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ABSTRACT: Mayenite-supported CaO represents an affordable and safety-
compliant candidate material for thermochemical storage processes. We here
analyze the thermogravimetric analysis (TGA) performance of synthetic
CaO/mayenite micrometric powder under carbonatation/calcination looping
and develop a model to interpret and analyze the experimental results. In the
experimental campaign, calcination is run at 900 °C, while the carbonatation
temperature is varied between 600 and 800 °C. For the carbonatation
reaction, a generalized shrinking core model assuming a thermodynamically
consistent first-order kinetic and a conversion-dependent diffusivity of CO2
inside the porous CaCO3 layer is validated through TGA carbonatation tests
conducted with CO2/N2 mixtures at different compositions. Interestingly, the
kinetic constant of this reaction is found to be relatively insensitive to the
temperature in the interval considered. In contrast, diffusion-limited regimes
are never found for the calcination reaction so that this phase of the cycle can be predicted based on a single kinetic constant of the
heterogeneous reaction. This constant is found to follow the typical Arrhenius-type dependence on temperature. Sizably different
kinetic and transport parameters are obtained in the first carbonation performed on virgin CaO/mayenite particles with respect to
those associated with subsequent cycles. When different parameters are afforded for the first and following cycles, the shrinking core
model proposed closely predicts the TGA data over five CaO/CaCO3 cycles. The results found constitute an essential preliminary
piece of information for designing equipment geometry and operating conditions of industrial-scale reactors. In this respect,
knowledge of the parameters defining the intrinsic reaction rates and diffusive transport is essential in defining the optimal
conversion of the material associated with minimal looping time.

■ INTRODUCTION
According to the International Energy Agency (IEA), renew-
able electricity generation increased by almost 7% in 2021,
with wind and solar photovoltaic technologies together
accounting for almost 90% of this growth.1 Concentrated
solar power (CSP) plants, which concentrate sunlight to
convert it into high-temperature thermal energy for direct or
indirect operation of heat engines and electricity generators,
are relatively recent developments. In 2022, the total global
installed capacity of CSP was approximately 6 GW. However,
the IEA expects it to grow significantly in the years to come,
reaching approximately 900 GW by 2050.2,3 This significant
growth in renewable energy capacity highlights the need for
energy storage technologies to allow efficient integration of
these intermittent sources into the grid. Energy storage may
also play an important role in the industrial sector, where waste
heat is currently underutilized.4−6 This may be due to technical
and economic shortcomings associated with conventional heat
recovery methods as well as temporal or geographical

mismatch between the energy released and its demand. By
enabling the storage of thermal energy for later use, thermal
energy storage (TES) can help not only to address the
challenges posed by intermittent renewable energy sources,
especially solar energy, but also to improve the efficiency of
industrial processes.
Thermal energy can be stored as sensible heat, latent heat,

chemical reaction heat, or combinations thereof. Sensible TES
use materials with high specific heat7 (131−4187 J/kg K) to
store/release the energy by heating/cooling processes. These
systems are simple, reliable, and cheap, but their energy storage
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density is low8 (∼60 kWh/m3). Melting/solidification latent
heat TES systems have the potential to reach higher
efficiencies than sensible TES systems due to their nearly
isothermal process conditions and promise higher energy
densities8,9 (∼100 kWh/m3). However, despite the large
number of phase-change materials10 proposed, the efficiency of
latent heat TES systems is limited by low charge/discharge
rates due to the low thermal conductivity of most materials7

(<0.5 W/m K), fouling of heat transfer surfaces by solid
deposition, and volumetric expansion9 during the phase
change. Thermochemical energy storage systems (TCES) are
based upon reversible gas−solid reactions, characterized by
high enthalpy changes, to store and release energy through a
cyclic process. These systems have the potential to provide
higher operating temperatures and energy densities11 (∼600
kWh/m3) and negligible heat loss over longer periods
compared to both sensible and latent heat TES technologies.
Important requirements for TCES materials include reversi-
bility of the chemical reaction, temperature compatibility with
power cycles or coupled processes, high reaction rates of
forward and backward reactions, absence of side reactions, high
specific enthalpy of reaction, high specific heat capacity, long-
term cycling stability, environmental compatibility, nontoxicity,
and low cost. A generalized scheme showing the way
thermochemical energy storage systems may be coupled to
CSP plants is shown in Figure 1. A more detailed discussion of
such integration is reported in Lanchi et al.12

Among several chemical looping alternatives (hydrides,
metal oxides, and carbonate salts13,14), the calcium looping
(CaL) process has attracted great interest as a promising
system for TCES since it displays several advantages such as
low cost, nontoxicity, high reaction temperature for the
exothermic reaction (650−850 °C), low hysteresis, and high
energy density11 (∼692 kWh m3). The CaL process is based
on the reversible calcination of CaCO3 into CaO

+FCaCO CaO CO3 2 (1)

The CaL process exhibits two significant drawbacks that
penalize its large-scale implementation, namely, the incomplete
conversion of CaO and its progressive deactivation along the
successive carbonation/calcination cycles.15,16 Many authors

have highlighted that the carbonation reaction proceeds
quickly up to a critical conversion (kinetics-controlled regime),
above which a sharp reduction in the reaction rate is
observed17−21 (diffusion-limited regime). In particular, Bhatia
and Perlmutter19,20 have shown that, when working with CaO
obtained by limestone calcination, the transition from the fast
reaction phase to the slow phase occurs at a critical conversion.
According to their random pore model, since the conversion
involves the formation of a compound (CaCO3) with a molar
volume (36.9 cm3 mol−1) greater than the molar volume of the
reactant (CaO, 16.7 cm3 mol−1), the conversion results in a
reduction of the porosity of the structure. The authors
identified the critical conversion as that in which the smaller
pores, which are attributed to provide most of the reaction
surface areas, are completely occluded. According to this
interpretation, in the slow phase of the reaction, carbonatation
is possible only in larger pores with a low surface area.
Similarly, Stendardo and Foscolo22 have employed a multigrain
shrinking core model, in which the carbonatation reaction is
considered to proceed through an initial, fast kinetically
controlled step, followed by a slower step in which the process
is limited by a conversion-dependent diffusion of CO2 through
the ash layer.
The other main issue associated with the CaL process is the

loss of reactivity of CaO obtained from natural sources such as
limestone, which undergoes a rapid decline in its ability to
react with CO2 upon repeated cycles of calcination and
carbonation. This characteristic of limestone-derived CaO is
well documented17,23,24 and is generally attributed to the
extensive sintering and loss of surface area that occurs at the
high temperature and high CO2 partial pressure

25,26 required.
In addition, it has been noted that when calcination is carried
out in an inert gas, during the subsequent carbonatation, a
blocking layer of CaCO3 forms rapidly on the surface of the
CaO particles. This pore-plugging layer significantly hinders
the diffusion of CO2 molecules and hence prevents complete
conversion.18,27

In the last two decades, many researchers worldwide have
focused on the issue of material deactivation in CaO-based
materials. The most commonly used approaches include (i)
incorporating CaO particles into various inert supports;28−33

Figure 1. Integration of thermochemical energy storage systems with concentrated solar power plants.
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(ii) hydration treatment;34−36 (iii) using sintering-resistant
calcium precursors;37,38 and (iv) modifying natural calcium
minerals by ball milling or acidification.39,40 While most of
these approaches have demonstrated some success in
enhancing the performance of CaO-based materials for TES,
incorporating CaO particles into inert supports is the most
extensively studied and effective approach to solving the loss-
in-reactivity issue. Basically, adding inert materials that are
resistant to sintering can improve the stability of the material
during usage cycles by reducing the loss of active sites.
However, adding these materials also leads to a reduction in
the energy storage density per unit mass of the composite
material. Therefore, it is necessary to strike a balance between
the stability and energy storage density by properly adjusting
the amount of added inert material. To date, over a dozen inert
supports have been employed and investigated to improve the
cyclic performance of CaO-based materials, comprising binary
oxides of cobalt, iron, and copper, as well as additives41,42

based on yttrium and aluminum.
Given the good performance exhibited by synthetic calcium-

based materials containing aluminum, in this work, we focus
on CaO-based systems supported on mayenite/CaCO3,
henceforth referred to as CaO−mayenite/CaCO3. Compared
to natural sorbents like dolomite or limestone, synthetic
mayenite (Ca12Al14O33) is not only more expensive (about
four times higher) but also much more durable,43 with less
than a 10% reduction in its CO2 sorption capacity after 50
cycles, compared to a 40% reduction for natural sorbents.
Although this material has been extensively researched for CO2
capture applications,44 there are still several aspects that need
to be investigated to determine its suitability for heat storage
applications. Previous studies on the CaO/mayenite system
have mainly focused on factors affecting reactivity, such as
preparation method, calcium and aluminum precursors, CaO/
mayenite ratio, residence time, particle size, carbonatation
temperature, calcination temperature, and stability under
ambient air32 conditions.
In this work, an analysis and modeling activity was carried

out for the CaO−mayenite/CaCO3 system, focusing on the

system behavior during usage cycles. The model employed is a
shrinking core, multigrain model similar to the one previously
employed in the work of Stendardo and Foscolo,22 but the
analysis was extended to consider the effect of different CO2
concentrations in the gas employed in the carbonatation
reaction. In addition, the different behavior before the first and
subsequent carbonatation/calcination cycles was investigated.
The reactive material consisting of CaO supported on an

inert matrix of mayenite was synthesized at the laboratories of
the ENEA Casaccia Research Center. The powder obtained
from the synthesis was then tested in a thermogravimetric
analyzer (TGA) under carbonatation/calcination looping, and
the results confirmed that the addition of mayenite effectively
stabilizes the material, ensuring high and sustained conversion
over time.32,33 The kinetic characterization of the material for
the carbonation and calcination phases was then carried out.
The powder was assumed to be made of distinct CaO/CaCO3
and mayenite grains, and the kinetic behavior of the single
CaO/CaCO3 grain was described using a generalized shrinking
core model. The material was tested in TGA enforcing three
different protocols described in detail in the next section:
changing the calcination or carbonatation operating temper-
ature or the CO2 molar fraction adopted during the
carbonatation phase. The experimental results allowed for
the assessment of the intrinsic reaction rate and estimation of
kinetic/transport parameters.

■ MATERIALS AND METHODS
Experimental Section. For the reasons discussed above,

mayenite-supported CaO/CaCO3 was selected as the
thermochemical looping material for the present study. For
reproducibility issues and better performance over cycling, the
material was synthesized in-house. A two-step synthesis
method was adopted, which is a modification of the method
previously described by Di Giuliano et al.45 First, 1.25 g of
mayenite was prepared using 4.733 g of aluminum nitrate
nonahydrate (Al(NO3)3·9H20, Acros Organics) and 0.607 g of
calcium oxide (CaO, Acros Organics) in a stoichiometric ratio
to obtain 12 CaO·7 Al2O3. Mixed solid powders were added to

Figure 2. X-ray diffraction spectra of CaO/mayenite synthesized at the laboratories of the ENEA Casaccia Research Center.
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11 mL of isopropyl alcohol (99.5%, Sigma-Aldrich) and 83 mL
of deionized water and homogenized at 70 °C for 1 h. The
solvent was then evaporated at 150 °C for 1 h, and the
resulting sample was transferred to a kiln for calcination. The
calcination procedure was as follows: (i) from 50 to 150 °C at
a heating rate of 5 °C/min and dwell at 150 °C for 1 h; (ii)
from 150 to 500 °C at a heating rate for 5 °C/min and dwell
for 1 h; and (iii) from 500 to 1000 °C at a heating rate of 5
°C/min and dwell for 1 h. The recipe for mayenite synthesis
was taken from the previous work by Li et al.,46 but the
calcination temperature was selected according to the findings
previously published by some of the same authors of the
present work.47 In the second step, a sample of 0.5 g of
synthetic mayenite thus obtained was mixed with 1.5 g of CaO
in 4.4 mL of isopropyl alcohol and 33.2 mL of deionized water.
The mixture was then stirred over a heating plate at 70 °C, and
the calcination procedure was repeated (see Di Giuliano et
al.48 for details on the mixing procedure). The quantities were
chosen so that the final sample contained 75% of the weight of
CaO. The material was then crushed to a fine powder with a
diameter of approximately 0.5 mm. XRD spectra were
determined for the sample, which showed a homogeneous
distribution of mayenite and CaO phases, as can be gathered
from Figure 2. Preliminary tests showed that this procedure
provides a high-performing material in terms of both reactivity
and stability over carbonatation/calcination cycling (not
shown for the sake of brevity). An attempt was also made to
increase the energy density of the material by increasing the
weight of CaO from 75 to 91.5%. Figure 3 shows the stability

of conversion over cycling in terms of the maximum
conversion at the end of each carbonatation step. The
maximum conversion of the 75% CaO sample (filled squares)
is maintained above 80% during the first 10 cycles, whereas the
91.5% sample shows a relatively rapid deterioration of the
performance. For comparison, the triangular symbols show the
behavior of a natural limestone, whose performance is hardly
compatible with an industrial use of the material. Notwith-
standing the larger CO2 uptake due to the larger amount of
CaO, the sample showed a rapid deterioration of the
performance over cycling in that the smaller amount of
mayenite present was less effective in preventing synthesization
phenomena. For these reasons, only 75% of CaO material
obtained through the impregnation/calcination method is next
considered.

In order to single out the effects of the diffusion of CO2
through the CaCO3 layer on the overall carbonatation kinetics,
thermogravimetric analyses were conducted. The experimental
tests were conducted on a TGA/DSC apparatus (Mettler
Toledo) at ENEA Casaccia laboratories on a 75% CaO
material hosted in a 70 μL alumina crucible. Twenty-five mg of
sample was loaded on the crucible, and the material was first
heated from 50 to 900 °C and pretreated by calcination at this
temperature under a 50 N mL/min pure N2 flow for 1 h to
ensure complete carbonatation and the removal of any
adsorbed humidity. At the end of this pretreatment, the mass
of the sample varied between 18 and 25 mg. The sample was
then brought to 700 °C under a pure nitrogen flow. Starting
from this condition, two groups of experimental tests were
conducted. In the first group, a single-carbonatation reaction
was conducted by feeding the TGA apparatus with CO2/N2
gas mixtures at different compositions for 2 h. Similar
experimental runs were also conducted for T = 600 °C. In
the second group, the carbonatation was conducted under a
pure CO2 current and the temperature was kept fixed at 700 or
800 °C.
Then, in order to assess the response of the material to

CaO/CaCO3 looping, tailored TGA experiments were
conducted. As for the previous tests, the sample was pretreated
by calcination at 900 °C under N2 for 1 h. The sample was
then brought to 700 °C still under a pure nitrogen flow.
Starting from this condition, five carbonatation/calcination
cycles were enforced by switching the gas feed from pure N2 to
pure CO2. During the calcination reaction, the nitrogen
temperature varied from 700 to 900 °C, keeping the
temperature fixed at 900 °C for 10 min, whereas, during the
carbonatation, the carbon dioxide temperature was kept fixed
at 700 °C for 20 min.
Experimental runs were conducted for three values, T = 600,

700, and 800 °C, of the carbonatation temperature. In all cases,
the temperature of the calcination reaction was kept constant
to 900 °C. All tests were run in duplicate. Henceforth, we refer
to these experimental runs as P600A, P700A, and P800A
(P600B, P700B, and P800B for the duplicates) where PyyyA
and PyyyB denote protocols with carbonatation temperature
equal to yyy °C. Starting from the 75% CaO sample, and
defining the conversion XCaO(t) as the mass of CaO converted
into CaCO3 to the initial CaO mass, one obtains the
relationship between XCaO(t) and the total mass of the sample
m(t)

=X t
m t m

W W
( )

1
0.75

( )/ (0) 1
/ 1CaO

CaCO CaO3 (2)

WCaCOd3
and WCaO are the molecular weights of calcium

carbonate and calcium oxide, respectively. To provide an
example, Figure 4 shows the conversion curves for the test
P800A. Beyond the fact that a slight (linear) decrease of the
maximum conversion is already apparent over the first five
cycles, one observes how the first carbonatation shows a
qualitatively different behavior of conversion vs time when
compared to the subsequent ones. This clearly suggests that
the first carbonatation occurs via a different mechanism, a
circumstance that must be taken into consideration when
developing a model to interpret the experimental trends.
Tailored experiments were also implemented to single out

the kinetics of the calcination reaction and validate the
transport-reaction model. In this case, a two-cycle protocol was

Figure 3. Maximum carbonation conversion over cycling. Squares:
75% CaO 25% mayenite material. Circles: 91.5% CaO 8.5% mayenite.
Triangles: natural limestone.23
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enforced. Here, the calcination temperature was controlled by
feeding the TGA apparatus with pure nitrogen at T = 900, 850,
800, and 750 °C for 15 min, and the carbonatation was carried
out at a fixed temperature of 700 °C for 20 min.
Modeling. The conversion/time curves determined from

the TGA experiments are next interpreted through a
generalized shrinking core model. In developing this model,
we assume that the generic particle is composed of CaO and
mayenite (inert) grains organized in a macroporous structure
that, owing to the large pore size, offers no resistance to either
mass or heat transport. Therefore, at any time instant, the local
gas temperature and composition at the external surface of the
grains are identical to those outside the particle embedding the
grains. This much established, we also assume that the
individual CaO grain is initially a compact nonporous
spherically shaped solid, with radius R0, as represented in
Figure 5. As the carbonatation reaction advances during the
first cycle, a layer of CaCO3 is formed, which sticks to the
unreacted core (see Figure 5). In principle, one would expect
that during the first carbonatation, the CaCO3 layer formed
should possess some degree of porosity, so that transport
toward the reaction surface is made possible. On the other
hand, the diffusion coefficient for this phase of the cycle as
obtained by best fit of TGA data (see the Results section) is
compatible with that of a gaseous molecule diffusing through a
solid crystal. For this reason, we assume that the porosity of
the CaCO3 grain formed from the virgin CaO is negligible.
Note that during this first cycle, the external grain volume is
not preserved because the molar volume of CaCO3 is larger
than that of CaO. As a result, the grain radius, R1, at the final
carbonatation conversion, say XCao,max

1 , is larger than the initial
grain radius R0. Next, when CaCO3 is subjected to calcination,
one can assume that the external grain volume remains
constant and that the weight loss due to the CO2 released
changes only the internal porosity of the grain. The TGA data
show that at 900 °C the calcination reaction swiftly brings back
the conversion to zero. As discussed in the previous section,
specific experiments were devised to determine the depend-
ence of the overall time scale of this reaction at different

temperatures. Figure 6 shows the relative weight loss during
the calcination phase in the first of the two-cycle protocol. The

results are reported in terms of (1 − XCaCOd3
), where XCaCOd3

is
the conversion of carbonate, defined as

=X
m m

m t m
W W

1
/ (0)

( )/ (0) 1
/ 1CaCO

CaCO
0

CaO CaCO
3

3 3 (3)

In the above equation, m(0) and mCaCOd3

0 are the mass of the
sample and of CaCO3, respectively, at the beginning of the
calcination step. Both of these values depend on the degree of
conversion achieved in the previous carbonatation step.

Figure 4. Conversion (blue) and temperature (red) vs time for the
TGA test P800A, where the carbonatation and calcination reactions
are conducted at 800 and 900 °C, respectively.

Figure 5. Shrinking core model for the carbonatation/calcination
cycle. A difference is allowed for the first cycle, where the initial
calcium oxide grain of radius R0, supposedly nonporous, is converted
to a grain of CaCO3, whose radius R1 is larger than R0 (see the main
text for details). After the first carbonatation, the external grain radius
is assumed constant for all of the subsequent calcination/
carbonatation cycles.

Figure 6. Weight loss for the calcination reaction in the first of a two-
cycle protocol at different temperatures in TGA. In all cases, the
carbonatation reaction closing the cycle was carried out at T = 700
°C.
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As can be gathered from the data, the overall calcination
time ranges from order 10 min at the lowest temperature to
order 1 min at T = 900 °C. Besides, it is clear that the
calcination reaction does not suffer from diffusional limitations
in that the advancement of the reaction creates an overpressure
inside the grain pores. In turn, the internal pressure gradient
generates a convective flow of the gas phase toward the
external grain surface, therefore providing an effective transport
mechanism for CO2 release that proves way more efficient than
molecular (i.e., diffusive) transport. Then, it is expected that
the calcination reaction will be controlled exclusively by the
intrinsic reaction kinetics. Following the above observations,
we next assume that, after the first carbonation, the external
grain radius is constant throughout the cycles and equal to R1.
Therefore, considering the difference in molar volume between
CaCO3 and CaO, we also assume that the CaO grain produced
has a certain degree of porosity. The relationship between the
initial radius, R0, of the CaO grain and R1 depends on the ratio
Z = vCaCOd3

/vCaO between the molar volume vCaCOd3
of calcium

carbonate to that of calcium oxide, vCaO, and on the maximum
conversion XCaO,max

(1) as

= +R R X ZX(1 )1 0 CaO,max
(1)

CaO,max
(1) 1/3

(4)

Next, a generalized shrinking core model is enforced for the
carbonatation reaction. The effective kinetics of the calcination
reaction is then derived by the same model by assuming that
this reaction is exclusively controlled by the intrinsic reaction
kinetics, thus, disregarding diffusional limitations.
The shrinking core model for the carbonatation yielding the

conversion XCaO(t) is constructed based on the following
assumptions:

1. The heterogeneous reaction

+ FCO CaO CaCO2(g) (s) 3(s) (5)

mainly occurs at the surface of the unreacted core and is
characterized by the first-order surface kinetics

=r k c c( ) ( )CaO s CO
(s)

CO ,eq2 2 (6)

where (−rCaO) represents the moles of CO2 converted
per unit reaction surface area per unit time, and where
cCOd2

(s) and cCOd2,eq denote the carbon dioxide concentration
at the surface of the unreacted core and the equilibrium
concentration of the carbonatation reaction at the local
surface temperature, respectively. Note that, because the
reaction is heterogeneous, the kinetic constant ks has the
physical dimensions of a velocity (e.g., cm/s).

2. The equilibrium concentration cCOd2, eq is estimated by
assuming the ideal behavior of the gaseous mixture as

=c P T/CO ,eq CO ,eq2 2
, being the universal gas

constant. For the dependence of equilibrium pressure
vs temperature, we use the correlation by Garcia-
Labriano49 et al.

= ×P T4.137 10 exp( 20474/ )CO ,eq
7

2 (7)

where P is expressed in atm and T in K.
3. Quasi-steady-state conditions are assumed, where the
CO2 hold-up in the pore volume is neglected.

4. Following previous studies,22 a conversion-dependent
effective diffusion coefficient, say Dp(XCaO), in the
porous layer of CaCO3 must be allowed to account for

pore obstruction due to the residual advancement of the
carbonatation in the converted layer. More specifically,
in the present study, an empirical two-parameter
expression of the type

=D X D X( ) b
p CaO p

(0)
CaO (8)

was proposed, where the effective diffusivity at unit CaO
conversion, Dp

(0), and the exponent b are next regarded
as adjustable parameters.

By the qualitative picture depicted in Figure 5, the enforce-
ment of the shrinking core approach to the first carbonatation
cycle must take into account the fact that the external grain
radius continuously varies as the initially nonporous grain is
converted. One obtains the final expression

=
+

X
t

X
g X

d
d

3(1 )
( )

CaO CaO
2/3

k D CaO (9)

where

=
v

R
c c

1
k ( )k

CaO

0

s CO CO ,eq2 2 (10)

is the characteristic time of the surface reaction (cCOd2
being the

carbon dioxide concentration of the gas outside the grain)

=
v

R
D c c

1
( )D

CaO

0
2

p CO CO ,eq2 2 (11)

is the characteristic time for the diffusion of CO2 through the
porous layer of CaCO3, and where the function g(XCaO) is
given by

= [ ]
+

i
k
jjjjj

y
{
zzzzzg X X

X
X ZX

( ) 1 1 3
1

1CaO CaO
CaO

CaO CaO

3

(12)

In the second and subsequent cycles, the same expressions as
above hold true for τk and τD, with R1 given by eq 4 in place of
R0, whereas the function g(X) simplifies to

= [ ]g X X X( ) 1 (1 3 1 )CaO CaO CaO3 (13)

Note that in all cases g(XCaO) → 1 as XCaO → 0; thus, it is
expected that dXCaO/dt ≃ 3(1 − XCaO)2/3/τk at the initial stage
of the carbonatation. Also, by assuming ideal behavior for the
gas phase, both cCOd2

and cCOd2,eq can be computed if the
composition, the total pressure, and the temperature of the gas
are known. These observations are next used to derive the
characteristic time for the reaction, from which, in turn, the
kinetic constant characterizing the intrinsic reaction rate can be
obtained.
As regards the characteristic calcination time, henceforth

referred to as τcalc, one could in principle enforce the same
shrinking core approach used for the carbonatation. However,
an order-of-magnitude analysis (not discussed for the sake of
brevity) suggests that the characteristic time of diffusion of
CO2 through the pores of the CaO layer formed during the
advancement of the reaction is well below 1 s. This result is
consistent with previous studies,50,51 which show that diffu-
sional limitations become relevant only for larger grains, i.e.,
radius of the order of mm. Besides, the data represented in
Figure 6 clearly indicate that, for temperatures above 800 °C,
the overall characteristic reaction time is of the order of
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minutes, i.e., almost 10 min lower than the carbonatation step.
By this observation, one can assume that a shrinking core
model, which only takes the intrinsic reaction kinetics into
account, can be used for interpreting the calcination reaction

=
i

k
jjjjjjj

y

{
zzzzzzzr k

c

c
( ) 1CaCO s

CO

CO
3

2

2,eq (14)

By this approach, the conversion, XCaCOd3
(t), of calcium

carbonate during the calcination reaction only depends on
the kinetic parameter ks′ as

=
i
k
jjjjj

y
{
zzzzzX t

k v

R
t( ) 1 1CaCO

s CaCO

1

3

3

3

(15)

where vCaCOd3
is the intrinsic molar volume of calcium

carbonate. Here, XCaCOd3
= (1 − XCaO)/XCaO,max, XCaO,max

being the maximum carbonatation conversion of the generic
cycle. The characteristic time scale of the calcination reaction,
τcalc, can be therefore defined as

= R
v kcalc

1

CaCO s3 (16)

■ RESULTS
As discussed above, the results next reported refer to a 75%
CaO sample obtained through a calcination/impregnation
procedure. The experiments were divided into three groups.
In the first group, mainly aimed at validating the kinetic

expression for the heterogeneous surface carbonatation
reaction expressed by eq 6, a single-carbonatation reaction
was conducted at 600, 700, and 800 °C by feeding the TGA
apparatus with CO2/N2 gas mixtures at different compositions.
Table 1 summarizes the tests carried out at different

temperatures and compositions of the gas fed to the TGA
apparatus. In the second group of experiments, the five-cycle
protocol described in Figure 4 was enforced. Here, pure CO2
and N2 were used for the carbonation and calcination
reactions, respectively. In Figure 4, the difference between
the first carbonation and the subsequent ones is clearly visible.
Following this observation, the characteristic time τk and the
parameters Dp

0 and b entering eq 8 were computed separately
by best fit of the TGA data for the first group of experiments,

i.e., single carbonatation, and for the second group, consisting
of the second cycle and the subsequent ones.
In the third group of experiments, a two-cycle carbonata-

tion/calcination protocol was enforced as described in the
Experimental Section. These experiments were aimed ex-
clusively at determining the values of the kinetic constant ks′ of
the calcination reaction.
Estimate of τk and Validation of the Kinetic

Expression. As discussed in the previous section, the fact
that g(XCaO) → 0 as XCaO → 0 implies that at the beginning of
the carbonatation reaction, the rate of conversion should obey
the relationship

=
X

t
X t t

d
d

(3/ )(1 ) for 0CaO
k CaO

2/3
k (17)

where (0, tk) denotes the time range in which kinetic control
holds true. Equation 17 can be integrated by inspection to
obtain the relationship between conversion and time

=X t t1 (1 ( )) /CaO
1/3

k (18)

Thus, from eq 18, one expects that for any given condition of
the TGA test (i.e., for fixed composition and temperature of
the gas feed), there exists a time interval 0 ≤ t ≤ tk where the
function 1 − (1 − XCaO(t))1/3 is represented by a straight line
through the origin with slope 1/τk. Figure 7 shows the
behavior of this function at the early stages of the
carbonatation at T = 600 °C (panel (a)) and T = 700 °C
(panel (b)).
As can be gathered from the data, an interval (0, tk) where

the scaling is linear can unambiguously be identified in all
cases, with the value of tk depending on the specific
composition/temperature conditions. The values of τk derived
from this approach are summarized in Table 2 for the first
cycle and in Table 3 for the subsequent ones. Note that, for
fixed operating conditions, sizably different values of τk are
obtained for the carbonatation performed on virgin CaO/
mayenite particles with respect to those associated with
subsequent cycles. With regard to the effect of feed
composition, the comparison of data at different CO2
concentrations highlights that within the linearity range, tk
decreases at increasing values of yCOd2

. From the values τk
reported in Table 2, the kinetic constant for the first
carbonatation can be computed at any given temperature
from the knowledge of the concentration difference ΔcCOd2

=
cCOd2

− cCOd2,eq through eq 10. The subsequent cycle kinetic
constants can be similarly estimated from the value reported in
Table 3. However, in this case, the value of the apparent CaO
molar volume, vCaO in eq 10, must be corrected to account for
the formation of the porous structure, as explained in the
Modeling section. Therefore, the kinetic constant computed
for the subsequent cycles is higher with respect to the one of
the first carbonatation. In all cases, it is worth observing that
the linear dependence of 1/τk on ΔcCOd2

is ultimately a
consequence of the kinetic expression postulated in eq 6 for
the heterogeneous surface reaction. Conversely, a linear scaling
of 1/τk as a function of ΔcCOd2

derived by the approach
discussed above from TGA data at a constant temperature and
variable gas composition provides a direct validation of the
intrinsic carbonatation kinetics that was assumed for
developing the shrinking core model. Figure 8 depicts the
experimentally determined values of 1/τk vs ΔcCOd2

, determined

Table 1. Synoptic Scheme of the Conditions for
Carbonation at Different Compositions of the Gas Feeda

T yCOd2
duration XCaO

max % ntest ΔcCOd2

600 0.05 115 77.7/81.5 2 0.66
600 0.1 115 80.0 1 1.36
600 0.15 115 80.0/81.6 2 2.05
700 0.05 115 77.7−81.5 2 0.66
700 0.07 110 75.0 1 0.50
700 0.1 11 82.0 1 0.87
700 0.15 115 86.0 1 1.50
700 1 50 87 1 12.14
800 1 50 82 1 8.92

aUnits for temperature, test duration, and concentration are °C, min,
and mol/m3, respectively. All experiments were run at atmospheric
pressure.
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from the single-carbonatation experiments, where the linear
scaling is well recognizable for both sets of isothermal data at T
= 600 °C (green symbols) and T = 700 °C (purple). Note that
the slope of the best interpolating straight line should depend
only on temperature. Besides, even the complete set of data
performed at different temperatures appears to scale linearly,
thus suggesting that the kinetic constant ks of the first-order
reaction can be approximately considered constant in the range
of 600/800 °C. The same goes for the second and subsequent

cycles, as can be observed in Figure 9, where the values of 1/τk
vs ΔcCOd2

determined from the five-cycle protocol data are
reported. This peculiar behavior can be explained by assuming
that physisorption on the reaction surface foregoes the actual
chemical reaction so that the reacting species are CaO and
CO2 in the adsorbed state. In this case, the (Arrhenius-type)
increase in the surface reaction constant with temperature
could be mitigated by the reduction of the CO2 concentration
in the adsorbed state with increasing temperature due to
thermodynamic effects associated with the exothermic nature
of physisorption. Clearly, this is one of many possible
explanations of this result, and tailored experiments should
be devised to prove (or disprove) this mechanism.
Estimation of the Parameters Defining the Con-

version-Dependent Diffusivity. Once the parameter τk has
been computed from the early stages of the carbonatation as
described above, eq 9 can be solved with respect to τD
obtaining

= i
k
jjj y

{
zzzg X

X
t

X
1

( )
1
3

d
d

(1 )D
CaO

CaO
CaO

2/3
k

(19)

Figure 7. Estimate of the characteristic time τk of the first
carbonatation reaction from the scaling of the function 1 − (1 −
XCaO(t))1/3 for different compositions of the CO2/N2 gas mixture fed
at the TGA apparatus at T = 600 °C (panel (a)) and T = 700 °C
(panel (b)). The slope of the linear approximation to the curves in the
figure yields the inverse time 1/τk. Note that the experimental data
were collected every 2 s, but here the values were reported every 10 s
for the sake of graphics clarity.

Table 2. Values of τk for the First Carbonatation (Expressed
in s) Estimated from the Linear Scaling of the Data
Depicted in Figure 7a

yCOd2
τk (600 °C) τk (700 °C) τk (800 °C)

0.05 1616−1650 13,902−23,784
0.07 4183
0.10 1073 2558
0.15 723 1540
1 155 232

aMultiple values refer to tests performed in duplicate.

Table 3. Values of τk (Expressed in s) Are Estimated from
the Linear Scaling of the TGA Data of the Five-Cycle
Protocola

2nd cycle 3rd cycle 4th cycle 5th cycle

P600A 74.1 74.2 74.9 74.7
P600B 77.3 77.5 78.8 84.3

2nd cycle 3rd cycle 4th cycle 5th cycle

P700A 84.8 84.8 83.3 84.4
P700B 88.3 91.7 92.3 86.5

2nd cycle 3rd cycle 4th cycle 5th cycle

P800A 144 149 140 145
P800B 115 114 114 114

aThe carbonatation was conducted at 600, 700, and 800 °C under
pure CO2 flow. All tests were run in duplicate.

Figure 8. Inverse characteristic time at different values of the
concentration distance from equilibrium conditions for isothermal
single-carbonation TGA experiments. The linear scaling of each data
set validates the kinetic expression postulated in eq 6. The fact that
data at different temperatures are well correlated by a single linear fit
implies that the kinetic constant ks is essentially independent of the
temperature in the interval considered.
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The right-hand side of this equation can be computed from the
TGA data, provided that a numerically accurate estimate of the
conversion rate dXCaO/dt is enforced. In what follows, a local
quadratic interpolation to the set of experimental data is
considered.
From this approach, the dependence of the characteristic

time τD on the conversion is obtained from the experimental
TGA data separately for the first and subsequent carbonata-
tions. Figure 10 shows the trend of τD vs the second cycle
carbonation conversion at different temperatures. From the

values of τD determined for the second carbonatation and the
subsequent ones, it is possible to obtain, through eq 11, the
trend of the diffusion coefficient Dp as a function of τD at any
given temperature

=D X
X

R
v c c

( )
1

( ) ( )p CaO
D CaO

0
2

CaO CO CO2 2,eq (20)

As previously described in the Modeling section, an empirical
expression (eq 8) is adopted to describe the diffusion
coefficient dependency from conversion. The values Dp

0 and
b are obtained by best fit of TGA data, linearizing eq 8

= +D X D b Xlog( ( )) log( ) log( )p CaO p
0

CaO (21)

The experimental data used to estimate the slope and the
intercept of eq 21 refer to conversion trends as a function of
time for higher conversion values (i.e., XCaO ≥ 0.40−0.50)
when the CO2 diffusion through the carbonate layer begins to
have significant effects on the overall carbonation kinetics of
the grain. In addition to conversion, the diffusion of CO2
through the CaCO3 layer is also influenced by temperature.
Two different sets of values, one for the first cycle (Table 4)

and the other for the subsequent cycles (Table 5), have been
derived for Dp

0 and b, at any given temperature. In this regard, it
is necessary to specify that, for the first carbonatation, which
was carried out at different CO2 compositions (see the
Experimental Section), the values of Dp

0 and b reported in
Table 5 were obtained by best linear fit of all TGA data
collected at the same temperature, regardless of CO2
compositions. As for the subsequent cycles, during which the
reaction was conducted under a pure CO2 flow, the parameters
were estimated by best linear fit of the second to fifth
carbonation data collected at any given temperature.
Estimate of τcal. The estimate of τcal can be obtained by

fitting eq 18 to TGA calcination data by substituting XCaCOd3
(t)

and τcal in place of XCaO(t) and τk, respectively. Table 6 shows

Figure 9. Inverse characteristic time at different temperatures for five-
cycle protocol TGA experiments. The values of τk at each temperature
refer to the second and subsequent carbonatation. The linear scaling
of each data set validates the kinetic expression postulated in eq 6.
The fact that data at different temperatures are well correlated by a
single linear fit implies that the kinetic constant for the second and
subsequent cycles is essentially independent of temperature in the
interval considered.

Figure 10. Scaling of τD with the second cycle carbonatation
conversion at 700 °C (empty circles) and 800 °C (squares). In the
log-norm representation of the figure, the parameters Dp

0 and b are
obtained as the intercept and the slope of the best square fits
represented by the continuous lines, respectively.

Table 4. Values of Dp
0 and b to be Adopted in Equaion 8 for

the Evaluation of Dp(XCaO) during the First Carbonatationa

T (°C) Dp
0 (m2 s−1) b

600 6.7 × 10−16 5.51
700 7.8 × 10−16 7.22
800 2.5 × 10−16 8.86

aThe parameters were separately estimated at 600, 700, and 800°C by
best linear fit of first carbonatation TGA data collected at different
CO2 compositions.

Table 5. Values of Dp
0 and b to be Adopted in eq 8 for the

Evaluation of Dp(XCaO) during the Second and Subsequent
Carbonatationa

T (°C) Dp
0 (m2 s−1) b

600 9.5 × 10−16 4.7
700 3.2 × 10−16 11.73
800 1.1 × 10−16 18.71

aThe parameters were separately estimated at 600, 700, and 800 °C
by best linear fit of the second and subsequent cycle data of the five-
cycle protocol, during which the carbonatation reaction was
performed under a pure CO2 flow.
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the values of ks′ as obtained by the two-cycle calcination
experiments described in the Experimental Section. The data
show that, unlike the kinetic constant of the carbonatation
reaction ks, the calcination constant ks′ does depend sensitively
on temperature, as it undergoes a 10-fold increase when the
temperature increases from 750 to 900 °C. The same table also
reports the characteristic time τcal at different temperatures. As
can be noted, this time becomes the order of several minutes
when the temperature drops below 900 °C, thus suggesting
that lower temperatures can hardly be enforced for the
calcination process if a prompt response is sought (i.e.,
whenever the fluctuations of heat source to be shaved are
characterized by high frequency). Figure 11 shows the

nonlinear fit of ks′ with an Arrhenius-type dependency,

= ( ))(k T k T( ) ( )exp E
R T Ts s 0

1 1a

0
. The least-squares estimate

yields ks′(1173 K) = (25.2 ± 0.4) × 10−6 (mol m−2 s−1) and
Ea/R = (15.393 ± 0.49) × 103 K. It is worth observing that,
contrary to the carbonatation, the kinetic constant for the
calcination reaction can be assumed to be constant during the
cycles for a fixed temperature of the gas feed.
Response under Looping: Experiments vs Model

Predictions. The approaches described above are next applied

to describe the behavior of the calcium oxide/mayenite
material under carbonatation/calcination cycles. Figure 12

shows the comparison between theoretical predictions based
on best fit parameters versus five-cycle protocol TGA
experimental data. Panels (a) and (b) of the figure report
the comparison for the first and fifth cycles for the
carbonatation phase at T = 600 and 700 °C, respectively.
Specifically, as previously explained in the Modeling section, in
the generalized shrinking core model adopted for the first
cycle, we assume that the external grain volume is not
preserved. Conversely, the external volume grain is considered
to remain constant for the second and subsequent cycles, with
changes in the porosity during carbonatation and calcination.
In this regard, as described in the previous sections, it is
necessary to be precise that the kinetic/transport parameters,
i.e., ks, Dp

0, and b, adopted in the model for the first

Table 6. Estimate of τcal and ks′ from Linear Regression of
TGA Data for the Two-Cycle Calcination Protocol

T (°C) τcal (s) ks′ (mol s−1 m−2)

750 793 2.7
750 824 2.5
750 802 2.4
750 743 2.5
800 240 7.0
800 240 7.0
850 140 16.4
900 58 28.0
900 60 27.1

Figure 11. Arrhenius dependency of the calcination constant ks′ on
temperature. Squares and circles represent data sets from different
first and second calcination cycles, respectively.

Figure 12. Comparison between model prediction and TGA data for
a five-cycle calcium looping protocol. Panels (a) and (b) depict the
carbonatation phase at 600 and 700 °C.
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carbonatation, were computed separately from those referred
to the second and subsequent carbonatations.
In Figure 12, one observes a significant difference between

the first and fifth cycles, which is captured by the generalized
shrinking core model provided that different sets of transport-
reaction parameters are afforded. Specifically, model predic-
tions appear adequately accurate in the pure regimes (kinetic-
and diffusion-dominated which are associated with the short-
and long-time behaviors of the conversion curves, respec-
tively), whereas a certain discrepancy can be observed at
intermediate times when the regime switch occurs.
In conclusion, the modeling approach developed in this

article provides a robust estimate of the behavior of
micrometric CaO−mayenite particles under looping.

■ CONCLUSIONS
A wealth of studies available in the literature have investigated
the use of CaO/mayenite-based materials for CO2-capture
processes. Besides, economic, safety, and stability consid-
erations suggest that CaO/mayenite particles may prove a
viable material for thermochemical storage looping processes,
where the material is subject to repeated cycles of
carbonatation/calcination reactions. In this study, a character-
ization of the material for CaO/CaCO3 looping is carried out
by interpreting TGA data through a generalized shrinking core
model enforcing a conversion-dependent effective diffusion
coefficient for the transport of CO2 within the particle pores. A
thermodynamic-consistent first-order kinetics (−rCaO) is
postulated and verified by linear regression of TGA data at
the early stages of the carbonatation reaction. The data fitting
validates the kinetic expression in a temperature range of 200
°C. Interestingly, the kinetic constant appears weakly depend-
ent on temperature in this range, a phenomenon that may be
justified by a physisorption-surface reaction sequence. Based
on previous studies on similar materials, a two-parameter
conversion-dependent diffusion coefficient for CO2 is consid-
ered to model the transport of CO2 inside the pores. Linear
regression on TGA data is used to estimate the diffusivity
parameters, showing that the conversion-dependent diffusion
model is consistent with experimental results.
Due to the overpressure associated with CO2 release during

the calcination phase, which triggers convective flow facilitating
the exit of the gas from the porous grain, a purely kinetic
model is used to describe this phase of the cycle. Best fit of
TGA data proves that, unlike the case of the carbonatation, the
calcination kinetic constant depends sensitively on temper-
ature.
The kinetic and transport expression being established for

both reactions, carbonatation/calcination cycles were enforced
in order to test the performance of the material over looping.
Significant differences were found between the kinetic constant
and diffusion coefficient associated with the first cycle (starting
with virgin nonporous CaO/mayenite particles) and those of
subsequent cycles, which resulted in being essentially constant
over cycling. Thus, separate constants were computed from the
first and the second carbonations, and based on this, a five-
looping protocol was predicted based on the generalized
shrinking core model. A good agreement with the experimental
TGA results was found.
The natural follow-up of this research is to use the

information about the single CaO/mayenite grain discussed
here to build up a model for the chemical reactor operating at
the industrial scale, where additional mass and energy transport

time scales are introduced depending on the reactor type
(fluidized vs fixed bed) and size. In this respect, the parameters
ks, Dp

0, and b could serve to fix the target conversion under
kinetic control, which should be considered as an upper bound
for obtaining a fast reactor response.

■ AUTHOR INFORMATION
Corresponding Author

Maria Anna Murmura − Dipartimento di Ingegneria Chimica
Materiali Ambiente, Sapienza Universita ̀ di Roma, 00184
Roma, Italy; orcid.org/0000-0001-8741-0552;
Email: mariaanna.murmura@uniroma1.it

Authors
Silvia Lo Conte − Dipartimento di Ingegneria Chimica

Materiali Ambiente, Sapienza Universita ̀ di Roma, 00184
Roma, Italy

Francesca Fratini − Dipartimento di Ingegneria Chimica
Materiali Ambiente, Sapienza Universita ̀ di Roma, 00184
Roma, Italy

Stefano Cerbelli − Dipartimento di Ingegneria Chimica
Materiali Ambiente, Sapienza Universita ̀ di Roma, 00184
Roma, Italy; orcid.org/0000-0003-3906-6595

Michela Lanchi − Energy and Sustainable Economic
Development, ENEA - Italian National Agency for New
Technologies, 00123 Rome, Italy

Annarita Spadoni − Energy and Sustainable Economic
Development, ENEA - Italian National Agency for New
Technologies, 00123 Rome, Italy

Luca Turchetti − Energy and Sustainable Economic
Development, ENEA - Italian National Agency for New
Technologies, 00123 Rome, Italy

Maria Cristina Annesini − Dipartimento di Ingegneria
Chimica Materiali Ambiente, Sapienza Universita ̀ di Roma,
00184 Roma, Italy; orcid.org/0000-0002-4624-7661

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c01820

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by the Italian Ministry of Ecological
Transition through Ricerca di Sistema Elettrico Nazionale
(RdS), the “National Electricity System Research” program
2019−2021 triennial implementation plan�Project 1.2.

■ REFERENCES
(1) Renewable Electricity; International Energy Agency, 2022.
(2) World Energy Outlook 2019; International Energy Agency, 2019.
(3) EASE-EERA Energy Storage Technology Development Roadmap

2017; European Association of Storage Energy, 2017.
(4) European Environment Agency (EEA). http://www.eea.europa.
eu/.
(5) Miró, L.; Brückner, S.; Cabeza, L. F. Mapping and discussing
Industrial Waste Heat (IWH) potentials for different countries.
Renewable Sustainable Energy Rev. 2015, 51, 847−855.
(6) Brueckner, S.; Miró, L.; Cabeza, L. F.; Pehnt, M.; Laevemann, E.
Methods to estimate the industrial waste heat potential of regions − A
categorization and literature review. Renewable Sustainable Energy Rev.
2014, 38, 164−171.
(7) Bailera, M.; Pascual, S.; Lisbona, P.; Romeo, L. M. Modelling
calcium looping at industrial scale for energy storage in concentrating
solar power plants. Energy 2021, 225, 120306.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c01820
Ind. Eng. Chem. Res. 2023, 62, 16647−16659

16657

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Anna+Murmura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8741-0552
mailto:mariaanna.murmura@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Lo+Conte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Fratini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Cerbelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3906-6595
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michela+Lanchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annarita+Spadoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Turchetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Cristina+Annesini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4624-7661
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01820?ref=pdf
http://www.eea.europa.eu/
http://www.eea.europa.eu/
https://doi.org/10.1016/j.rser.2015.06.035
https://doi.org/10.1016/j.rser.2015.06.035
https://doi.org/10.1016/j.rser.2014.04.078
https://doi.org/10.1016/j.rser.2014.04.078
https://doi.org/10.1016/j.energy.2021.120306
https://doi.org/10.1016/j.energy.2021.120306
https://doi.org/10.1016/j.energy.2021.120306
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c01820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(8) Gil, A.; Medrano, M.; Martorell, I.; Lázaro, A.; Dolado, P.; Zalba,
B.; Cabeza, L. F. State of the art on high temperature thermal energy
storage for power generation. Part 1�Concepts, materials and
modellization. Renewable Sustainable Energy Rev. 2010, 14, 31−55.
(9) Bayon, A.; Bader, R.; Jafarian, M.; Fedunik-Hofman, L.; Sun, Y.;
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