEGS-MPV approach. Most notably, a prototype system is
needed to confirm that the storage medium can be reliably
pumped without leaks and that the MPV cells can be reliably
fabricated and perform as modeled under realistic conditions.
Towards this end, two first experiments were presented that
strongly suggest some of the most risky aspects of the TEGS-
MPV system can be resolved. First, experiments above 2000 °C
showed that a tank for Si with dimensions on the order of 10 m
could conceivably be made out of smaller (ie., order 1 m)
sections that are sealed and bolted together. These experiments
showed that grafoil gaskets can be used to successfully seal
against liquid silicon without leakage. Additionally, the most
important property of the MPV cells is their absorptivity for
below band gap radiation. Calculations herein assumed this
parasitic absorption to be 2% and measurements of the reflec-
tivity of cells that were backed by a gold or silver layer have
confirmed that this is indeed possible.*® For these reasons, it
seems feasible, although challenging, to realize the cost and
performance described herein (i.e., CPE < $40 per kWh-e,
CPP < $0.4 per W-e, and RTE > 50%) using TEGS-MPV.
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