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Introduction

Concentrated solar power (CSP) generation combined with
energy storage has the intrinsic advantage of dispatchability,
which is the ability to provide energy upon demand, or alter-
natively, store energy when there is no demand. Despite this
advantage, a transformational breakthrough is needed in the
area of energy storage to make CSP competitive with photo-
voltaics or conventional fossil power sources. Thermochemical
storage essentially allows for storage of concentrated solar
energy by conversion to chemical energy at greater volumetric
densities than sensible or latent heat methods, reducing the
physical footprint of CSP systems and the necessary capital in-
vestment. The ideal thermochemical system consists of a rever-
sible reaction where a high-temperature, solar-driven endo-
thermic reaction can be performed during daylight hours, al-
lowing for heat release upon the reverse, exothermic reaction
during times of high demand. The greater the temperature of
this energy release, the greater the potential for high efficiency
power generation. This work shows the promising potential of
a high temperature carbonate thermochemical energy storage
scheme.

Although photovoltaic cells convert solar energy directly to
electricity, effective utilization of this generated electricity at
large scales requires electricity energy storage. In contrast, CSP

converts solar energy to heat before transformation to electri-
cal energy, potentially allowing for more cost-effective storage.
A CSP plant with storage offers dispatchable renewable power,
allowing for high plant utilization because it can provide
energy for load shifting or spinning reserves—essentially
power on demand. Although promising, thermal energy stor-
age subsystems are often cost prohibitive. Greater volumetric
energy storage density is therefore desired to bring down capi-
tal costs. Thermochemical energy storage (TCES) offers a poten-
tial route to achieving a ten-fold increase in energy storage
density over sensible or latent heat thermal energy storage
methods.[1]

TCES of high temperature thermal energy features a solar
endothermic decomposition reaction followed by an exother-
mic formation reaction. An important characteristic is that the
reaction can go forward or backward within a reasonable tem-
perature range attainable by solar thermal energy. Candidate
species for decomposition include oxides, hydrides, hydrates,
sulfates, and carbonates.[2] Considerable work has also been
carried out on ammonia dissociation[3] and sulfur disproportio-
nation followed by combustion.[4]

Perhaps the most elegant design of a TCES subsystem to
date is the coupling of high and low temperature metal hy-
drides. A high temperature metal hydride is defined as a metal
hydride that decomposes at temperatures greater than 400 8C
while the low temperature metal hydride can easily decom-
pose at or near room temperature using either mild pressure
or temperature swing. Harries et al. introduced a pathway
where H2 is released from thermal decomposition of a high-
temperature metal hydride such as CaH2 (decomposition ca.
950 8C) and stored in a hydrogen reservoir of low temperature
metal hydrides until equilibrium is reached.[5] Recently,
NaMgH2F was shown to have 1416 kJ kg�1 of practical energy
storage (approximately 1968 MJ m�3) at a decomposition tem-
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perature of 478 8C. A technoeconomic analysis revealed that
the overwhelming cost driver for this technology is the low-
temperature metal hydride.[6]

Carbonates are especially attractive because of their low
cost and high global abundance. Carbonation/decomposition
cycling using CaCO3/CaO has been heavily explored for both
energy storage[7–13] and carbon-capture purposes.[14–28] The
drawback to CaO/CaCO3 is the decrease in reactivity during
the carbonation reaction as the capacity for CaO to take up
CO2 is significantly diminished over multiple cycles to roughly
one third of the theoretical value.[2] Compounds such as CaCO3

and BaCO3 have been investigated for both energy storage
and carbon capture/release applications; however, both com-
pounds show loss of reactivity after cycling, which is not ac-
ceptable for robust integration with a CSP plant.[13, 18, 27, 29]

Thermodynamics

As the efficiency of a heat engine increases with the upper op-
erating temperature, it is imperative that a thermochemical
storage system has the ability to operate at temperatures as
high as attainable using state-of-the-art solar concentration
methods. The use of SrCO3 for energy storage has been previ-
ously introduced by Arlt and Wasserscheid in 2011.[30] The
energy storage scheme is based on the cyclical carbonation/
decarbonation of a SrO/SrCO3 system:

SrCO3 Ð SrOþ CO2 DH�rxn, 25 �C ¼ 234 kJ mol�1 ð1Þ

During the solar-driven endothermic step, SrCO3 is decom-
posed, releasing CO2 to storage. During times of power gener-
ation, CO2 is released from storage back to the high tempera-
ture receiver/reactor where the reverse, exothermic reaction
takes place and heat is transferred to a power block. The high,
yet attainable decomposition temperature (DG8= 0 kJ mol�1 at
1175 8C) at which the system reaches chemical equilibrium
bodes well for generating high-temperature thermal energy
upon carbonation of SrO—a quality that is lacking in most pro-
posed TCES subsystems.

The thermodynamics of the reversible reaction are favorable
in both directions within a temperature range amenable to
solar thermal concentration. Figure 1 shows the variation of
the equilibrium SrCO3 and SrO + CO2 values on a basis of 1 mol
SrCO3 using a Gibbs minimization scheme at several pressures.
It should be noted that there are no significant side reactions
or side products. Thermal decomposition is shown to occur at
upper limit temperatures attainable by the central tower (i.e. ,
<1300 8C). If decomposition occurs under atmospheric pres-
sure (1 bar) at a temperature of 1300 8C and it is assumed that
the carbonation tends to completion at a pressure of 10 bar,
the extent of reaction achieved in the simulated closed system
may exceed 75 %. This extent of reaction represents roughly
175 kJ mol�1 under normal conditions or approximately
1700 kJ kgSrO

�1.
The thermodynamics of the system highly depend on the

partial pressure of CO2, which is the total system pressure as
CO2 is the only gas in the system. As CO2 is released from the

high-temperature decomposition reaction, gas evolves and
contributes to increasing the total system pressure, eventually
reaching chemical equilibrium in a closed system. To delay the
pressure increase and the corresponding equilibrium, CO2

should be sent to external storage. As more energy may be
available during the higher-temperature decomposition step
(during sun exposure), compression of evolved CO2 may be
more feasible. During carbonation, higher pressures will be
beneficial to increase the extent of reaction. If CO2 is stored at
higher pressure, it will also decrease the storage volume re-
quired, potentially decreasing the capital costs. Furthermore,
unlike metal hydride TCES systems that involve flow and stor-
age of H2, CO2 is neither explosive—a trait that becomes in-
creasingly important when considering safety measures in
scale up—nor does it cause embrittlement of pipes or storage
vessels, which is important in achieving a 30 year subsystem
lifetime.

Kinetics and longevity

The decomposition step alone has been well studied as SrCO3

is a model compound for thermal analysis.[31, 32] However, what
is less known is the ability of CO2 to repeatedly carbonate the
SrO to a high extent of reaction. The high temperatures in-
volved cause sintering and loss of surface area, which lead to
slowing of kinetics over time. This problem is not unique to
the carbonation of SrO; carbonation of CaO has faced similar
problems of sintering and pore clogging.[28] An innovative and
extremely promising solution was introduced by Zhao et al. ,
which involved the addition of a polymorphic spacer material
(Ca2SiO4) that undergoes volumetric expansion as a result of
a phase change upon cooling from 800 to 650 8C.[14] The volu-
metric expansion allows regeneration of surface area in the
particle bed. The researchers were able to achieve nearly full
conversion (97 %) of CaO to CaCO3 with addition of 30 wt %
Ca2SiO4 for 15 consecutive carbonation/decomposition cycles.
Valverde et al. have recently successfully recovered the carbo-
nation reactivity of CaO in two successive carbonation steps.[33]

The second “recarbonation” step is conducted at an elevated
temperature and is shown to significantly recover reactivity

Figure 1. Equilibrium curves for a system with initial feed of 1 mol SrCO3 at
1, 10, and 50 bar.
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after ten cycles without recarbonation. The group theorized
that thermal fatigue induced during recarbonation may lead to
internal stress and rupture in the material, leading to enhanced
diffusion of CO2 into the bulk CaO.

Other approaches include creating porous structures or
mixing reactive material with an inert support. Sacrificial pore
formation has been used successfully to create porous metal
oxide structures that facilitate gas–solid reactions at even
higher temperatures for other solar thermochemical applica-
tions.[34, 35] Inert supports with melting temperatures in excess
of the reactive material have been shown to help alleviate the
effects of sintering and may lead to increased reactivity stabili-
ty over many cycles.[36, 37]

Results and Discussion

Table 1 details the individual specimens used in this study.
SrZrO3 and yttria-stabilized strontium zirconate (SrYSZ) are the
two investigated inert support materials. Samples are labeled

according to their intended SrO and support material content.
That is, 40 % SrO w/SrZrO3 corresponds to a sample with an
intended SrO/SrZrO3 mass ratio of 2:3. During synthesis and
storage prior to experimentation, sample stocks were inevita-
bly exposed to a degree of ambient moisture resulting in par-
tial hydration of SrO. This leads to an actual SrO content that
may differ slightly from the intended value. Mass loss during
the dehydration step at 1100 8C is assumed to be due to H2O
loss and is used to estimate the true SrO content listed in
Table 1 prior to cycling. Each sample is prepared with particle
diameters in the range of 38–63 mm for both SrO and support
material.

The most telling metric for comparing the performance of
these materials is volumetric energy density. In a real system,
a reactor will be more productive if it contains more mass of
a denser material with similar or even less productivity per
gram. Thus, materials with similar % mass change observed in
thermogravimetry (TG) may not be truly comparable if one ex-
hibits a greater density. Energy density for a given cycle is cal-
culated using Equation (2):

Energy density MJ m�3½ � ¼
Dm � 1 � DH

�

rxn; 25 �C

MCO2
�mi

ð2Þ

Sample density, 1, is estimated using the measured post-ex-
perimental height, diameter, and mass. Dm is the mass change
observed by the TG for a given cycle and is taken as the total

CO2 uptake. Mass of the demoisturized sample is represented
by mi. Table 2 summarizes the apparent density of each
sample used to calculate the energy density along with the %
mass change observed in TG during the tenth cycle.

Figure 2 shows the energy density for each cycle of the sup-
ported SrO samples. Samples with 40 % reactive SrO content,
though exhibiting less initial reactivity, demonstrate extremely

repeatable cyclic energy density. The sample of 40 % SrO w/
SrZrO3 features stability at approximately 1030 MJ m�3, where-
as that of 40 % SrO w/SrYSZ exhibits a greater energy density
equilibrium point of nearly 1450 MJ m�3. For both support ma-
terials, initial mass change increases with SrO content. The
effect of sintering is observed in both samples with 50 % SrO
although degradation associated with the SrYSZ-supported
sample is more aggressive. 50 % SrO w/SrYSZ exhibits approx-
imately 1850 MJ m�3 during the tenth cycle, a decrease of 32 %
from the initial cycle. 50 % SrO w/SrZrO3 also degrades, down
9 % from its peak energy density to nearly 1600 MJ m�3 by
cycle ten. The greater density of 50 % SrO samples leads to
a larger energy density per milligram of mass change. Howev-
er, degradation of these samples is such that ultimate stability
is likely not fully realized after ten cycles.

For reference, Table 3 lists the maximum theoretical energy
densities for samples with a range of SrO content. These fig-
ures correspond to zero porosity or a theoretically solid
sample that has achieved complete conversion to SrCO3. SrO
contents of 40 % and 50 % that correspond to the active por-
tions of tested samples are included. The theoretical maximum
values are much greater than those realized in Figure 2, lead-

Table 1. Support materials and SrO content (wt %) of specimens.

Sample name SrO content [wt %]

50 % SrO w/SrYSZ 50.6
40 % SrO w/SrYSZ 39.7
50 % SrO w/SrZrO3 48.3
40 % SrO w/SrZrO3 37.9

Table 2. Measured density and % mass change observed using TG for
SrZrO3-supported SrO specimens.

Sample Apparent density
[kg m�3] (�5 %)

Mass change: 10th cycle
[%] (�0.1 %)

50 % SrO w/SrYSZ 2380 14.6
40 % SrO w/SrYSZ 1620 16.7
50 % SrO w/SrZrO3 2400 12.5
40 % SrO w/SrZrO3 1800 10.9

Figure 2. Energy density of supported SrO specimens over ten cycles.
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ing to the conclusion that a significant amount of material had
not reacted.

Given that 40 % SrO w/SrYSZ exhibits the greatest stable
energy density over ten cycles, it was chosen for further inves-
tigation. Figure 3 shows representative TG mass change data
for a single set of fifteen cycles. To show repeatability, Figure 4
plots the average energy density from three identical sets of

fifteen cycles for 40 % SrO w/SrYSZ. The energy density is ex-
tremely stable at approximately 1400�60 MJ m�3 over fifteen
cycles. This comparatively small error is evidence of high re-
peatability for 40 % SrO w/SrYSZ. The average energy density
for 50 % SrO w/SrYSZ is shown in Figure S3 of the Supporting
Information.

To test the extended stability of 40 % SrO w/SrYSZ, 45
cycles were conducted identically to the previously run cycles.
The energy density for each cycle is shown in Figure 5. As
shown in Figures 3 and 4, stability is observed for the first fif-
teen cycles at an energy density of approximately 1430 MJ m�3.

Thereafter, a slight decrease in energy density is observed with
additional cycles, down to 1260 MJ m�3 during cycle 45. An ex-
ponential fit to cyclic energy density data yields an empirical
relationship between energy density and cycle number, N,
with R2 of approximately 0.92 [Eq. (3)]:

Energy density MJ m�3½ � ¼ 1477 exp �0:003 Nð Þ ð3Þ

Similar energy density data and discussion for 101 cycles
with 50 % SrO w/SrYSZ can be found in Figures S4 and S5 of
the Supporting Information.

The mass change profiles of cycles 1 and 45 have been su-
perimposed in Figure 6 for better visualization. Comparison of
these curves reveals two apparent kinetic regimes during the
carbonation step. The first is an aggressive regime that occurs
very quickly, attributed to the carbonation reaction primarily
on the surface of the sample. A second, slower regime is later
observed as a SrCO3 layer forms on the surface and CO2 must
diffuse through this layer to further carbonate the sample. The

Table 3. Maximum theoretical energy density for a range of SrO content
and zero porosity.

SrO Content [wt %] Maximum theoretical energy density [MJ m�3]

100 10 614
50 5307
40 4246

Figure 3. Mass change vs. temperature TG data for a single set of fifteen
cycles with 40 % SrO w/SrYSZ.

Figure 4. Average energy density �1 standard deviation for three fifteen-
cycle experiments for 40 % SrO w/SrYSZ.

Figure 5. Energy density over 45 cycles for 40 % SrO w/SrYSZ.

Figure 6. Comparison of TG mass change curves of the first and last cycles
from the 45-cycle 40 % SrO w/SrYSZ experiment. The curve for cycle 45 is
offset for clarity.
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first cycle consists almost completely of the surface regime
and quickly reaches a maximum degree of carbonation. As the
sample is cycled, sintering decreases the sample’s surface area
and reduces the extent of the surface regime. Consequently,
each additional cycle is composed of the slower diffusion
regime. Cyclic energy density subsequently falls as the maxi-
mum carbonation degree is no longer achieved in the allotted
time for carbonation. The initial stable level of energy density
may be recoverable given a longer time for carbonation for
later cycles.

Conclusions

Samples of SrO with inert support material of yttria-stabilized
strontium zirconate (SrYSZ) and SrZrO3 have both energy den-
sities exceeding 1500 MJ m�3 for ten cycles at temperatures
not previously approached by other thermochemical energy
storage (TCES) systems. The high-temperature nature of this
TCES concept could potentially power a solar-driven combined
cycle power plant at times of no solar input. Comparing similar
samples with differing SrO content demonstrates that sintering
begins to hamper the reactive stability as the SrO content sur-
passes at least 38 % by mass in the SrZrO3 support material
and 40 % in SrYSZ. Although the effect of sintering is evident
in samples containing 48–50 % SrO by mass, a threshold of re-
active equilibrium, as noted above, is observed for specimens
with less SrO content. For both materials with 40 % and 50 %
SrO, those supported on SrYSZ exhibit greater mass change
and energy density than samples with SrZrO3 as support. This
observation leads to the initial conclusion that SrYSZ may be
superior to SrZrO3 as a support material for SrO under the
tested conditions.

A 45-cycle test of 40 % SrO w/SrYSZ was conducted to fur-
ther test the extent of the observed stability. The energy densi-
ty decreased after fifteen cycles from 1430 MJ m�3 in the first
cycle to approximately 1260 MJ m�3 after 45 cycles. Inspection
of mass change profiles reveals the presence of two primary ki-
netic regimes during carbonation. The first, a quick surface
regime, is responsible for the majority of the observed energy
density. The diffusion regime proceeds more slowly, likely be-
cause of the need of CO2 to diffuse through the earlier formed
SrCO3 surface layer. As the sample is subjected to more cycles,
the degree of contribution during the surface regime is re-
duced and the carbonation extent becomes increasingly reliant
on diffusion. Slowing reaction rates leads to a lack of recovery
of the previously achieved energy density. At the end of the
45th cycle, carbonation is not yet complete. An increased
degree of energy storage could be achieved given a longer
time for carbonation.

Ideally, there exists an ideal SrO content that will maintain
the greatest stable value of energy density over many cycles
for each supportive material. There are many additional param-
eters (e.g. , temperature and pressure) that have not yet been
fully explored. Optimization of SrO content, particle size (for
both SrO and support) beyond 38–63 mm, and orientation of
SrO and support particles during synthesis may aid in the pur-
suit of an ideal supported SrO material. Additionally, more so-

phisticated methods of synthesis (e.g. , wet methods such as
co-precipitation) may result in a more homogeneously sup-
ported material with greater stability.

Experimental Section

Strontium oxide (Alfa Aesar) and 8 mol % yttria-stabilized zirconia
(YSZ) (99.9 %, Advanced Materials) were mixed well at a 1:1 molar
ratio. The mixture was heated in a muffle furnace at 1500 8C for 8 h
under air. During this process, yttria-stabilized strontium zirconate
(SrYSZ) was synthesized through a solid-state reaction between
strontium oxide and YSZ. SrYSZ powder was sieved to prepare
samples in different size ranges: 25–38, 38–63, 63–106, and 106–
125 mm. Strontium zirconate without yttria (SrZrO3) was also pre-
pared as a support material.
To confirm formation of SrYSZ, Raman spectra were recorded using
a dispersive micro-Raman spectrometer (JY Horiba LabRam,
632 nm excitation). As no standard for SrYSZ was available, our
synthesized SrYSZ was compared to standards for SrZrO3 and SrO.
Figure 7 shows prominent peaks for both the SrZrO3 standard and

SrYSZ at approximately 410, 440, and 548 cm�1. Other significant
peaks are also present: most notable is a SrYSZ peak at 730 cm�1

not seen in the SrZrO3 standard. We attributed these differing
peaks to the influence of yttria in the synthesized sample. A stan-
dard for SrO is also included, the peak of which is located at
1078 cm�1. Peaks at this point in the other spectra are likely from
traces of unreacted SrO from synthesis. Spectra for selected experi-
mental samples are shown in Figures S1 and S2 in the Supporting
Information.

SrO is highly hygroscopic in nature and transforms into Sr(OH)2

and later Sr(OH)2·8 H2O by absorbing moisture from air. It is difficult
to protect SrO from the moisture during the material synthesis
process and some SrO is likely to form Sr(OH)2 or a hydrate. Thus,
a starting material for the experimental investigation is likely a mix-
ture of SrO and Sr(OH)2 with unknown mass ratio of constituent
materials. To avoid this ambiguity, each sample was prepared
using powders that had been left open to the atmosphere for
72 h. During the initial heat treatment, Sr(OH)2 lost moisture and
SrO was recovered. SrO was heat-treated at similar conditions de-
scribed earlier in this section for synthesis of strontium zirconate.
The sintered structure of SrO was exposed to air at room tempera-
ture for 72 h. The resulting powder was sieved to prepare samples

Figure 7. Raman spectra of SrO and SrZrO3 standards against synthesized
SrYSZ. Peaks shared by SrYSZ and the SrZrO3 standard (410, 440, and
548 cm�1) are noted with red lines.
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in different particle size ranges: 25–38, 38–63, 63–106, and 106–
125 mm. The theory for determination of the mass ratio of the sup-
port material to the reactive material for experimental samples is
detailed in the Supporting Information.
Data were obtained by performing thermogravimetric analysis
(TGA) using a Netzsch STA 449 F3 Jupiter TG. Approximately 50 mg
of material was measured into an alumina crucible for experimen-
tation. Before cycling began, supported SrO specimens were sub-
jected to heat treatment at 1100 8C for 3 h under an inert atmos-
phere (Ar) so that any latent Sr(OH)2 or SrCO3 formed from expo-
sure to air could be decomposed to SrO. Specimens were then ex-
posed to a singular flow of 120 mL min�1 of CO2 at 1150 8C for 3 h
during which time the exothermic carbonation reaction occurred.
Immediately following carbonation, the temperature was increased
to 1235 8C and held for a period of 30 min to achieve the decom-
position of SrCO3. During decomposition, an environment of
0.1 bar partial pressure of CO2 was maintained with a 90 mL min�1

flow of argon alongside 10 mL min�1 of CO2. This two-step proce-
dure was repeated for a total of ten cycles per specimen. Upon
completion of each experiment, specimens were allowed to cool
to room temperature under inert gas flow. Immediately after cool-
ing and removal from the TG, each specimen was weighed and
measured using a Vernier caliper to estimate the volume. Speci-
mens were then set in epoxy in preparation for imaging and to
guard against potential hydration in air.
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Solar Thermochemical Energy Storage
Through Carbonation Cycles of SrCO3/
SrO Supported on SrZrO3

Sun off, storage on : A thermochemical
energy storage (TCES) system based on
a SrO/SrCO3 carbonation cycle is investi-
gated. The SrCO3/SrO systems support-
ed by zirconia-based sintering inhibitors
exhibit energy density exceeding 1500
MJ m�3 for ten cycles at temperatures
not previously approached by other
TCES systems. The high-temperature
nature of this TCES concept could po-
tentially power a solar-driven combined
cycle power plant at times of no solar
input.
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