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HIGH TEMPERATURE THERMOCHEMICAL
ENERGY STORAGE MATERIALS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with government support
under Contract No. 893033210EMO000080, awarded by the
United States Department of Energy. The government has
certain rights 1n the mvention.

BACKGROUND

[0002] Eflicient energy storage 1s necessary in order to
cllectively utilize renewable energy sources. Thermal
energy storage systems are those that can store excess
thermal energy for use at a later time and are of particular
interest 1n solar systems. Thermal energy storage systems
typically utilize one of three diflerent approaches, including,
sensible heat materials, latent heat materials, and thermo-
chemical materials. Sensible heat materials store thermal
energy based on their heat capacity and have the lowest
thermal energy density of the three classes. Sensible heat
materials include molten salts, various oils, and solids, such
as building matenials, e.g., fabrics, metals, brick, etc. Latent
heat materials have a high enthalpy associated with a phase
change and have been gaining attention for thermal energy
storage applications. Latent heat phase change maternials of
interest include organics (e.g., parailin waxes, fatty acids,
glycols), salt hydrates, metals, metal alloys, and carbonate
cutectics. Thermochemical heat materials store thermal
energy by use of a reversible thermochemical reaction. At
high energy input, an endothermic reaction takes place,
cllectively storing energy in the chemical bonds formed
during the reaction. The reaction products are stored sepa-
rately and later recombined in an exothermic reaction to
release the stored energy. While sensible and latent heat
materials are still the most common thermal energy storage
materials (primarily molten salts), the achievable energy
densities and heat storage periods for these materials are far
less than those of thermochemical energy storage matenials.

[0003] Molten carbonate eutectic technology has previ-
ously been utilized for heat storage primarily using phase
transformation of the molten salts. Unfortunately, low
energy densities possible with this approach has led to little
adoption ol carbonate eutectic materials 1n such applica-
tions. Previous attempts have also been made for utilization
ol carbonates 1n powder form as thermochemical heat stor-
age materials. Unfortunately, such attempts have met with
problems and drawbacks including agglomeration and sin-
tering of the powders with system cycling, slow gas diflu-
sion and reactivity of the powdered materials, partial reac-
tion, loss of energy density due to limited reacting surface
area, and poor heat conductivity. For instance, in previous
work with powdered carbonates, the thermochemical con-
version did not exceed a 60% ethciency value and the
reaction could not be sustamned over even two cycles
because of sintering, even when a rotating cylinder was
utilized. In order to aclhieve a higher conversion, smaller
particles were used, causing volumetric density to be
reduced to 10% of the theoretical and this approach also

falled to be sustained over multiple cycles due to particle
sintering. (See, e.g., J Appl Chem Biotechnol 1973; 23:733-

42, J App! Chem Biotechnol 1974; 24:221-7).

Sep. 7, 2023

[0004] What are needed in the art are thermochemical
energy storage materials that are cost eflective and that
overcome previous 1ssues with previously known materials
while displaying eflicient and reversible energy storage
reactions at high temperatures.

SUMMARY

[0005] Disclosed 1s a thermochemical energy system that
includes a first metal and a second metal, optionally 1n
conjunction with one or more additional metals. The metals
are configured to form a molten metal carbonate eutectic
according to a first reaction and are configured to form a
mixture of metal oxides according to a second reaction. A
system can also include a carbon dioxide component that 1s
configured to deliver carbon dioxide to the mixture of metal
oxides and thereby generate/maintain the first reaction. The
carbon dioxide component 1s also configured to remove
carbon dioxide from the mixture of metal oxides and thereby
generate/maintain the second reaction. A system can also
include a heat transter component that 1s configured to
deliver thermal energy to the molten metal carbonate eutec-
tic and thereby generate/maintain the second reaction and
that 1s also configured to remove thermal energy generated
during the first reaction.

[0006] Also disclosed 1s a method for storing and releasing
thermal energy. A method can include adding thermal energy
to a metal carbonate eutectic to form a molten metal car-
bonate eutectic. Upon the formation of the molten eutectic,
and at the conditions of the molten eutectic, the molten metal
carbonate eutectic can react to form carbon dioxide and a
mixture of metal oxides. The method also includes main-
tamning the partial pressure of the carbon dioxide thus
formed over the molten metal carbonate eutectic at a pres-
sure that 1s equal to or lower than an equilibrium pressure of
the carbon dioxide. In order to maintain the partial pressure
of the carbon dioxide at the targeted low partial pressure, at
least a portion of the carbon dioxide formed during the
reaction can be removed from the reaction area. At a later
time, carbon dioxide can be re-introduced to the area, and
the mixture of metal oxides can react with the carbon
dioxide according to an exothermic reaction that reforms the
molten metal carbonate eutectic. The method can also
include recovering thermal energy produced 1n the exother-
mic reaction. Upon conversion to the metal eutectic and
recovery of the thermal energy, the metal eutectic can be
stored as a solid at a lower temperature (e.g., ambient) until
the cycle 1s carried out again.

BRIEF DESCRIPTION OF THE FIGURES

[0007] A full and enabling disclosure of the present sub-
ject matter, including the best mode thereof to one of
ordinary skill 1n the art, 1s set forth more particularly 1n the
remainder of the specification, including reference to the
accompanying figures 1 which:

[0008] FIG. 1 schematically illustrates a simplified dia-
gram of a molten metal carbonate eutectic-based thermal
energy storage system.

[0009] FIG. 2 presents a phase diagram of an exemplary
cutectic system incorporating lithium, sodium, and potas-
sium carbonates.

[0010] FIG. 3 illustrates carbon dioxide uptake by an
oxides mixture and resulting carbonate conversion upon
multiple carbon dioxide injections at a 450° C. operating
temperature.
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[0011] FIG. 4 1illustrates the pressure vs. normalized
uptake of carbon dioxide at a 450° C. operating temperature
and demonstrating a single-phase oxide/carbonate transi-
tion.

[0012] FIG. 5 illustrates carbon dioxide uptake by an
oxides mixture and resulting carbonate conversion upon
multiple carbon dioxide injections at a 500° C. operating,
temperature.

[0013] FIG. 6 1illustrates carbon dioxide uptake by an
oxides mixture and resulting carbonate conversion upon
multiple carbon dioxide injections at a 600° C. operating
temperature.

[0014] FIG. 7 illustrates carbon dioxide uptake by an
oxides mixture and resulting carbonate conversion upon
multiple carbon dioxide injections at a 700° C. operating,
temperature.

[0015] FIG. 8 1illustrates the pressure vs. normalized
uptake of carbon dioxide at a 700° C. operating temperature
and demonstrating a single-phase oxide/carbonate transi-
tion.

[0016] FIG. 9 illustrates desorption from a carbonate
cutectic as a function of temperatures for a L1/Na/K carbon-
ate eutectic.

[0017] Repeat use of reference characters in the present
specification and drawings 1s imntended to represent the same
or analogous features or elements of the present invention.

DETAILED DESCRIPTION

[0018] Relerence will now be made 1n detail to various
embodiments of the disclosed subject matter, one or more
examples of which are set forth below. Each embodiment 1s
provided by way of explanation of the subject matter, not
limitation thereof. In fact, it will be apparent to those skilled
in the art that various modifications and variations may be
made 1n the present disclosure without departing from the
scope or spirit of the subject matter. For instance, features
illustrated or described as part of one embodiment, may be
used i another embodiment to yield a still further embodi-
ment.

[0019] In general, disclosed are thermochemical energy
storage systems and methods that incorporate high enthalpy
carbonate-based materials that can exhibit high thermal
conductivity at high temperature reaction conditions. More
specifically, disclosed systems incorporate carbonate-based
thermochemical heat materials that include two or more
metals that can form a molten metal carbonate eutectic from
the metal oxides when reacted with carbon dioxide accord-
ing to an exothermic reaction and can reversibly reform the
metal oxides from the molten metal carbonate eutectic
according to an endothermic reaction.

[0020] Disclosed methods and systems utilize the thermo-
chemical heat storage capability of carbonate eutectics and
thereby differ from previous systems which utilized such
materials only as latent heat storage materials that take
advantage of energy diflerences upon phase transtormation.
Moreover, disclosed methods utilize the carbonate eutectic
materials 1n the liquid phase above the melting temperature
of the eutectic and as such, have solved 1ssues previously
encountered in which attempts were made to utilize eutectic
materials in thermochemical applications 1n the solid state as
powders.

[0021] Through use of the molten metal carbonate eutec-
tics, disclosed systems can take advantage of the low cost
and safety of carbonate-based materials while benefiting
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from the high energy density of the matenals (e.g., over 690
kWh/m’) to achieve low cost and highly eflicient heat
storage. For instance, carbonate-based system reactions
demonstrate very high enthalpies (up to 178 kl/mol), and the
thermochemical energy densities of carbonates can be from
about 5 to about 10 times greater than latent and sensible
heat storage systems. Moreover, the systems can operate at
very high temperatures (e.g., greater than about 800° C.) and
over a wide range (e.g., from about 850° C. to about 1500°
C.) usetul for many high temperature applications. Addi-
tionally, as the components are safe, well-known, and not
subject to oxidation, with no by-products formed i1n the
reversible reactions, the materials can be handled safely in
air for easy storage and transportation.

[0022] As the components of the system can be stored at
ambient temperature for a virtually unlimited period of time,
disclosed systems can also provide energy storage with no
thermal energy loss during the storage period. For instance,
the methods and systems can allow for long-term storage of
components, e.g., weekly, seasonal, etc., and as such, can
ecnable thermal energy storage applications not previously
considered possible. In one embodiment, disclosed methods
can be beneficial for use 1n thermal storage power-peaking
applications, €.g., in concentrated solar power systems that
can provide long-term energy storage until required.

[0023] One embodiment of a carbonate-based eutectic
system 1s 1llustrated in FIG. 1. As illustrated, a system can
include a reactor component 10 and a carbon dioxide storage
component 12. The reactor component can contain the
oxides and carbonates of the reversible reaction process.

[0024] The individual metals for use in the systems are not
particularly limited, provided that they are capable of revers-
ibly forming a molten metal carbonate eutectic and metal
oxides according to the general carbonate reaction:

Metal carbonate eutectic+heat<smetal oxides+CO,

[0025] By way of example, FIG. 2 illustrates a phase
diagram for a ternary eutectic (M,CO,) lithium/sodium/
potassium carbonate system as may be utilized, but other
metal carbonate eutectic systems may alternatively be uti-
lized, such as, and without limitation to, calcium carbonate
and/or magnesium carbonate-based systems. Moreover,
while the system of FIG. 2 1s a ternary system, binary as well
as higher content systems are also encompassed herein. As
indicated in FIG. 2, through modification of the mole
fraction of each component of the eutectic system, the
melting point of the eutectic can be modified, which can
allow for a wide range of operating temperatures for a
system. For example, through modification of the ratio of
components, a ternary system can be modified to operate at
a temperature of about 850° C. or higher, as may be useful
in operation of a Stirling engine, or at a higher temperature
of about 1000° C. or even higher, as may be required for a
solar hydrogen storage operation.

[0026] As indicated 1n FIG. 1, the carbon dioxide storage
component 12 allows for carbon dioxide to be removed from
2 or added to 4, the reactor component. The methods and
materials utilized to move and store the carbon dioxide are
not particularly limited. Beneficially, as carbon dioxide 1s
non-filmable with no embrittlement effect on storage con-
tainers, 1t can be easily stored 1n either liquid or gas form. By
way ol example, a compressor system can be utilized to
remove and compress the carbon dioxide so as to provide a
high-density liquid carbon dioxide for storage.
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[0027] In operation of a system, when a thermal heat
source 6 1s available, thermal energy 14 can be provided to
the reactor system. Depending upon the heat source and the
system, a portion of the thermal energy available can also be
sent 16 to a power component 20, for istance, to produce
clectricity. In one embodiment, the system can be a solar-
based system, and solar energy that impacts a solar concen-
trator 8 can provide the thermal energy 14, 16 mput to the
system. However, disclosed systems are not limited to
solar-based systems, and other periodic heat sources are
encompassed herein, e.g., waste heat from an industrial
process, other periodic natural heat sources, etc.

[0028] The thermal energy 14 input to the reactor com-
ponent 10 can increase the temperature of the metal carbon-
ate eutectic held therein to a temperature above the melting
point of the eutectic and can encourage the endothermic
decomposition reaction of the molten carbonate eutectic to
form carbon dioxide and the metal oxides. As carbon dioxide
1s formed 1n the decomposition reaction, the partial pressure
of the carbon dioxide can be controlled (via removal of
excess carbon dioxide 2) to maintain the partial pressure of
the carbon dioxide below the equilibrium pressure. For
instance, the partial pressure of carbon dioxide during the
reaction can be maintained at about 10 bar or less, about &
bar or less, or about 6 bar or less, such as from about to about
8 bar, or about 3 bar to about 6 bar, i1n some embodiments.
The carbon dioxide partial pressure and the temperature
within the reactor system 10 can thus drive and control the
decarbonization reaction.

[0029] Because the decarbonization reaction 1s carried out
in above the melting point of the metal carbonate eutectic,
the components of the reversible reactions, including the
molten metal carbonate eutectic, solid metal oxides, and
gaseous carbon dioxide, will self-separate 1n the reactor.
This self-separation can prevent agglomeration and sintering
i1ssues as found 1n previous thermochemical carbonate pro-
cesses, particularly as the molten carbonate eutectic and the
metal oxides are 1n different phases. In some embodiments,
a stirring mechanism can also be employed within the
reactor component 10 to further encourage the seli-separa-
tion of the components.

[0030] At alater time, when thermal energy 1s unavailable
and desired, carbon dioxide can be provided 4 to the reactor
component 10, which now contains the previously formed
metal oxides. The resulting exothermic carbonate eutectic
forming reaction can provide thermal energy 16 to the power
system 20.

[0031] The rate of addition of the carbon dioxide to the
reactor component can be utilized to control the heat gen-
cration of the resulting exothermic reaction. The reaction
conditions can be controlled such that the reactor component
10 1s maintained at a temperature above the melting point of
the carbonate eutectic while providing a controllable amount
of excess thermal energy 16. At the operating conditions, the
cutectic carbonate will melt as 1t forms, and the separation
of the product molten metal carbonate eutectic from the
solid metal oxides can spontancously take place. In addition,
as carbon dioxide has a high solubility 1n molten metal
carbonate eutectic, the added carbon dioxide can diffuse
through the molten eutectic and react at the surface of the
solid metal oxides.

[0032] In some embodiments, the reactor component 10
can be operated as a fluidized bed established between the
molten metal carbonate eutectic and the solid metal oxides.

Sep. 7, 2023

Fluidized bed reaction conditions can achieve a higher heat
conductivity in the reactor component. In some embodi-
ments, the added carbon dioxide can be fed to the bottom of
the bed of the reactor component 10, thereby encouraging
both fluidization of the bed and high surface area contact
with the metal oxides. By use of an inert carrier gas, the
partial pressure of the carbon dioxide within the reactor
component 10, and thus the exothermic reaction, can be

controlled while also maintaining the fluidization character-
istics of the bed.

[0033] The thermochemical energy storage system can
transier thermal energy to and from the reactor component
according to any suitable approach. By way of example, 1n
one embodiment, a system can include a shell and tube heat
exchanger as 1s generally known in the art. A heat transfer
fluid, e.g., a heat transfer o1l or the like, can flow 1nside or
outside of the tubes, and the thermochemical energy storage
materials, including the metal carbonate eutectic/metal
oxide reversible reaction components as described herein,
can be packed around the outside or the mside of the tubes
(opposite to the heat transfer fluid), with a carbon dioxide
control and flow systems in communication with the other
reaction components.

[0034] In one embodiment, a thermochemical energy stor-
age system can include one or more additives. For instance,
a thermochemical energy storage system can include a
carbon-based thermal conductivity modulator, such as car-
bon black and/or carbon nanoparticles and/or a catalyst for
the reversible carbonate reaction. Catalysts can include, for
example, a metal hydroxide such as sodium hydroxide or
potassium hydroxide. Carbon nanoparticles can include,
without limitation, carbon nanotubes and/or graphene. In
one embodiment, a thermochemical energy system can
include an 1onic liquid as a thermal conductivity modulator.
In one embodiment, a thermochemical energy storage sys-
tem can include a graphitic carbon, for instance, a graphitic
matrix structure, e.g., a graphite foam, or an expanded
graphite, e.g., an expanded natural graphite. For example, a
graphite fo1l of the trademark SIGRAFLEX®, material type
[.30010C can be used.

[0035] Beneficially, the high efliciency and low corrosive
components of the system can provide for high performance
and long cycle life of a system. For a thermal energy storage
system to operate for a lifetime of about 30 years, it 1s
estimated that the energy storage materials must be able to
cycle approximately 11,000 times with low degradation over
these cycles. Thus, the reversibility of an energy storage
material over extended cycling 1s of great importance in
thermal energy storage applications. Disclosed energy stor-
age materials and systems can exhibit high stability for such
long-life applications.

[0036] Disclosed systems and methods can achieve high
exergetic efliciency, e.g., on the order of about 90% or
greater, such as from about 93% to about 95% 1n some
embodiments. As such, the methods and systems can pro-
vide very cost-eflective thermal storage. For example, dis-
closed methods can meet or exceed energy cost goals for
renewable energy ol 3 cents per kilowatt hour (the 2030 goal
of the US Department of Energy SunShot Initiative).

[0037] The present disclosure may be better understood
with reference to the Examples set forth below.
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Example

[0038] A mixture of lithtum, sodium, and potassium
oxides (L1,0, Na,O, K,CO,, respectively) 1n a eutectic
mixture ratio was placed in a Parr reactor. The mixture
included 32.1 wt. % lithium carbonate, 34.5 wt. % sodium
carbonate, and 33.4 wt. % potassium carbonate with a total
amount of the carbonate mixture of 40.78 grams. The
mixture was heated to the selected reaction temperature
(450° C., 500° C., 600° C., 700° C.) and pressurized to 75
ps1 CO,. Upon pressurization, the temperature spiked and
the pressure dropped. Pressurization of CO,, temperature
spiking, followed by drop 1n pressure, was repeated several
times until no more pressure drop occurred.

[0039] The results for the sample run at 450° C. are shown
in FIG. 3. In the first spike, the pressure dropped to 13 psi
and the temperature spiked to 520° C. At the end of this
sample, 6.074 g of mass was gained by the reactants, which
indicated 87% conversion to the respective carbonates. The
product became a solid piece, indicating that 1t was melted
and was melted well below the melting point of any of the
individual components of the eutectic mixture. FIG. 4 1llus-
trates the normalized absorbance of CO, by the system as the
oxides were converted to the carbonate eutectic at the 450°
C. operating temperature. As indicated, the carbonate eutec-
tic formation was a single-phase transition.

[0040] FIG. 5 illustrates the system for a sample run at
500° C., FIG. 6 illustrates the system for a sample run at
600° C., and FIG. 7 illustrates the system for a sample run
at 700° C. FIG. 8 illustrates the normalized absorbance of
CO, by the system as the oxides were converted to the
carbonate eutectic at the 700° C. operating temperature. As
indicated, the carbonate eutectic formation was a single-
phase transition.

[0041] It was concluded that as the oxide mixture became
the carbonate eutectic, the transition began locally to form a
cutectic molten liquid that absorbed and dissolved more
carbon dioxide, which interacted with more metal oxide to
form more carbonate, etc.

[0042] FIG. 9 illustrates desorption of carbon dioxide
from a carbonate eutectic system as a function of tempera-
ture, as the carbonate eutectic reacts to form carbon dioxide
and the mixture of metal oxides.

[0043] While certain embodiments of the disclosed sub-
ject matter have been described using specific terms, such
description 1s for illustrative purposes only, and it 1s to be
understood that changes and variations may be made with-
out departing from the spirit or scope of the subject matter.

What 1s claimed 1s:

1. A thermochemical energy system comprising:

a first metal and a second metal, the first and second metal
being configured to form a molten metal carbonate
cutectic according to a first reaction and to form a
mixture of metal oxides according to a second reaction;

a carbon dioxide component configured to deliver carbon
dioxide to the mixture of metal oxides and thereby
general or maintain the first reaction, and configured to
remove carbon dioxide from the mixture of metal
oxides and thereby generate or maintain the second
reaction; and

a heat transfer component configured to deliver thermal
energy to the molten metal carbonate eutectic and
thereby generate or maintain the second reaction, and
configured to remove thermal energy generated during
the first reaction.
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2. The system of claim 1, further comprising a third metal.

3. The system of claim 2, the first metal comprising
lithium, the second metal comprising sodium, and the third
metal comprising potassium.

4. The system of claim 1, the carbon dioxide component
Comprising a compressor.

5. The system of claim 4, the carbon dioxide component
comprising a liquid carbon dioxide storage.

6. The system of claim 1, the carbon dioxide component
comprising a gaseous carbon dioxide storage.

7. The system of claim 1, the system further comprising
an electricity production component.

8. The system of claim 1, the heat transier component
comprising a solar concentrator.

9. The system of claim 1, wherein the first and second
metals are contained within a bed, wherein the bed 1is
configured to operate as a fluidized bed during the first
reaction and during the second reaction.

10. The system of claim 1, the heat transfer component
comprising a shell and tube heat exchanger.

11. The system of claim 1, further comprising a thermal
conductivity modulator and/or a catalyst in conjunction with
the first metal and the second metal.

12. A method for storing and releasing thermal energy,
comprising;
adding thermal energy to a metal carbonate eutectic and
thereby forming a molten metal carbonate eutectic,
wherein upon the formation, the molten metal carbon-

ate eutectic reacts according to a first reaction to form
carbon dioxide and a mixture of metal oxides.

maintaining a partial pressure of the carbon dioxide over
the molten metal carbonate eutectic at a pressure that 1s
equal to or lower than an equilibrium pressure of the
carbon dioxide, wherein the maintaining comprises
removal of at least a portion of the carbon dioxide
formed 1n the first reaction;

at a later time, combining carbon dioxide with the mixture
of metal oxides, wherein upon the combination, the
carbon dioxide and the mixture of metal oxides react
according to a second reaction to reform the molten
metal carbonate eutectic; and

recovering thermal energy produced by the second reac-
tion.

13. The method of claim 12, further comprising cooling
the molten metal carbonate eutectic formed 1n the second
reaction and thereby solidifying the metal carbonate eutec-
tic, and storing the metal carbonate eutectic for a period of
time prior to repeating the method of claim 12.

14. The method of claim 12, wherein the first reaction and
the second reaction are each independently carried out at a
temperature that 1s about 800° C. or greater.

15. The method of claim 12, wherein the first reaction and

the second reaction are each imndependently carried out at a
temperature of from about 850° C. to about 1500° C.

16. The method of claim 12, further comprising storing
the removed carbon dioxide for the period of time followed
by reintroduction of the carbon dioxide to the mixture of
metal oxides.

17. The method of claim 16, wherein the carbon dioxide
1s stored as a liquid.

18. The method of claim 16, wherein the carbon dioxide
1s stored as a gas.
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19. The method of claim 12, further comprising utilizing
the recovered thermal energy in an electricity production
process.

20. The method of claim 12, further comprising fluidizing
the molten metal carbonate eutectic and mixture of metal
oxides during the first reaction and during the second
reaction.
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