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Abstract

The Calcium Looping performance of limestone for thermochemical energy storage has
been investigated under novel favorable conditions, which involve calcination at
moderate temperature under CO2 at low pressure (0.01 and 0.1 bar) and carbonation at
high temperature under CO: at atmospheric pressure. Calcining at low COz pressures
allows to substantially reducing the temperature to achieve full calcination in short
residence times. Moreover, it notably enhances CaO multicycle conversion. The highest
values of conversion are obtained for limestone samples calcined under 0.01 bar CO: at
765°C. Under these conditions, residual conversion is increased by a factor of 10 as
compared to conditions involving calcination under CO2 at atmospheric pressure. The

enhancement of CaO conversion is correlated to the microstructure of the CaO samples



obtained after calcination. As seen from SEM, BET surface and XRD analysis calcination
under low CO2 pressure leads to a remarkably decrease of pore volume and CaO
crystallite size. Consequently, CaO surface area available for carbonation in the fast

reaction-controlled regime and therefore reactivity in short residence times is promoted.
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1. Introduction

Thermochemical energy storage (TCES) systems, based upon the heat absorbed and
released in reversible chemical reactions with high turning temperature, have a great
potential in concentrated solar power (CSP) plants [1-3]. One of the main advantages of
TCES is that it allows decoupling the generation of power from demand. In general terms,
heat generated in the CSP plant is used to carry out a reversible endothermic chemical
reaction whose byproducts are stored separately. On demand, the exothermic reverse
reaction is triggered, which releases the chemically stored heat to be used for generating
electrical power [4-6].

The Calcium-Looping (Cal) process, based on the decarbonation and carbonation
reactions of calcium carbonate (CaCO3/CaO) is being currently the subject of several lab-
scale and process engineering studies for thermochemical energy storage in CSP plants

with tower technology (CaL-TCES), with small pilot scale plants under construction [7-



18]. Large pilot-scale demonstrations (1-2 MWth) have already shown that the Cal
process can be an efficient low cost technology to capture CO: from fossil fuel
thermoelectric plants [19-21]. The CaL process for CO2 capture and storage (CaL-CCS)
is based on the carbonation reaction of CaO to capture CO:2 from flue gases at
temperatures around 650°C and the subsequent regeneration of the carbonated solids by
calcination at temperatures above 900°C in a high CO2 concentration environment [22,
23]. In the CaO capture process carried out in the carbonator, the post-combustion gas
(with a COz concentration of ~15%vol. at atmospheric pressure) is used to fluidize a bed
of CaO particles. The now partially carbonated particles are then transported to a second
fluidized bed reactor (calciner) where calcination proceeds in short residence times. In
this way, the COz resulting from the combustion of fossil fuels is recovered in the calciner
at high concentration to be subsequently compressed and stored or transported for other
uses. After calcination, the regenerated CaO is circulated back to the carbonator for its
use in a new cycle [24, 25]. The efficiency of the CaL technology for CO: capture is
limited though by process conditions, such as the low CO2 concentration in the post-
combustion gases and the necessarily short residence times in the reactor due to the high
mass flow rates involved [26]. Moreover, the high temperatures and high CO:2
concentration in the calciner, added to inactivation by irreversible sulphation and ashes,
greatly reduce the reactivity of the regenerated CaO in each cycle [27]. These adverse
conditions lead to an irreversible rapid loss of CaO reactivity with the number of cycles
[28-30].

The proposed integration of the CaL technology in CSP plants as a TCES system is based
also on the reversibility and endothermic nature of the CaCO3 decarbonation reaction [7,
8]. CaCOs has a significantly higher energy density than that of molten salts, currently

used as the state-of-the-art thermal energy storage system in CPS commercial plants [8,



31-33]. Moreover, molten salts have serious limitations, such as a limited maximum
operation temperature (550°C to avoid degradation), their high cost, the need of storage
temperature above a certain minimum (150-200°C) to avoid solidification and the
corrosion caused in the materials used to transport and storage these fluids [34-36]. On
the other hand, natural CaCOs rich minerals such as limestone and dolomite are non-
toxic, very abundant and inexpensive. In addition, both calcium carbonate and the calcium
oxide obtained after calcination can be stored indefinitely without thermal losses [8, 37,
38].

It must be remarked that the most adequate calcination/carbonation conditions in the Cal-
CSP integration are not necessarily the same as in the CaL-CCS process since the
reversibility of the process permits to adjust the working temperatures depending on the
COz partial pressure, and according to the thermodynamic equilibrium of the reaction [7,
39]. Thus, it has been proposed to carry out carbonation at a high temperature (> 800°C)
in an environment of high CO2 concentration, while the calcination temperature could be
lowered using inert gases, atmospheres with a low concentration of CO2 or low CO:2
pressures to avoid CaO deactivation [8].

In the CaL-TCES process, concentrated solar energy is used to decompose CaCOs at high
temperatures on a bed or stream of particles in a solar reactor. The products of the
reaction, CaO and CO2, are then transported and stored separately. When energy
production is demanded, these products are circulated to a fluidized bed reactor to carry
out the exothermic carbonation reaction. The CO2 in excess over the stoichiometric need
is released as a high pressure and high temperature stream from the carbonator to a gas
turbine for power production using a CO: closed cycle. Thus, carbonation should be
ideally carried out at high temperature and high CO: pressure to enhance the

thermoelectric efficiency of the cycle [10, 40-42]. On the other hand, a variety of



calcination conditions and types of reactors have been proposed in the literature [8, 16,
43-45]. One possibility is using helium in the calciner atmosphere, which greatly reduces
the calcination temperature in short residence times below ~725°C and could be separated
from the COz released during calcination using state of the art membrane technologies
[37, 46]. Calcination at this low temperature would reduce the loss of multicycle CaO
activity caused by sintering. However, the need of adding a CO2-He separation step
increases the technical complexity, energy penalty and cost of the technology [15, 16]. A
further option is to calcine under pure CO2, which would simplify the process, as it would
allow carrying out the whole cycle through a closed CO: circuit. In this case, the greatest
inconvenient would be the rapid decay of CaO activity with the number of cycles [10,
15]. In order to achieve complete calcination of CaCO3 under pure CO2 at atmospheric
pressure the temperatures required are around 950°C which promotes sintering-induced
deactivation of the CaO particles. Consequently, CaO reactivity is considerably decreased
in each cycle as seen in the CaL-CCS process [15, 22].

As demonstrated in recent works having data on the multicycle CaL activity of the CaO
precursor at realistic process conditions is of paramount relevance for plant modelling
analysis to yield reliable results. Thus, lab-scale experimental measurements should be
performed at practical conditions imposed by the process. Regarding calcination in the
CaL-TCES system a further possibility suggested in the engineering literature is using a
pure CO2 environment at reduced absolute pressure, which is technically feasible still
allowing to carry out the whole process in a closed COz circuit [16, 47]. Expectedly, the
calcination temperature could be decreased at reduced absolute CO: pressure thus
mitigating the decay of CaO activity with the number of cycles [48]. Up to our knowledge
there are no studies reporting the multicyclic behavior of CaO precursors involving

calcination at reduced COz absolute pressure. This is the main goal of the present study.



2. Materials and methods

2.1. Materials

Natural limestone of high purity (99.3 wt% CaCOs3) received from Taljedi quarry (Seville,
Spain) has been used in this work. The material was sieved to yield a particle size in the
range of 160-200 um. This particle size range is considered as appropriate for the use of

circulating fluidized beds as could be the case in the practical application [21, 49, 50].

2.2. Multicycle calcination/carbonation tests

Multicycle calcination/carbonation tests have been carried out by means of
thermogravimetry analysis (TGA). A novel homemade thermobalance has been specially
assembled to work in a wide range from low pressures up to 5 bar in order to test the
material behavior at specific CaL-TCES conditions. Figure 1 shows a schematic diagram
and a photograph of the device. The system consists basically of a high sensitivity CI
Electronics microbalance (2x107 g) and a reactor. The reactor is composed of a Watlow
heater and a non-porous mullite tube, connected with the microbalance by KF-flanges
sealed by means of a clamp and an o-ring. The temperature of the reactor is controlled by
placing a thermocouple on the wall of the Watlow heater, and the temperature of the
sample is measured using a second thermocouple positioned underneath the sample
crucible. A flat ceramic crucible (0.154 cm®) was used to hold the sample. A vacuum
pump and a pressure gauge were incorporated to the system in order to perform the
experiments under a controlled CO:z pressure (absolute pressures of 0.01, 0.1 or 1 bar in
the tests carried out in the present work). COz pressure was controlled by means of low-
pressure needle valves connected between the vacuum pump and the thermobalance.
Rotameters were used to adjust the gas flow through the thermobalance during the

experiments.
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Figure 1. (a) Schematic diagram and (b) photograph of the homemade thermobalance

employed in this work.

Mass was accurately calibrated by means of a set of calibration weights ranging from 1
mg to 20 mg. Temperature calibration was performed using the well-known
decomposition reaction of hydrous calcium oxalate, which was heated at a heating rate of
10 °C min™'. Alumina powder was used as a standard to correct buoyancy effects.

Calcination/carbonation tests were carried out in a closed CO:2 cycle. Table 1 lists the
diverse operating conditions tested. In this study, carbonation was always performed at
an absolute pressure of 1 bar of pure CO2. According to the thermodynamic equilibrium
of the CaCO3/CaO system, the maximum carbonation temperature at these conditions is

895°C [39, 51, 52]. Three different carbonation temperatures, i.e. 850°C, 765°C and



700°C, were explored with the objective of hastening the carbonation kinetics. Ideally,
the higher the carbonation temperature the higher the global efficiency of the CaL-TCES
process [14, 16]. However, the reaction kinetics slows down significantly as the
equilibrium temperature is approached which is detrimental to the process [14].
Calcination was carried out under an absolute pressure of 1 bar of pure CO2, as well as
under controlled absolute CO: pressures of 0.1 bar and 0.01 bar. Calcination temperatures
were selected by considering the equilibrium temperatures at these CO2 pressures (760°C

at 0.1 bar and 652°C at 0.01 bar) [39].

Table 1. Operating conditions for the different calcination/carbonation tests carried out in
this work, and their corresponding acronyms for their identification throughout the text.

Calcination Carbonation

Test Temperature Absolute pressure Temperature Absolute pressure

O (bar) O (bar)
T1 765 765
T2 765 0.1 850
T3 765 765 1
T4 700 0.01 700
T5 700 850

Multicycle calcination/carbonation tests were started with a precalcination stage of the
limestone sample at the selected CO:2 pressure. As a first step, pressure was reduced by
means of the vacuum pump. Once the system was stabilized, the temperature was
increased at 10°C min! to the selected calcination temperature. After the sample was fully
calcined, the temperature was varied at 10°C min! rate to the carbonation temperature,
and then the CO2 pressure was increased to an absolute pressure of 1 bar to carry out the

carbonation stage (Figure 2). Then, the temperature and the CO2 pressure were again



changed to the calcination conditions to start a new cycle (Figure 2). Residence times of
10 min as typical of circulating fluidized based processes were employed in both the

calcination and carbonation stages.
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Figure 2. Time evolution of sample mass (%), temperature (°C) and absolute pressure
(bar) for a calcination/carbonation cycle of limestone. In this test, carbonation was carried

out at 1 bar CO2 and 850°C, and calcination at 0.1 bar CO2 and 700°C.

The multicycle activity of limestone obtained from tests carried out at the conditions
shown in Table 1 was assessed by means of the effective conversion (Xefr), defined as the
ratio of the mass of CaO converted to CaCOs in the carbonation stage to the total sample

mass before carbonation (Equation 1):

m - m W,
(N) - carbN N . Ca0o (1)

X
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Here, mcarby and m are the sample masses after and before carbonation in the N cycle,
and Wco2 = 44 g/mol and Wcao = 56 g/mol are the molar masses of CO2 and CaO,
respectively.

As an example, Figure 3 shows a complete thermogram corresponding to the test T2, in

which carbonation and calcination were performed at 765°C and 0.1 bar CO2, and 850°C

9



and 1 bar COz, respectively. Remarkably, this figure illustrates that a stable accurate
measurement of the sample mass can be achieved with the homemade thermobalance

employed in this work, which is of great relevance for the reliability of TGA tests.
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Figure 3. Time evolution of effective conversion (Xetr) measured during

calcination/carbonation cycles in test T2.

2.3. Sample characterization

Scanning electron microscopy (SEM) was used to analyze the microstructure of the
limestone samples after the tests. To this end, a high-resolution Hitachi S4800 SEM-FEG
microscope was employed. The samples were gold sputter-coated in an Emitech K5509
Telstar. Total surface areas (BET) and total pore volumes (Vp) of the samples after the
first, third and fifth calcinations were measured using an ASAP2420 Micromeritics
instrument at -196°C. Prior to the analysis, the samples were degassed in vacuum at 400°C
for 2 h. The BET equation was used to calculate the total surface areas, while the total
pore volume was determined from the amount of N2 absorbed at a p/po value of 0.97.
Temperature dependent X-ray diffraction patterns were collected in vacuum (0.1 bar) and

under a 100 cm® min ™! airflow using a Philips X Pert Pro diffractometer equipped with a

10



high temperature Anton Par camera. The instrument works at 45 kV and 40 mA, using
Cu Ka radiation, and is equipped with an X’Celerator detector and a graphite diffracted

beam monochromator.

3. Results and discussion

Figure 4 shows data on the multicycle conversion measured under all the
calcination/carbonation conditions listed in Table 1. Values of the multicycle conversion
of limestone tested under CSP-COz conditions (calcination and carbonation at an absolute
pressure of 1 bar CO2) are included for comparison. In all cases, conversion is enhanced
when calcination is carried out at 0.01 bar CO2 (Figure 4b, tests T3, T4 and T5) as
compared to the experiments in which calcination was performed at 0.1 bar CO2 (Figure
4a, tests T1 and T2). The effect of absolute CO: pressure can be inferred from a
comparison of experiments T1 and T3, in which both calcination and carbonation were
carried out at 765°C, being the COz pressure the only difference. Higher conversions are
consistently attained for the experiment performed at 0.01 bar CO2. Moreover, full
conversion is achieved during the first carbonation. Thus, it is clear that a reduction in the
absolute COz calcination environment significantly promotes the multicycle performance
of limestone.

The worst multicycle performance is observed for limestone when tested under CSP-CO2
conditions. Arguably, the high temperatures employed for calcination in these tests
(950°C) greatly enhances CaO sintering, leading to a marked loss of CaO reactivity to
carbonation as reported in a previous study [53].

Multicycle CaO effective conversion data fits well to the semiempirical equation

(Equation 2) [54-56] as may be seen in Fig. 4:
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where X, is the residual conversion towards which CaO conversion converges

asymptotically after a very large number of cycles, X; is CaO conversion at the first cycle,

k is the deactivation rate constant and N is the cycle number. Table 2 lists the values

obtained for X: and k for the five tests performed.
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Figure 4. Multicycle effective conversion data measured for natural limestone tested

under the calcination/carbonation conditions listed in Table 1. (a) Calcinations under 0.1

bar COz. (b) Calcinations under 0.01 bar CO2. Solid lines represent the best fits of Eq. 2

to data (best fitting parameters are shown in table 2).

Table 2. Values of deactivation rate (k) and residual conversion (X) obtained by fitting

Eq. 2 to multicycle conversion experimental data (Fig. 4).

Test k Xr

T1 0.40 0.19

T2 0.41 0.17

T3 0.37 0.42

T4 0.18 0.27

T5 0.23 0.34
CSP-CO2 [53] 0.34 0.04
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As may be seen in Figure 4a, only small differences were obtained in the effective
conversion after 20 cycles for the samples calcined at 0.1 bar CO2, independently of the
different carbonation temperatures tested. This is also clearly shown in the values of k
and X: derived for these tests (Table 2). Slightly higher conversion values were obtained
for the test T1 (calcination and carbonation at 765°C), with a value of the residual
conversion of 0.19. The higher carbonation temperature used in test T2 (850°C) did not
significantly changed conversion data and residual values. This result suggests that higher
carbonation temperatures are not detrimental to the CalL performance of limestone under
these experimental conditions, which is of interest for the practical application since the
overall cycle efficiency is promoted as the carbonation temperature is increased [10, 41].
On the other hand, the experiments in which calcinations were carried out at 0.01 bar CO2
led to significant differences in the multicycle behavior as depending on the carbonation
and calcination temperatures. Thus, in test T4, where both carbonation and calcination
were carried out at relatively low temperature (700°C), the multicycle CaO activity
remained low from the first cycle as compared to tests T3 and T5. A value of X: of 0.27
was estimated for this test. On the other hand, an increase of the carbonation temperature
(tests T3 and T5), improved the multicycle activity. Thus, full carbonation was reached
in the first cycle cycle (Xeft(1) = 1) in test T3, while almost full carbonation (Xef(1) =
0.95) was attained in test T5. Similar multicycle activity values were obtained for T3 and
T5 during the first 9 cycles, although the decay of conversion was fastened after the nineth
cycle in the T3 test. The residual value of conversion X: was 0.42 in test T3 and 0.34 in
test TS (Table 2). Interestingly, as in the experiments carried out at 0.1 bar CO2, a higher
carbonation temperature (850°C for test T5) did not have an adverse effect on the
multicycle activity of limestone. Conversely, decreasing the carbonation temperature (T4

test) resulted in a reduced overall conversion. These observations can be related to results
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reported in previous works, where introducing an intermediate recarbonation stage before
calcination at high temperature and high CO:2 concentration was proved beneficial to
conversion in subsequent carbonation stages provided that the calcination stage was
carried out in mild conditions [57, 58].

Time evolution of CaO conversion measured for each test during the carbonation and
calcination stages at the 1%t and 19™ cycles are shown in Figure 5. As well-known
carbonation consists of two clearly differentiated stages [54, 59]. The first one is a fast
reaction controlled phase that occurs at the surface of the CaO particles [10, 26], which
is evidenced in the thermogram by a sharp increase of the mass in a short time period.
Carbonation proceeds then by a slower diffusion controlled stage, which is limited by the
diffusion of CO2 through the product layer of CaCO3 built up on the surface of the CaO
particles [26, 60]. This is observed in the thermogram as a remarkably slower increase in
the sample mass as a function of time [26].

As shown in Figure 5 most of carbonation occurs in the fast reaction-controlled phase
when limestone is calcined under absolute low CO2 pressure despite complete conversion
is not achieved in this phase. Arguably, a limiting mechanism that plays also a role is
pore-plugging [11]. Pore plugging consists of the rapid formation of a superficial layer of
CaCOs on the external surface of the CaO particle that covers the pores thus hindering
the percolation of CO2 molecules into the internal pores, which hampers conversion in
the fast-reaction controlled phase. This undesirable effect is obviously enhanced when
working with large particles (> 50 um) and also when limestone is calcined under mild
conditions which leads to the formation of smaller pores more susceptible of being
plugged [38, 61]. Since carbonation takes place mostly in the fast phase, the reaction
essentially ends in just ~1 min (Figure 5). Therefore, an information of practical value

that may be derived from the present work is that very short residence times could be used
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for carbonation which would serve to improve the process efficiency [10, 41]. In contrast,
it may be seen that calcination occurs at a much slower rate, lasting up to 7 min when
carried out at 700°C (Figure 5d).

Importantly, CaO conversion in the fast reaction-controlled phase is affected by the CO2
pressure used for calcination. As may be seen in Figure 5a CaO conversion does not
depend on the carbonation temperature when calcination is carried out under 0.1 bar.
Thus, very similar values of Xefr were obtained in the first cycle for the tests carried out
at different carbonation temperatures, namely, 765°C (T1) and 850°C (T2). On the other
hand, a significant drop of conversion with the number of cycles in the fast reaction-
controlled phase is seen (Figure 4a), which suggest that the CaO grains suffer severe
sintering during calcinations at 0.1 bar COz. Nevertheless, this drop of conversion is less
pronounced than that of the sample tested under CSP-COz conditions (Figure 4a). Since
carbonation temperatures are similar under both types of conditions, CaO multicycle
deactivation could be attributed to the enhancement of sintering by calcination at the very
high temperature needed when it is carried out under 1 bar CO2 (CSP-COz2 conditions).
As seen in Figures 4b and 5¢ CaO conversion is very high when calcination takes place
at 0.01 bar COz. Moreover, as aforementioned, it is clear from Figure Sc that in these tests
conversion is affected by the temperature of carbonation already from the first cycle.
Thus, the samples carbonated at 765°C and 850°C show the highest conversion, while the
sample carbonated at 700°C yields a conversion as low as 0.68 in the first cycle. These
differences fade away with the number of cycles (Figures 4b and 5d).

According to these results, it can be argued that the use of low CO2 pressures in the
calciner environment enhances significantly the CaO multicycle activity by efficiently
mitigating CaO sintering. Accordingly, carbonation in the fast phase, which is directly

related to the CaO surface area available, is kept at a relatively high value even after 19

15



cycles (Figures 5b and 5d). Compared with typical conversion values so far reported in

previous TGA studies on CaL for TCES [15, 38, 53], our results show considerably higher

values of conversion.
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Figure 5. Time evolution of CaO conversion during the carbonation and calcination stages

of the 1%t and 19" cycles for the different tests. (a, b) Calcinations under 0.1 bar COz. ¢)

and d) Calcinations under 0.01 bar COa.

To get further insight on the enhanced multicycle performance of limestone when

calcination is carried out under absolute low CO: pressures, the samples were

characterized using several techniques.

SEM and TEM micrographs (Figures 6 and 7) show the microstructure of the samples

after the first calcination (Figure 6) and after 20 cycles ending by calcination (Figure 7),
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carried out under T1 (Figures 6a and 6b) and T3 (Figures 6¢ and 6d) conditions. Since
carbonation and calcination temperatures are identical, any microstructural differences
could only be attributed to the different CO2 pressures used for calcination. The
microstructure displayed by CaO samples after the first calcination looks very similar
despite the different absolute CO:2 pressures (0.1 bar and 0.01 bar). The surface of the
particles is composed of nanometric CaO grains as may be observed in Figures 6b and
6d. It is also readily apparent that calcination under low CO:2 pressure leads to

microstructures with very small pores (Figures 6a and 6c).

Figure 6. SEM and TEM micrographs of CaO derived from natural limestone after one
calcination stage at 765 °C and under an absolute CO: pressure of (a, b) 0.1 bar (test T1),

and (c, d) 0.01 bar (test T3).
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The microstructure of the samples drastically changes after 20 cycles (Figure 7). Thus,
the size of the CaO grains show marked sintering after the cycles at 765 °C, which would
lead to a significant decrease in the surface area available for carbonation in the fast
reaction-controlled phase as revealed by the TGA tests. This effect is much more
noticeable when calcinations were performed under a COz pressure of 0.1 bar (Figures 7a

and 7b).

Figure 7. SEM and TEM micrographs of CaO derived from natural limestone after 20

cycles at 765 °C. (a, b) 0.1 bar (test T1), and (c, d) 0.01 bar (test T3).

SEM and TEM observations were complemented by surface area (BET) and pore volume
measurements (Vp). These parameters were determined for the CaO samples after the first

calcination and after the third and fifth cycles ending in calcination, carried out under the
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conditions corresponding to tests T1 and T3. Results of these measurements are collected
in Table 3 together with the corresponding conversion values measured by TGA (Figure
4). For example, after the first calcination, conversion values obtained in the first
carbonation for tests T1 and T3 are 0.81 and 1.00, respectively. Surface area and pore
volume after calcination are higher for the sample tested under the operating conditions
of test T3, as compared to the sample tested under the operating conditions of T1. Thus,
it is clear that calcining under an absolute pressure of 0.01 bar COz leads to an increased
surface area available for carbonation as would be expected from the TGA results. Then,
the favorable carbonation conditions used (high temperature and high CO2 concentration)
promotes carbonation in the fast reaction-controlled phase.

The characterization analysis indicates that the high conversion values obtained from the
first carbonation cycle for test T3 (Figures 4 and 5) are a consequence of the effect of the
calcination conditions on the CaO microstructure (Figures 6 and 7). CaO surface area and

therefore conversion are higher for operating conditions corresponding to test T1.

Table 3. Specific surface area (Sger) and porosity data (Vp) of the CaO samples, measured
after the first, third and fifth cycles under the conditions corresponding to tests T1 and

T3.

Calcination/carbonation Test
T1 (T =765°C; carbonation at 1 bar T3 (T = 765°C; carbonation at 1 bar
CO,, calcination at 0.1 bar CO,) CO,, calcination at 0.01 bar CO.)
Calcination = Sger(m?’g™") Vp(em®*g?) Xer Sper(m?g?)  Vy(em’gh) Xen

1 55.5 0.161 0.81 74.9 0.225 1.00
3 16.2 0.075 0.57 17.7 0.091 0.82
5 9.6 0.047 0.47 14.6 0.077 0.72
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In order to investigate the effect of the absolute gas pressure in the calciner environment
on the microstructure of the nascent CaO, temperature dependent XRD tests were carried
in which limestone samples were calcined under vacuum (0.01 bar) and in air (absolute
pressure of 1 bar and a flux of 100 cm®/min). The CaO crystallite size of the samples
calcined in vacuum and in airflow at 765°C were estimated using the Scherrer method.
This temperature was used as a reference because, as discussed above, the multicycle
experiments performed at 765°C provide the best results in terms of CaO conversion (tests
T1 and T3).

Figure 8 shows a comparison of the main diffraction peak (2 0 0) corresponding to CaO
(26 =37.3°) calcined in vacuum and in air, respectively. It is clear from the figure that the
peak width is greater for the sample calcined under vacuum. Moreover, the intensity of
the diffraction peak is higher for the sample calcined in air. The Shcherrer equation gives
a CaO crystallite size of 13 nm for the sample calcined in vacuum and 24 nm for the
sample calcined in air. Thus, the absolute pressure in the calciner environment has an
important effect on the size of the CaO crystallites and therefore on CaO reactivity.
Similar results were reported by Beruto and Searcy [62], who furthermore correlated the
size of CaO crystals resulting from limestone calcination to the reactivity of the calcined
limestone towards hydroxylation. More recently, the reactivity of CaO towards
carbonation that results from the crystallographic CaCO3/CaO transformation has been
observed to be inversely correlated to the size of CaO crystallites [63, 64].

In situ XRD analysis reported elsewhere [64] indicates that the growth of CaO crystallites
occurs through two stages. The first stage is driven by the aggregation of nascent CaO
nanocrystals that attract each other by surface van der Waals forces, which is followed by
sintering of the aggregated nanocrystals. Arguably, calcination under high CO:z partial

pressure enhances the adsorption of CO2 molecules on the surface of the nascent CaO
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nanocrystals which increases the strength of van der Waals attractive forces between them
thus enhancing aggregation. Accordingly, by reducing the CO2 absolute pressure in the
calciner environment, CO2 adsorption is minimized which diminishes the strength of
surface attractive forces thus hindering aggregation of CaO nanocrystals. Thus, a
favorable strategy to boost the reactivity of the CaO regenerated in each cycle after
calcination under CO2 would be to reduce the absolute COz pressure to avoid aggregation
of the nascent CaO nanocrystals and shorten the calcination time to minimize subsequent
sintering. As confirmed by the TGA results reported in the present work reducing the CO2
pressure is a highly efficient technique to mitigate the loss of CaO reactivity after

calcination.

— 760°C in vacuum
_’-\ —-—760°C in air

Intensity (a.u.)

35 | 36 | 37 | 38 | 39
2Theta (°)

Figure 8. Comparison of the main diffraction peak (2 0 0) corresponding to CaO (20 =

37.3°) for limestone samples calcined in vacuum and in air at 765°C.
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4. Conclusions

In this work, the multicyclic performance of natural limestone has been investigated when
subjected to novel Calcium Looping conditions for thermochemical energy storage in
CSP plants with tower technology. These conditions involve a COz2 closed circuit for
carbonation and calcination, which would reduce the technical complexity of the
technology. The main novelty lies in calcining at absolute low pressures of CO2 (0.01 and
0.1 bar) whereas carbonation is performed at high temperature under CO2 at atmospheric
pressure as proposed in previous schemes.

A main benefit of carrying out the calcination stage at reduced CO: pressure is that the
temperature to achieve full calcination in short residence times can be substantially
decreased, which would facilitate the design of the solar reactor. Furthermore, our study
demonstrates that the absolute CO:2 pressure used for calcination has an important effect
on the multicyclic CaO conversion. Thus, calcining at low CO:2 pressures enhances
notably conversion and mitigates its progressive decay with the number of cycles.

The highest values of effective conversion were obtained for limestone samples calcined
at an absolute pressure of 0.01 bar of CO2 at 765°C whereas carbonation is carried out at
850°C under CO: at atmospheric pressure as corresponding to Cal. conditions for
thermochemical energy storage in CSP plants. The residual conversion that results from
these conditions is enhanced by a factor of 10 compared to that obtained when calcination
is carried out under COz at atmospheric pressure. SEM, TEM, specific surface area (Sser)
and temperature dependent XRD measurements indicate that the enhancement of CaO
conversion is correlated to the microstructure of calcined CaO samples. Calcination under
reduced CO2 pressure leads to a decreased size of the CaO grains thus increasing the

surface area available for carbonation in the fast reaction-controlled phase. Enhanced

22



carbonation takes place in very short residence times, which would allow shortening the

residence time of the CaO solids in the carbonator.
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