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ABSTRACT

Herein we present a concept of a high-temperature, thermal energy storage (HT-TES) system for large-
scale long-duration energy storage (>10-hour discharge) applications. The system relies on tunable
composite ceramic materials with high electrical conductivity and can output the stored energy flexibly as
heat at 1100 °C or higher, and as electricity. We model the performance and cost of the system in a
techno-economic analysis to identify key material and system properties influencing viability. For
applications with daily operation (12-hour storage duration), we find achieving levelized storage costs
below US Department of Energy’s 5 C/kWh. (1-2.5 C/kWhy, equivalent) target by 2030 is possible.
Candidate materials should have above 600-900 high-temperature cycle stability while offering at least
10* S/m of electrical conductivity. Our results suggest this system can economically store energy for
weeks to months, or a longer discharge duration (96 hours) when coupled with intermittent charging
using surplus renewable energy sources.



INTRODUCTION

New technologies are necessary to economically replace high-grade heat and uninterrupted power
traditionally produced by fossil fuels with variable renewable energy (VRESs) sources such as wind and
solar. In particular, coupling continuous processes that require heat and power with intermittent electricity
generation requires efficient, flexible and economical long-duration (>10 hr) energy storage systems. ">
Incumbent storage systems such as batteries, pumped storage hydropower, and hydrogen can be charged
with VREs, but are not necessarily efficient or economical when used for long-duration energy storage.>”
Additionally, these technologies require extra steps to convert the stored energy into heat, resulting in
round-trip efficiencies (RTE) below 50%. RTE represents the efficiency between charging the storage
system and releasing the energy to the end-user.

One potential approach for the long duration storage of VREs is to use high temperature thermal energy
storage (HT-TES; 1,000 °C to 2,500 °C). HT-TES convert and store electrical energy in a material as heat
via joule heating at close to 100% efficiency.® This energy can later be supplied directly as high-grade
heat using a heat transfer fluid (HTF), or it can be converted back to electricity using an appropriate heat
engine (Figure 1 A). HT-TES offers five significant benefits for long duration energy storage: (1) unlike
batteries the additional capital cost to increase storage capacity is very cheap, (2) the surface area-to-
volume ratio decreases with increasing capacity, providing natural self-insulation and further reducing
cost while improving RTE, (3) the technology is not constrained by particular geographic requirements,
(4) the system can be charged with electricity and discharged as heat/electricity at the same time if
necessary, (5) High-temperature industrial applications are difficult to meet using electricity, such as iron
processing requires temperatures ranging from ~ 900 °C to 1200 °C,” and (6) heat is the safest form to
store energy.’

While promising, recently proposed concepts for HT-TES have so far relied on known materials for
storage that we believe have show-stopping limitations. Intuitively, candidate materials must be cheap
and have sufficiently high thermal and electrical conductivity while still being stable at high temperatures.
Liquid metal can be used as both the storage material and HTF, however special pumps are required to
circulate metal under high temperature, and the system will have to operate above the melting temperature
of the metal everywhere that it is pumped.!® This will limit the viability of this system to supply heat for
lower temperatures for most industries (i.e., 130-700°C).”

Other storage materials recently proposed include graphite, ceramics, and molten salts are used to store
energy, and air or water serve as heat transfer fluids (HTFs).!'" !> These materials also come with
potentially show-stopping limitations. Graphite has a high melting point and electrical conductivity, but
has drawbacks including reactivity with HTFs (i.e., air and CO,) and weak mechanical properties.'* 4
Ceramics have desirable attributes of high temperature stability and have been conventionally used for
high-temperature applications such as in refractory furnaces and crucibles.'®> However, most economical
ceramics are either electrically insulating (i.e., Al,O3;, MgO) or semiconducting (i.e., Ti0,)'®!7, which
limits their ability to be charged rapidly using joule heating to convert electricity to heat for storage.
Although these non-electrically conducting TES material can be heat via external heaters and HTFs, the
number of energy conversion stages can be greatly lowered if these materials can be directly joule heated,
thus reducing heat loss and system complexity. Silicon carbide is an electrically conductive ceramic, but
has shape and size limitations at large-scale deployment.'®

Therefore, the best material candidates for HT-TES could be ones (i.e., composite materials) that are
engineered specifically for the application rather than picked from a list of what we already have.
Motivated by this finding, our objective for this study was to better understand the relationship between



material properties and target system-level cost and performance to guide subsequent material screening
and synthesis work. We present a comprehensive process model and techno-economic analysis (TEA) to
bound system performance and cost, and highlight the possibility of novel engineered composite
materials.

To perform this work, we designed and modeled a HT-TES system that can store VRE and grid electricity
to provide on-demand heat and electricity. We conducted rigorous mathematical modeling of all HT-TES
components and subsystems (i.e., compression for the HTF, pipe, material manufacturing) under a range
of operating conditions to evaluate the economic potential of this emerging technology. We present
results for a large continuous high-temperature industrial application such as iron processing, that require
working temperature as high as 1100 °C.”

From our models, we obtain a full picture of the relationship between various system design parameters
(i.e., heat loss, and storage duration) and their influence on systems (i.e., cost performance, energy
consumption), which has not been studied even for TES at lower temperatures. We apply our analysis to
evaluate how graphite, commercial ceramics, and a theoretical composite material perform and compare
results with previously proposed HT-TES systems. Developing this capability allowed us to identify
material and system development targets, including electrical conductivity, efficiency, material durability,
and storage temperature, that would allow HT-TES to meet the 2030 levelized storage cost target
identified by the U.S. Department of Energy (DOE) for long-duration stationary applications (in terms of
electricity and equivalent thermal energy outputs).'” The results of this study offer critical guidance on
future deployment of HT-TES technologies for specific applications.

SYSTEM OVERVIEW AND ANALYSIS SCOPE

The HT-TES system described in this study could be used to supply heat and electricity for various
residential and commercial applications. Shown in Figure 1 (A), the heat output section includes the HT-
TES system, gaseous HTF, and other sub-components (i.e., compressors, splitters, piping) to transport the
HTF and control its temperature. The system will be charged via joule heating to reach the storage
temperature. During discharge, HTF flows through the HT-TES system, and delivers the stored heat to the
end-user. Upon releasing the heat, the cold HTF circulates back from the end-user to the HT-TES where it
is heated up again. For the HTF, we select the common inert gas N». If the storage temperature is above
1400 °C and the material includes carbon, Argon is used as N will start to react with carbon.?

In recent years, academic and industrial research and development efforts have made it possible to
convert high-temperature thermal energy into electricity using thermophotovoltaics (TPVs).!% 2! Thus for
the electricity output section, our system design incorporates the state-of-the-art TPV modules embedded
in the HT-TES system. During discharge, the TPV modules transform the stored thermal energy to
electricity, which is supplied to the end-user and to compressors in the heat output section. As shown in
the system boundary in Figure 1 (A), our study focuses on modeling the HT-TES system for both heat
and electricity outputs, as well as the coupled HTF, piping, compressor, mixer and splitters specific to the
heat output section. Overall, the process model is based on mass and energy balances centered around the
HTF at different stages of operation.

Shown in Figure 1 (B), the HT-TES system is a cuboidal structure comprised of HT-TES materials (with
added internal surface area for heat exchange), insulation, and structural support. Recent literature has
shown enhanced electric conductivity when graphite is added to ceramic materials (i.e., ZnO and TiO,).?
Thus, the composite material used in this system is ceramic sintered with graphite to provide high
electrical conductivity while maintaining high mechanical strength. Material purchase and manufacturing
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cost for the HT-TES system, as well as the coupled subsystem costs (i.e., pipes and compressors) are
determined from the process model described in detail in the Experimental Procedure section, and
Supplementary Sections S2 and S3.

The TPV module subsystem is modeled using literature results for cost and efficiencies. This subsystem
model is integrated into our process model as the TPV is responsible for supplying electricity to the end-
user and compressors, and requires the HT-TES system to supply the necessary heat needed.

For a scenario where the HT-TES is used daily, we use energy demand profiles representative of a direct
iron reduction facility to model a high-temperature end-user. The output consists of 79% heat, 21%
electricity, and the application temperature ranges from 180 °C (analogous to boiler use) to 1100 °C
(analogous to iron ore reduction).” Key system parameters for this scenario are listed in Table 1. Other
system and cost parameters, along with the detailed reasons for selection are described in Supplementary
Sections S1 to S3. Economic parameters and conditions used in the TEA are included in Supplementary
Tables S2 and S3.

In our main analysis, we assume operation involves a consistent daily charge and discharge pattern.
Recent electricity market analysis suggests anywhere from 10 to 15 hours of low VRE availability and/or
high electricity cost is typical.?* As such, we model a system that can discharge for 12 hours and assume
the system is charged when there are abundant VREs, or when the electricity is cheap, and is discharged
when electricity cost is high or VREs availability is low.

Given the rising number of power outage incidents in recent years**?°, reliable and resilient backup

power solutions have also become increasingly important in energy infrastructure. Thus, in the Outlook
section, we identify backup power as another potential use of this system, and compare it with the daily
use case. Based on recent statistics of power outages in the U.S., 2®%7 we set the number of annual
operation cycles to 15 to account for monthly maintenance and three potential outage conditions, and the
target storage duration to be 96 hours according to the Standard for Emergency and Standby Power
Systems.?

Table 1. Performance parameters for a HT-TES system providing daily heat and electricity (base case), and
backup power (in the Outlook Section) to a direct iron reduction facility.

Parameter Unit Daily use case Backup case
Power requirement MW 800%°-3! 8002931
End-use temperature (higher bound) °C 1100’ 1100’
End-use temperature °C 1807 1807
(lower bound)
Distance from TES system to end- m 20 20
user
Annual operation cycles N/A 360 15
Heat transfer fluid N/A N» N»
Discharge time Hours 1223 9628
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Figure 1. Overview of the HT-TES system

(A) Overview of how the HT-TES supplies heat and electricity to the end-user, system boundary, and scope of this
study. Pie chart indicates the overall end-user energy consumption for iron and steel industry.’

(B) Overall design of the main HT-TES system

RESULTS
Screening of Candidate Materials

To screen the candidate materials for the HT-TES composite, we first analyze the hypothetical cost
performance of individual materials, including graphite and ceramics, and compare their economic
potential with previously reported TES systems.

Figure 2 (A) shows the estimated total system cost, which is the capital cost per kWh of output thermal
energy ($/kWhy) for each of the candidate materials used in the HT-TES system in this study. The cost
values are determined by running the process simulation and economic model described in



Supplementary Section S2 and S3 for each of the candidate materials. A simulated manufacturing cost is
estimated for each material based on its melting temperature, assuming it is sintered during the
manufacturing process. The results show that all of these individual candidate materials could potentially
offer at least the same range or lower costs (7-40 $/kWhg, above 1500 °C) than the previously-studied
latent and sensible HT-TES systems (17-1000 $/kWhg, between 500 to 1400 °C),!'"-32 3 but with much
higher storage temperatures (Figure 2(A)). As discussed in the Introduction Section and summarized in
Table 2, most ceramics, or graphite alone cannot provide the necessary electrical conductivity and
mechanical strength required for the HT-TES system.**3

From our review, we find that an ideal candidate material for HT-TES should have low system cost,
optimal and tunable electrical conductivity (this corresponds to the higher end of the conductivity range
for the materials studied here, denoted by lighter colored circles), and high energy density (small size
circles). The ideal candidate material should also have a high enough melting point (200 °C above the
target application temperature). However, the melting temperature of the ceramic material should not be
too high as this adds complexity to the sintering process (See Supplementary Section S3.2.1). Based on
the selection criteria above, we identified aluminum oxide (Al,Os) as a promising candidate material to be
mixed with graphite, and model its theoretical performance. Other candidate ceramic materials, such as
TiO; and MgO, can also be promising if they can be sintered easily with graphite.

Again, one of the potential advantages of using composite materials is being able to tune the electrical
conductivity. Figure 2 (B) shows the required electrical conductivity, under the assumed constant
representative supply voltages from the grid,>”-*® to achieve target charging times of 0.1 to 24 hours. SiC,
which is a relatively conductive ceramic material requires high voltage to enable charging times less than
12 hours. On the other hand, based on our prediction in Supplementary Section S3.2.1, graphite (30
wt%)-Al,03 (70 wt%) composite material can offer desirable electrical conductivity (10* S/m) to enable
full charging below 12 hours across all voltage ranges, while keeping Al,Oj; as the main component to
maintain high mechanical strength to reliably hold shape during operation.

Table 2. Overview of the key advantages and disadvantages of candidate HT-TES materials.

Materials Advantage Disadvantage
MgO ¢ Strong mechanical properties . L

2 oL lectrical ductivit

ALO;, etc. e Less reactive with common HTFs ow electrical conguctivity
. e Size and shape limitation at

Ceramics . .
Sic ¢ Strong mechanical properties large scale
e High electrical conductivity e Require inert HTF (i.e. Ar)

under high temperature
e Require inert HTF (i.e. Ar)
Graphite e High electrical conductivity under high temperature
« Weak mechanical properties

Engineered composite ¢ Strong mechanical properties . .
material (30 wt% C + 70 e Tunable electrical conductivity E(:\Oclil::(laqim:tcz:'\TFe(rI;l.JrAer)
wt% Al203) and density & P
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Figure 2. Electrical conductivity and overall cost performance of different existing and proposed HT-TES
materials

(A) Potential economic performance for candidate composite materials for HT-TES in this study at maximum
storage temperatures vs. performance range of previously-studied HT-TES systems.!!>3% 33 Value in this study
includes all costs (i.e., compressors and piping) for the heat output section, including arbitrary material
manufacturing (sintering) costs at 200 °C below the materials’ melting point. Circle size represents the relative
volume of the HT-TES system needed.

(B) Theoretical minimum required electrical conductivity for different target charging times and the approximate
range of representative materials. The electrical conductivity of A1203 and graphite composite is calculated using
the Bruggeman model (See Supplementary Section S3.2.1), and the approximate ranges for ceramics and graphite
are determined from literature.’*3¢ Analysis is done assuming the absolute value of the cross-sectional area equal the
length of the TES structure. The values are qualitative assessment as it will change with the geometry.



Cost Breakdown and Sensitivity Analysis

Figure 3 (A) shows the cost breakdown of upfront capital expenditure ($) when using the base case
composite (Al,Os3 and graphite) to supply heat and electricity to the iron reduction process. We find the
system can output heat relatively efficiently and at lower cost than electricity. The cost of the electricity
output section is almost the same as the heat output section, even though the electricity output accounts
for only 21% of the total stored energy. This can be explained by the high cost of the TPV (300 $/kW),
and the low efficiency (<50%)!%3% 40 of converting heat to electricity compared with the minimal heat
loss when using heat directly.

The largest HT-TES material-related cost is manufacturing, which is energy-intensive for materials with
high melting temperature over 2000 °C (See Supplementary Section S3.2.1). Also, owing to the low cost
of the composite materials (0.3 $/kg for Al,O; and 0.7 $/kg for graphite), the upfront cost of the actual
HT-TES system is comparable, and even cheaper than the cost of building the piping system to transport
the gaseous HTF. As a result, TES material and HTF each contribute to 12%, and 15% of the total capital
cost for the base case, respectively.

Another critical indicator to assess is the levelized cost of storage (LCOS), which is the annualized
discounted capital, operational, and material replacement costs, normalized by unit of energy discharged
(see Experimental Procedure section for equation). For the base case shown in Figure 3 (B), the LCOS
without charging are 3.4 cents per kilo-Watt thermal (C/kWhg) and 9.0 cents per kilo-Watt electricity
(C/kWh).

These are compelling results given the DOE 2030 LCOS target for long-duration energy storage is set as
5 C/kWh, for electricity output.!” As there is limited guidance on LCOS target for thermal output directly
used by industries, we estimate the equivalent thermal output target to be on the order of 1 to 2.5 C/kWhyp.
We base this estimate on existing TPV efficiencies of 20-50% to convert high-temperature thermal energy
to electricity.'® 3% 40 Results in Figure 3 (B) suggest that with proper material development, both the heat
and electricity output regions for this system have high potential to meet DOE’s 2030 LCOS target, which
we discuss in detail in the Material and System Development Targets Section.

Costs are sensitive to TES material cost, and Figure 3 (B) shows that after material replacement is
included, the TES material cost starts to dominate within the LCOS. This finding led us to model and
compare the cost performance of using N> as HTF under 1400 °C, and using Ar as HTF under slightly
higher storage temperature of 1650 °C. Although Ar is more expensive than N, it is potentially worth
using higher storage temperatures, as less TES material is required under larger temperature difference
(storage minus discharge). Furthermore, Figure 3 (C) shows that when the HTF is recycled at higher
temperatures, meaning that the system is only used for high-temperature applications by the end-user, the
system becomes less economical. Lowering the recycling temperature of HTF will not only ensure that
the stored energy is fully delivered to the end-user, but also allows the HTF to be transported back at
higher density, thus reducing the number of pipes needed. Therefore, it is critical for the end-user to
discharge the delivered heat efficiently.

Aside from the HTF and necessary storage temperature, several other parameters can influence cost.
Figures 3 (C) and (D) show the impact of varying key system-level parameters on the cost of the HT-TES
system for the heat (Figure 3 (C)) and electricity output (Figure 3 (D)) sections. For the electricity output
region in Figure 3 (D), the RTE is much lower because it is limited by the TPV efficiency when
converting heat to electricity, which is generally below 50%.'%*-4° Therefore, in order to help reach the
DOE’s 5 ¢/kWh LCOS target' for the electricity output region, more efficient and economical TPV



systems must be developed in addition to developing more economical and durable HT-TES materials.
For both energy output forms, RTE, storage temperature, and material cycle life are the three most
influential factors on the LCOS.

1400 °C, N, . .
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Figure 3. Cost breakdowns of the HT-TES system and sensitivity analysis for key system-level parameters.

(A) Breakdown of upfront capital expenditures for representative base case scenario using Al,O3 (70 wt%) and
graphite (30 wt%) to store energy for the iron and steel industry, which requires 79% of thermal energy and 21%
electric energy. “Others” includes the plant construction, contingency, etc.”TPV for heat output” means the TPV
used to provide electricity to the equipment (mainly compressor) used for heat output.

(B) Cost breakdowns of levelized cost of storage for the HT-TES system.

(C) Sensitivity analysis for the heat output region. Bars show the relative cost influence between the parameters at
20% variance from the base-case values, which can be used to compare the relative impacts of these parameters.

(D) Sensitivity analysis for the electricity output region. Bars show the relative cost influence between the
parameters at 20% variance from the base-case values, which can be used to compare the relative impacts of these
parameters.

However, the overall LCOS could be highly affected if the heat is not efficiently used. In theory, heat
transfer is more efficient than converting heat to electricity. Thus, in Figure 3 (C), the RTE for the heat



output region is 86% based on the charging efficiency and utilization efficiency by the end-user (See
details in Supplementary Section S2.1). Therefore, the base value is relatively close to the maximum
value (~100%). Other system design parameters such as the distance, pressure, velocity, and returning
temperature of HTF between the HT-TES system and the end-user are critical.

The high impact of distance shows that the HT-TES system is most suitable for on-site energy storage and
generation, and should be ideally placed as close as possible to the end-user’s heat supplying unit (i.e.,
furnace, reboiler, and kiln). It should be noted that for the heat output region (Figure 3 (C)), the pressure,
and velocity can increase significantly with the distance to the end-user. Thus, when considering other
applications/industries for future studies, the HT-TES should be placed close to the central heating device,
such as steam boiler for district heating. If long-distance transportation of HTF is necessary, it is
recommended to use, or integrate the HTF transportation with existing pipe infrastructures, such as
natural gas for both on-site and long-distance transportation. In this case, the complex relationships
between compressor, pipe, and the amount of HTF required should also be carefully considered. A
discussion on this issue and example results using Ar as HTF can be found in Supplementary Section
S4.1.

DISCUSSION
Material and System Development Targets

The primary purpose of using the graphite and ceramic composite material proposed in this study is to
understand the system-level benefits of developing a storage material that can offer satisfactory electrical
conductivity and high durability. Therefore, it is critical to set target for electrical conductivity and
durability of the composite material, and derive the charging rate and maximum cycle life of the HT-TES
system, respectively. These values represent important new information as optimal electrical conductivity
allows the system to be charged faster under reasonable voltages and currents, and high cycle life means
that less material replacement is required throughout the system’s lifetime.

System simulation and TEA modelling (See Supplementary Sections S2 and S3) allowed us to understand
how different graphite weight fractions affect the density, and therefore heat capacity of the composite
material, which further change the cost performance. Figure 4 (A) shows that under the base material
purchase cost used in this study, 0.7 $/kg for graphite and 0.3 $/kg for Al,O3 (Supplementary Section
S3.2.1), the system is more economical when slower charging times are allowed. However, as electrical
conductivity gets below the percolation threshold, (around 10* S/m as shown in Supplementary Figure
S6), a significant drop in electrical conductivity occurs with only minor decreases in the graphite weight
fraction. As a result, too slow of charging time (i.e., above 24 hours) will not only make the electrical
conductivity harder to control, but have little benefit in terms of lowering the LCOS.

Figures 4 (B) and (C) show the effects of material cycle life and storage temperature on the LCOS. There
is limited stability data for conductive metal-oxide composites under joule heating HT-TES cycles, and
the relationship between cycle life and storage temperature is poorly understood. A recent study reported
a 6 to 10 year life span for industrial-use of non-conductive metal-oxide composites, such as bricks used
in industrial kilns, at around 160 hours per cycle of high temperature operation.*' Assuming 360 days of
operation, this value represents a cycle life of roughly 320 to 531 cycles. Lab-scale experiments reported
80 cycles for complex functional ceramic materials used in high-temperature (1000-2000 °C)
thermochemical applications.*?
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Figure 4. Analysis of critical material development targets (electrical conductivity, cycle life, and storage
temperature)

(A) Cost performance of the HT-TES system when aiming for different target charging times under the base case
conditions (See Table 1), assuming 400 material cycle life. Line width is varied for aesthetic purpose only.

(B) Cost effects of storage temperature and material cycle life for the heat output region. “Theoretical limit” stands
for LCOS when HT-TES material only needs to be replaced once during the system’s lifetime.

(C) Cost effects of storage temperature and material cycle life for the electricity output region.

Using the above reported range of cycle life in our model leads to a LCOS range of 0.5 to 17.5 C/kWhy,
(Figure 4 (B)) and 2.0 to 38.8 ¢/kWh, (Figure 4 (C)) at the base-case storage temperature of 1400 °C for
this system. When material cycle life is low, the material purchase cost and manufacturing costs will play
more significant role in the LCOS. Beyond the electrical conductivity and charging time, attaining the
storage temperature at shorter charging times represents a higher temperature ramp rate. Rapid changes in
operation can affect the material cycle life due to thermal shock issues within the storage material.
Considering uncertainties in costs and potential decrease of cycle life with storage temperature, Figure 4
(B) shows that for this HT-TES system to reach between 1 to 2.5 C/kWhg LCOS target for thermal
applications,'® 3% 40 the composite materials need to have a stable performance of at least
approximately 600 cycles under 1800 °C storage temperature, and above 800 cycles under 1200 °C.
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Whereas for electricity output section (Figure 4 (C)), the composite HT-TES material should have a cycle
life above 900 to reach the 5 C/kWh, target."” As such, although improving the efficiency and lowering
the cost of TPV is critical, a composite material that can offer over 1000 stable cycles can also help
ensure the LCOS target with existing TPVs.

Besides electrical conductivity and durability, thermal conductivity is another critical material property
that determines the discharge rate of the process. Previous studies have demonstrated that ceramics can
discharge heat sufficiently for various TES applications.'® Since the thermal conductivity of graphite (25-
470 W/m-K) is on the same level or higher than ceramics (i.e., ALO; at 6-33 W/m-K),*>»#* it is reasonable
to assume that our proposed composite mixture is able to meet the discharging heat transfer requirement
for the proposed high-temperature applications . However, future studies are encouraged to analyze the
required thermal conductivity, and to better understand how the temperature-dependent heat transfer
under various geometries affects cost.

Outlook

Since the proposed HT-TES system can discharge the stored energy as both electricity and heat, it can be
self-sustaining. Therefore, the HT-TES system could potentially be a good resource for providing backup
power to the end-user when experiencing energy outages. The main difference between a backup
application and an industrial or grid support application is the number of annual cycles. In this analysis,
lower annual operation cycle is concurrent with longer time the energy is stored for, which is represented
in this study by the term “storage time”. Recall that “storage duration” represents how long the system
can discharge its energy at the target power.

The main challenge with storing energy for a longer time under high temperature is to prevent heat loss.
In the base case scenario, we assume 0.5% heat loss for 360 annual charge/discharge cycles. If the system
is used less frequently, and for each cycle to store heat for a longer time, the cost penalty for insulation
will increase. Specifically, the cost to maintain the same 0.5% heat loss will increase dramatically as the
storage time reaches beyond 3 days, which is equivalent to around 100 annual charge/discharge cycles
(blue lines in Figure 5 (A)). On the other hand, if the same heat loss rate is maintained, rather than the
total percent heat loss, the system will be much cheaper for a longer storage time, as shown by the orange
lines. For example, if the system needs to store heat for 27 days, it would be a lot cheaper to maintain the
same heat loss rate as if it were to store heat for 12 hours. But in this case, the overall heat loss will be

30 % of the energy stored.

When operating at increased annual cycles (shorter storage time), less insulation is needed at the same
target total heat loss percentage since less heat is stored at maximum temperature, but the system requires
more replacement of HT-TES materials. This trade-off (light blue line in Figure 5 (A)) needs to be
considered carefully when designing the operation pattern of this system. But when the number of annual
cycles goes above 130 (equivalent to storing heat for around 2 days), the difference in system cost and
LCOS between the two designs become negligible (<5%), which means that it is economical to target
small heat loss (<1%) when storing heat for 2 days or shorter.

For ideal backup applications, the system should not only be able to store energy for a longer time, but
also offer longer storage duration (larger storage capacity). Figure 5 (B) and (C) shows the breakdown of
the proposed backup HT-TES system at 96-hour storage duration and up to15 equivalent annual cycles
for backup application (backup + maintenance runs).

12



® Approximate equivalent time of storage per cycle (days)

35.5 55 28 1.8 12 0.9 0.7 05

50 * 100
Fixed percent heat loss (system cost)
Fixed heat loss rate (system cost)
= Fixted percent heat loss (LCOS)
g = - Fixed heat loss rate (LCOS)
< £
o § <5% cost difference
2 > ® 30% total heat loss
o ~
E ‘g ® 20% total heat loss
E g 10% total heat loss
[
u;) 'g Minimum LCOS
Q )
8 Relative size
' HT-TES materials
3.7
Insulation + support
0 T T T T T T v 0
10 60 110 160 210 260 310 360
# of cycles per year
(B (©) LCOS (G/kWhe)
. & B "COgS <¢"1‘;Vhth1)5 = 0 10 20 30 40 50
L N N L L L L =TES f ’ ! ’ ' ’
mHTF
. u Compressors & mixers Grid support
(?;)dhiigﬁggs) Infrastructure (0.5% heat loss)
TPV
Operation & maintenance
Others
! Backup
(30% hBe‘;f'l‘c‘)‘sps) Charging (23% heat loss)
Backup (15annual cycles,
96 hrs discharge)
Backup Grid support (360 annual = Backup
(1% heat loss) cycles, 12 hrs discharge) (0.5% heat loss)

Heat output

Figure 5. Cost performance of the HT-TES system for other potential applications.

(A) LCOS, system cost, and relative size of the HT-TES system with respect to the number of operating cycles per
year for 12-hour discharge per cycle under two scenarios: fixed percent heat loss (blue) and fixed heat loss rate
(orange). Results are for the heat output region. Both the insulation cost and its affects towards total LCOS
decreases with storage duration, so “Minimum LCOS” is defined as the cost to maintain 0.5% heat loss for storing
heat for 12 hours (equivalent to 360 annual charge/discharge cycles).

(B) and (C): Breakdown of LCOS for using the HT-TES system for backup applications vs. grid support for heat (B)
and electricity (C) output regions. The target heat loss is less for the electricity output region because it does not
involve piping to transfer the HTF. Dashed lines account for the electricity cost of the charging process coupled with
different storage scenarios. ¢/kWhg and C/kWh, denote LCOS for direct thermal energy and electricity output,
respectively.

The trend in Figure 5 (A) continues to hold for both heat and electricity output region when the storage
duration is increased to 96 hours for the backup application. The LCOS of the HT-TES system itself is
significantly cheaper when more heat loss is allowed (30% vs. 1%). Although more charging energy is
required as the system becomes less efficient, the charging cost can be flexible for backup applications.
For example, when coupled with renewable sources, backup application can allow the HT-TES system to
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be charged intermittently by the energy when the renewable source is abundant, which can greatly reduce
the net charging cost. Furthermore, the heat loss during storage can also be used for daily operations,
which requires careful optimization to integrate the HT-TES system to the end-user. Such renewable and
end-use coupling is critical and should be one important direction for future research.

CONCLUSIONS

In this study, we developed a robust system design, process model, and TEA framework for HT-TES
systems offering either electricity or heat over 1000 °C. We evaluate the economic viability and set
material and cost targets. We find that engineered composites using ceramic and graphite that achieve
high electric conductivity and durability can potentially offer an economical solution to store long-
duration energy (>10 hours of discharge) for weeks to months of time.

The proposed HT-TES system can discharge energy flexibly via heat or electricity, and can be completely
self-sustaining. Our cost analysis shows that the system outputs heat relatively cheaper than electricity.
Both forms of energy outputs can potentially meet the 5 C/kWhe (1-2.5 C/kWhy, equivalent) levelized
energy storage cost target with proper material development and system design.

For material development, one key target is to increase the durability and stability of ceramic composite
materials under high-temperature cycling. Our analysis shows that to meet the 5 ¢/kWh, (1-2.5 C/kWhy,
equivalent) energy storage cost target, the ceramic should survive a maximum number of cycles over their
life of above 600 and 900 for the heat and electricity output regions, respectively.

At the system level, fully utilizing stored heat, minimizing heat loss, and discharging the HTF at as low a
return temperature as possible can reduce costs. We also identify and analyze the complex effects of
delivering distance, HTF selection, and transportation velocity. These factors, critical yet rarely
investigated in previous studies, can influence the infrastructure and balance of plant needed for this
system, (i.e., pipes and compressors), and should be carefully designed based on specific end-use.

Our approach can be used to explore a wide range of applications of HT-TES. We demonstrate this
capability by modeling an alternative application where the system is used for 96 hours of backup power.
While allowing more heat loss during long-duration storage for long times can ultimately lower system
costs, economics would improve if the end-user can efficiently utilize the dissipated heat. Future studies
should optimize the upstream renewable coupling, charge/discharge, and heat utilization pattern based on
representative local renewable availability and energy usage patterns.

METHODS

The key components and system boundary of this analysis are shown in Figure 1 (A). For the process
model and TEA, this study focuses on modeling the HT-TES system used for both the heat and electricity
output region, as well as its coupled HTF, piping, compressor, mixer and splitters for the heat output
region. As described previously, the model developed in this study takes minimum key inputs, such as
the application temperature of the end-user and the storage temperature of the HT-TES system, to
determine the rest of the temperature and pressure conditions, power requirements of different unit
operation, and the amount of HT-TES materials and infrastructure needed, which includes pipe and the
related insulation during HTF transport. The model is based on a mass and energy balance approach
around the HTF at different process stages, which is described in detail in Supplementary Section S2.

System cost and LCOS are the two primary cost parameters studied for the HT-TES system. We use
system cost to compare TES systems across storage capacities. System cost is defined as the fixed capital
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investment cost (O cg) normalized by the storage capacity (Capacity in MWh) using Equation (1), which
is applicable to both heat and electricity output cases.

0
Ecp

System cost ($/kWhth/e) = ooomwvr (1)

target'ttarget' 1MWh

where Purger and tiarge: are the target discharge power (MW) and time (hours), respectively. Another
important cost factor evaluated in this study is the levelized cost of storage (LCOS), which is the
annualized discounted cost per unit of discharged thermal or electricity energy within the system’s
operating lifetime (n years).* To calculate LCOS, a capital recovery factor (CRF) is calculated as shown
in Equation (28) based on the real discount rate ().

ja+pt
The LCOS is then calculated from the CRF and annual discharge capacity using Equation (29), where the
tax rate (Tax), and the present value of depreciation (D,,,) were determined from the latest NREL’s
Energy Analysis documentations.*® Values for these cost parameters are summarized in Table S2 in
Supplementary Section S3.1. The LCOS is further calculated using Equation (3),

C)-CRF-(1-TaxDypy
LCOS ($/kWhth/e) = &) s E(Wh ax-Dpy) Y. Annual O&M Costs

target-ttarget-W-ncycles-(l—mx) Ptarget'ttarget Mcycles

3)

where neycles 1S the number of annual operation cycles. The first and second term of Equation (3) account
for capital cost, and operation and maintenance (O&M) of the HT-TES system, respectively. More details
of the cost analysis on how each capital and O&M costs are calculated can be found in Supplementary
Section S3.
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