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Abstract: Thermochemical energy storage in Concentrated Solar Power plants by means of the
Calcium-Looping process is a promising novel technology that would allow for a higher share of
renewables. A main benefit of this technology is the use of widely available, non-toxic and
environmentally friendly calcium carbonate minerals as raw materials to store energy. Efficient
integration of the Calcium-Looping process into Concentrated Solar Power plants involves the
endothermic calcination of CaCOs in the solar receiver while the exothermic carbonation of
CaO is carried out at high temperature under high CO; partial pressure. The heat released by
this reaction is carried out by the excess CO; and employed for power generation by means of
a closed CO; cycle. This works explores the multicycle Calcium-Looping performance of
naturally occurring CaCOs minerals such as limestone, chalk and marble for thermochemical
energy storage in Concentrated Solar Power plants. Despite their similar composition (almost
pure CaCOs), these minerals exhibit a significant difference in their Calcium-Looping multicycle
activity, which may be attributed to differences in particle size and microstructure. Pore
plugging at the Calcium-Looping conditions for thermochemical energy storage tested in our

work is a main limiting mechanism on the multicycle CaO carbonation activity.
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1 Introduction

Solar energy is one of the most promising sources of renewable energy as it is clean,
abundant and cost-free. Moreover, Concentrated Solar Power (CSP) plants lend themselves to
be integrated into the grid for large scale electricity generation (Hinkley et al., 2013) (Siva
Reddy et al.,, 2013). However, to overcome the inherently intermittent nature of direct solar
irradiation it is mandatory to develop massive energy storage technologies for power
generation during prolonged periods. To this end, a number of Thermochemical Energy
Storage (TCES) systems are being investigated as a more efficient alternative to energy storage
in the form of sensible heat using molten salts as currently employed in commercial systems
(Zhang et al., 2013) (Fernandez et al., 2014). Among the main advantages of TCES systems we
can find a potentially high energy density and the possibility of permanent storage without
losses (N’'Tsoukpoe et al., 2009) (Pardo et al., 2014). The high temperatures attainable in CSP
plants with tower technology make it possible to achieve highly endothermic chemical
decomposition reactions. In this context, the Calcium-Looping (Cal) process, which is based on

the calcination/carbonation of CaCOs,
Cal(s) + COz(g) @ CaCls, AHr® = -178 kJ/mol )

can be carried out at a fast rate in the temperature range typical of CSP plants with tower
technology (above 7002C). Scalability of the Cal process would be facilitated by its simplicity

and the use of cheap (~ 10S/ton), abundant and non-toxic naturally occurring CaCO3 minerals

as raw materials (Prieto et al., 2016) (Chacartegui et al., 2016).

The idea of integrating the Cal process into CSP plants for energy storage dates back to
the 1970s (Barker, 1973) (Barker, 1974) (Flamant et al., 1980), and has gained renewed
interest in recent years (Pardo et al., 2014) (Chacartegui et al., 2016) (Cot-Gores et al., 2012).
Briefly, once CaCOs particles are calcined by concentrated solar irradiation, the products of the
reaction (CaO and CO;) are stored separately. When needed, these byproducts are brought
together at carbonation conditions to use the heat from this exothermic reaction to produce
electricity. The flow diagram of a possible CalL-CSP integration, as recently proposed in
(Chacartegui et al., 2016), is shown in Figure 1. The system comprises a heliostat field, a solar
calciner, a carbonator, two reservoirs for CaO and CaCOs; storage, a CO, compression-storage
and a power unit. After calcination, the sensible heat of the reaction byproducts is recovered
by heat exchangers before storing them separately. On demand, CaO and CO; are recirculated

into the carbonator where the heat of the carbonation reaction is recovered and transported
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to a gas turbine by the excess of CO; not intervening in the carbonation reaction. Thus,
electricity is generated by means of a CO; closed cycle. Cal conditions leading to high global
efficiencies in the CalL-CSP integration involve carbonation temperatures above 8502C under
high CO; partial pressure (Chacartegui et al., 2016). In addition, fast calcination at moderate
temperatures would be desirable to use inexpensive metal based solar receivers (Avila-Marin,
2011) (Behar et al., 2013). As seen in previous works, the use of helium in the calciner
atmosphere would allow to achieve fast CaCOs calcination at temperatures as low as 7002C
(Sarrion et al., 2016) due to the high thermal conductivity of He and the extremely high
diffusivity of the released CO; in this gas (Berger, 1927) (Cussler, 1997). Moreover, the CO,/He
mixture could be separated by using commercial membranes (Taketomo and Fujiura, 1984) for

reutilizing both gases in the cycle.
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Figure 1. Flow diagram of the Calcium-Looping thermochemical energy storage system for concentrated

solar power plants. A detailed description is found in (Chacartegui et al., 2016).

The Cal process has been widely investigated in the last years for its application to
capture the CO; released by the combustion of fossil fuels (Stanmore and Gilot, 2005) (Blamey

et al., 2010) (Cormos and Simon, 2015). The standard Cal process to capture CO,, which has
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been successfully demonstrated at the pilot-scale level (Perejon et al., 2016), employs lime
(Ca0) in a bed reactor (carbonator) at temperatures close to 6502C fluidized by the post-
combustion flue gas at atmospheric pressure and loaded with a relatively low CO;
concentration (15% vol). After carbonation of CaO particles, they are circulated into a second
fluidized bed reactor (calciner), where CaO is regenerated at high calcination temperatures
(930-9502C) under a high CO, concentration environment. Thus, CO, at high concentration is
recovered from the calciner to be compressed and stored, and the regenerated CaO particles
are recirculated to the carbonator to be used in a new cycle. Under these harsh calcination
conditions, CaO particles are severely sintered, which causes CaO conversion to drop
dramatically in just a few cycles. Remarkably, these CalL-CO, capture conditions are diverse

from those specific of CaL-CSP storage above described.

Particle size is a relevant physical property for industrial applications, such as the Cal
process, based on circulating fluidized beds (CFBs), where open cyclone exchangers are
employed to recover the fine particles elutriated in the gas stream (Chacartegui et al., 2016)
(Ebrahimi and Rahmani, 2016) (Lu et al., 2008). According to Barker (Barker, 1974), the
carbonation/calcination reaction would be only reversible in short residence times for particles
of size around 10 nm while the optimum size of particles to be used in CFBs is in the rage 100-
500 pum (Dieter et al., 2013) (Arias et al., 2013) (Stréhle et al., 2014) (Hanak et al., 2015). For
particles of size in this range, physical mechanisms such as intraparticle pore diffusion and
pore plugging might limit significantly the reaction kinetics thus hampering the CaO multicycle

activity as depending on reaction conditions (Grasa et al., 2008) (Alvarez and Abanades, 2005).

In general, most of the studies focused on the effect of particle size on CaO conversion
have been carried out under CO, capture conditions. According to Abanades and Alvarez
(Abanades and Alvarez, 2003) (carbonation at 6502C under 20%CO; calcination at 900°C in air)
the multicycle CaO conversion decay is similar for particles of size in the range between 100
and 800 um for limestone samples obtained from different sources. On the other hand, the
study carried out by Grasa et al. (Grasa et al.,, 2008) (carbonation at 6502C under Pco>
=0.01MPa; calcination at 8509C in air/0;), shows an increasing resistance to intraparticle CO;
diffusion as particle size is increased in the range between 250 and 1000 um. In another study
using particle size fraction from 50 to 600 um (carbonation at 6502C under Pco; =0.01MPg;
calcination at 9002C in air), it was concluded that the effect of particle size is almost negligible
after the fourth carbonation cycle (Grasa et al., 2009). In a later work using particles of size in

the range between 75 and 800 um (carbonation close to calcination temperature under
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100%CO0;; calcination at 8802C under 0/100%air-50%C0,/50%air), these same authors
demonstrated that the calcination reaction is chemically controlled for particles sizes up to 300
um, for which diffusional effects are considered negligible. For larger particles (600-800 pum),
the calcination rate becomes slower due to both the internal resistance to CO, diffusion and
hindered reaction kinetics (Martinez et al., 2012). Nonetheless, Li et al. (Li et al., 2009)
observed that CaO conversion measured in a fixed-bed reactor (carbonation at 550-7509C
under 15%C0,/85%N, — 100%CO,; calcination at 920-11002C under 80%C0,/20%0,) decreased
further with the number of cycles as the particle size of the starting limestone was increased in
the ranges of less than 125 um, 160-315 and 315-415 um. Most of these researches are aimed
at analyzing the effect of particle size on the multicycle CaO conversion under CO; capture
conditions. However, the carbonation/calcination conditions employed are usually diverse
especially in regards to the calcination stage, which could explain the contrasting results
reported. In addition to operation conditions, the presence of oxides other than CaO may play
a role on deactivation by either enhancing or mitigating CaO sintering. Thus, the presence of
MgO together with CaO in dolomite is seen to improve significantly the CaO multicycle activity
(Fennell et al., 2007) (Sun et al., 2008) (Beruto et al., 2010) (Coppola et al., 2013).

The majority of studies performed on Ca based natural minerals to be used in the Cal process
are focused on limestone and dolomite with the goal of analyzing the behavior of these
materials for CO, capture (Perején et al., 2016) (Erans et al., 2016). Besides of limestone, other
naturally occurring CaCO3 minerals are marble and chalk, whose behavior is scarcely reported
in the literature (Pacciani et al., 2010) (Wdowin et al., 2012) (Pinheiro et al., 2016). The present
work is focused on analyzing the Cal performance of limestone, marble and chalk at conditions

for CSP storage.

2 Materials and Methods

The natural calcium carbonate minerals analyzed in our work were limestone (Pedrera,
Sevilla) supplied by Segura S.L., chalk (Arbog, Tarragona) and marble (Purchena, Almeria), the

latter two supplied by Omya Clariana.

The multicycle activity of the CaO derived from these natural carbonates was
measured by using a Q5000IR thermogravimetric analyzer (TA Instruments) at CalL conditions
for CSP storage. The instrument is provided with a high sensitivity balance (<0.1 pg) and a

furnace heated by IR halogen lamps allowing for high heating/cooling rates up to 3002C/min
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and stable isotherms (<42C). A small mass of sample (10 mg) was used in all cases to prevent
undesired mass transfer effects due to CO, diffusion resistance across the powder. Each run
was started by a precalcination stage heating the sample from room temperature to 7252C at
3002C/min under a helium atmosphere. This calcination temperature was held for 5 min. Then,
the temperature was increased (3002C/min) to 8502C and maintained during 5 min for
carbonation under pure CO,. After carbonation, the sample was calcined by decreasing the
temperature (3002C/min) to 7252C and changing the gas to pure He. In a real fluidized bed
calciner it can be expected that the CO; concentration will increase with height due to the
released CO,. This issue cannot be however replicated in a TGA apparatus and should be
addressed in future fluidized bed tests. The calcination stage was kept for 5 min to achieve full
CaO regeneration. Carbonation was carried out again by increasing the temperature
(3002C/min) to 8502C and introducing pure CO, after which a new cycle was started. Between
the calcination and carbonation stages an intermediate cooling stage was introduced by
decreasing the temperature (1002C/min) to 3002C and keeping it for 2 min under He. The goal
of this stage was to simulate in practice the extraction of sensible heat from the solids streams
exiting the reactors before being stored. For comparison, Cal cycles at conditions for CO;
capture were also performed. In these experiments, carbonation took place at 6502C under
15% vol CO,/85% vol air during 5 min whereas calcination was carried out at 9502C under 70%
vol COy/ 30% vol air for 5 min. Quick transitions between both stages were achieved by means
of high heating/cooling rates (3002C/min). A total of 20 carbonation/calcination cycles were

performed in this way for each sample.

In addition to TGA tests, carbonation/calcination cycles were also performed in a
separate tubular furnace to obtain samples of sufficient mass for porosimetry analysis. In this
furnace, a 1 gram sample was subjected to a precalcination stage under N; for 90 min at
750°C. CaO samples stemming from precalcination were labeled as L_cal_1, C_cal_1 and
M_cal_1 meaning the CaO obtained after a first calcination for limestone, chalk and marble,
respectively. The precalcined samples were also subjected to 5 carbonation/calcination cycles.
L_cal_6, C_cal_6 and M_cal_6 samples refer to the CaO obtained after these cycles for
limestone, chalk and marble, respectively. Carbonation/calcination conditions consisted of
carbonation under pure CO; at 8509C for 15 min and calcination under pure N, at 7502C during
30 min. In all cases, the temperature ramp rates were 102C/min. Even though these conditions
do not mirror exactly those used in the TGA tests, the characterization of the samples obtained
from these tests serves to get a grip on the mechanism that limits the CaO multicycle activity

when calcination is carried out under relatively low temperature at low CO, partial pressure

6
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and the samples are carbonated at high temperature under pure CO,, which are the main

cornerstones of CSP storage conditions.

X-Ray fluorescence analysis was performed by means of an energy-dispersive X-ray
instrument (Axios PW4400, PANalytical). X-ray powder diffraction measurements were carried
out using a MiniFlex600 (Rigaku) with Ni filtered CuKa radiation (A = 1.5406 A) at 40 kV and 15
mA for a scan range 26=5-90° at a step rate of 1°/min. Coherent crystal length (crystallite size)
was estimated through the Scherrer equation (Patterson, 1939) applied to (104) and (200)
main Bragg reflection peaks for CaCO; and CaO, respectively. Peak profiles were fitted using a
split pseudo-Voight function to correct for peak widths. Instrumental peak broadening was
determined using the NIST SRM 660 LaBe standard. PDXL2 Rigaku data analysis software was
employed to this end. Scanning electron micrographs were acquired using a Hitachi S4800

SEM-FEG microscope.

Particle size distributions (PSDs) were measured by means of laser diffractometry
using a Mastersizer 3000 (Malvern) apparatus. In these tests, the samples were previously
dispersed in 2-propanol (as recommended for Ca-based materials according to 1SO 14887

(2000)) and sonicated for 30 s to loosen particle aggregates.

Nitrogen adsorption-desorption isotherms were measured at 77 K by means of an
ASAP2420 (Micromeritics) instrument. Prior to the analysis, samples were degassed at 3502C
for 8 h. Specific surface area of the samples (Sger) was determined using the BET equation
(Brunauer et al., 1938). Total pore volume (Vsp) was calculated from the amount of gas
adsorbed at a P/Pg value of 0.99. Micropore area (Stmicro) and micropore volume (Vtmicro) Were
estimated from the t-plot method through the Harkins and Jura equation (Harkins and Jura,
1944). Mesopore distributions were obtained by applying the BJH method to the desorption
branch of the isotherms (Barrett et al., 1951), and the average pore sizes (wp and wpgn) were
determined by approximating the pore geometry to a cylinder. Wide mesopore and macropore
size distributions of calcined samples were analyzed by means of mercury intrusion

porosimetry, which was performed using an Autopore IV apparatus (Micromeritics).

3  Results and Discussion

3.a) Materials Characterization
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samples employed in the present study contain a very low percentage of impurities. In the
case of marble, Mg and Si elements are found in the form of magnesium silicate as was
inferred from XRD analysis (Figure 2). The XRD patterns show also a high crystallinity for all the

raw samples, with crystallite sizes above the applicability limit of the Scherrer equation (~100

nm).

Table 1. XRF analytical composition of as-received calcium carbonates

As derived from XRF composition analysis results (Table 1), the calcium carbonate

(%wt) Limestone Chalk Marble
Cao 55.30 55.72 55.48
MgO 0.20 0.28 0.49
SiO2 0.29 0.90 0.13
Al203 0.04 0.48 0.06
Fe203 0.10 0.26 0.09
K20 0.02 0.08 0.02
Na20 0.03 ND ND
P20s 0.04 0.28 ND
MnO 0.03 ND ND
SOs 0.04 0.03 0.02

ND : Non detected
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Figure 2. X-ray powder diffractograms of as-received calcium carbonate samples. Intensities are shown

in log scale (60-60000 counts range).

As revealed by SEM micrographs (Figure 3), the particles of the different carbonates
exhibit diverse morphologies. Thus, limestone is characterized by the presence of small and
rounded particles (Fig. 3a), chalk particles show the typical of calcite rhombohedral crystal
structure (Fig. 3b), and marble particles are highly heterogeneous with the presence of both
very fine particles and polygonal shape bigger ones (Fig. 3c). As will be seen, these
observations are consistent with the results derived from laser diffraction particle size analysis.
In addition, these micrographs suggest that marble and chalk have higher crystallinity than
limestone although their crystallite size cannot be estimated from the Scherrer formula to

confirm this observation.
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Figure 3. SEM micrographs of limestone (a), chalk (b) and marble (c) samples used in this work.

PSDs (Figure 4) show that the range of particle sizes of the samples is between 0.1 and

100 microns.

The smaller particles are found in the limestone sample whereas marble

contains the largest ones. Most relevant PSD statistical parameters are summarized in Table 2.

The as-received carbonates present very low specific surface area and low porosity as seen

from the data obtained from nitrogen adsorption-desorption isotherms (Table 3).

Table 2: PSD statistical values of limestone, chalk and marble samples used in this work

Limestone

Chalk

Marble

Dv (10) um?

1.09

1.85

1.67

10
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Dv (50) um ® 3.19 7.12 11.17
Dv (90) um © 9.89 22.73 37.83
D [3;2] pm ¢ 2.19 3.89 4.43

D [4;3] um © 4.53 10.07 15.97

a Particle size limit below which 10% of the particles are found

b Mass Median Diameter (MMD).

¢ Particle size limit below which 90% of the particles are found

d Surface Weighted Mean or Surface Area Moment Mean Diameter

e Volume Weighted Mean or Mass Moment Mean Diameter

Table 3: Specific surface area and porosity data of as-received calcium carbonate samples, estimated by

nitrogen adsorption-desorption analysis.

232
Limestone Chalk Marble

S ser (M?/g) 0.88 1.13 0.92
St micro (M?/g) 0.36 0.07 ND
Vsp (cm3/g) 0.00214 0.00237 0.00243
VP micro (cm3/g) 0.00016 0.00002 ND
Wp (nm) 2 9.8 8.4 10.6
Wp BJH (nm) ® 29.9 15.0 18.4

ND: non detected

a Mean pore width, wp = 4V/S

b Mean BJH pore width, determined by BJH data (4V/S)

11
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Figure 4: Particle size distributions of limestone, chalk and marble samples as received.

3.b) Multiclycle CaO conversion

The thermograms shown in Figure 5 correspond to the first and last cycles carried out
under Cal-CSP storage conditions. As observed in Fig. 5a, the first calcination occurs at a
slightly slower rate for marble and chalk as compared to limestone. This observation could be
attributed to a larger crystallite size of marble and chalk as was inferred from the SEM analysis,
which hinders the diffusion of CO, out of the particles as previously reported for limestone
samples of diverse crystallinity degree (Valverde et al., 2014). Figure 5 shows that carbonation
occurs through two well differentiated phases as widely reported in the literature (Barker,
1973) (Grasa et al., 2009). A first fast reaction controlled phase (FRP), which takes place on the
surface of CaO particles, is followed by a much slower diffusion controlled phase (SDP)

determined by the counter-current diffusion of COs* cations and O% anions across the CaCO3

12
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product layer (Bhatia and Perlmutter, 1983) (Sun et al., 2012). As seen in Figure 5, the major

contribution to the overall carbonation under CalL-CSP storage conditions occurs in the FRP

due to the high CO; concentration and carbonation temperature which enhances the kinetics

of this phase. Fig. 5a shows that CaO conversion and the reaction kinetics in the first

carbonation stage are very similar for the different calcium carbonates. However, CaO

deactivation after 20 cycles occurs at diverse degrees for the different carbonates as seen in

Fig. 5b. Thus, deactivation is more significant for marble, followed by chalk, while limestone

presents the lowest deactivation.

FRP
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S
~ 80 -
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Figure 5. Time evolution of temperature and sample weight for the first (N=1) calcination/carbonation

cycle (a) and the last N=20 cycle (b). The fast reaction controlled phase (FRP) and solid-state diffusion

controlled phase (SDP) are indicated.
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Figure 6 shows multicycle CaO conversion data obtained from the TGA tests carried
out under CaL-CSP storage and CO, capture conditions for comparison. Conversion at cycle N
was calculated as the ratio of the mass of CaO converted to the initial mass of CaO before

carbonation my:

_ McarbN —MN | ﬁ
Xy = my 44 (2)

Where me v is the sample mass at the end of the carbonation stage. As shown in previous
works multicycle conversion data can be generally well fitted by the semi-empirical equation

(Valverde, 2013) (Valverde et al., 2013)

X

Xy = X, + —
N " k(N—1)+(1—XT/X1) !

(3)

where N is the cycle number, X; is CaO conversion at the first cycle, k is the deactivation rate
constant, and X, is the residual conversion towards which CaO conversion converges
asymptotically after a very large number of cycles. Best fitting parameters k and Xr are shown
in Table 5. Even though CaO conversion at the first cycle Xj, is similar for the different calcium
carbonates, the deactivation rates under CalL-CSP storage conditions are quite different as was
inferred from the thermograms shown in Fig. 5, which leads also to remarkably diverse values
of the residual conversion. Thus, the highest residual conversion is obtained for limestone (X, =
0.51) whereas marble has a residual conversion as low as X;= 0.27. In contrast with the results
obtained under CalL-CSP storage conditions, CaO conversion values derived under CO; capture
conditions are significantly low (Figure 6b) due to the marked sintering of the CaO particles
formed by calcination under high temperature and high CO; concentration as widely reported
elsewhere (Abanades and Alvarez, 2003) (Alvarez and Abanades, 2005) (Sun et al., 2007).
Residual conversions obtained in these conditions are below 0.1 (Table 5) in agreement with
reported values in previous works (Abanades and Alvarez, 2003) (Grasa et al., 2008) (Sarrion et

al., 2016)(Benitez-Guerrero et al., 2017).

14
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Figure 6. CaO conversion data measured for calcium carbonate samples as a function of the number of
carbonation/calcination cycles carried out under CaL-CSP storage conditions (a) and CalL-CO: capture
conditions (b). The solid lines represent the best fits of Equation (3) to experimental data. Best fitting

parameters are shown in Table 5.

Table 5. Best fitting parameters in Eq (2) to CaO conversion data obtained from calcium

carbonate samples tested under CalL-CSP storage and CalL-CO; capture conditions.

CalL-CSP storage Cal- CO, capture
Limestone | Chalk Marble Limestone | Chalk Marble
k 0.48 0.40 0.22 0.78 0.60 0.63
X 0.51 0.38 0.27 0.097 0.061 0.033
R? 1 0.999 0.997 0.999 0.997 0.998
Y 0 6.25E-6 | 3.57E-5 | 4.53E-6 | 8.17E-6 | 1.79E-5

3.c) Porosimetry analysis

Porosity distributions of samples subjected to just one calcination stage (N=1) and to 6
carbonation/calcination cycles (N=6) in the tubular oven were analyzed by nitrogen
adsorption-desorption isotherm and mercury intrusion porosimetry. By using both techniques,
a wide range of pore sizes can be analyzed since diverse pore ranges are accessible to N, (wide
micropores and mesopores) and Hg (essentially meso and macropores).

Main data obtained from these measurements are shown in Table 6. As may be seen,
both techniques yield similar values of the surface area and similar pore size distribution
profiles (shown in Figure 7). The CaO generated after first calcination of the different calcium
carbonates is mainly meso and macroporous, with Sger values close to 20 m?/g and pore sizes

ranging from 10 to 100 nm (peaking at about 40 nm). This nhanometric pore range is associated

15
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to the intraparticle pores whereas macropores larger than 0.5 um detected by mercury
intrusion correspond to interparticle pores. As would be expected, the specific surface area
and pore volume diminish as the number of cycles increases while the pore size distribution
shifts towards larger pore sizes as seen in Fig. 7. Thus, according to N, physisorption analysis,
the surface area reduction (micropores and mesopores range) from the first calcination step
(N=1) to the 6"-cycle (N=6) is the highest for CaO derived from chalk (55%) whereas limestone
derived CaO shows the lowest reduction (38%). In contrast, this trend is reversed in the large
macropores domain according to mercury intrusion measurements. The surface area reduction
in this domain is the highest for CaO derived from limestone (53%) whereas marble shows the
lowest decrease (37%). The reduction observed in the range of mesopores and smaller
macropores (< 100 nm), as depending on the sample type, is consistent with the relative decay

of multicycle CaO activity as was observed in Figure 6.
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Figure 7. BJH Pore size distributions of CaO derived from limestone (a), chalk (b) and marble (c) after the

first and 6™-cycle calcination determined by N2 physisorption analysis and mercury intrusion

porosimetry (d, e, f), for limestone, chalk and marble respectively.
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Table 6. Specific surface area and porosity data of CaO derived from limestone, chalk and marble after

the first (N=1) and 6™-cycle (N=6) calcination obtained from N adsorption-desorption analysis and
mercury intrusion porosimetry.
N: ads-des L_cal_1 | L_cal_6 C_cal_1 C_cal_6 M_cal_1 M_cal_6
S ser (M?/g) 21 13 20 9 21 11
St micro (M?/8) 2.9 0.3 1.2 1.3 2.2 0.3
Vsp (cm3/g) 0.20442 | 0.11876 0.19850 0.08889 0.23326 0.10871
VP micro (cM3/g) 0.00125 | 0.00002 0.00046 0.00054 0.00099 0.00005
Wp (nm) ? 38 37 41 41 44 40
Wp BJH (nm) ® 37 35 40 42 40 36
Hg porosimetry | L cal_1 | L_cal_6 C_cal_1 C_cal_b M_cal_1 M_cal_6
Pore Area (m?/g) | 26 12 23 12 24 15
Total intrusién

1.67 1.36 1.18 1.25 1.16 0.89
Volume (cm3/g)
Median Pore

43 43 43 50 42 30

Diameter (nm)°©

a Mean pore width, wp = 4V/S

b Mean BJH pore width, determined by BJH desorption branch data (4V/S)

¢ Calculated at 50% of the total pore area
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Figure 8. Surface area Sger (c), pore volume (b) and crystallite size (c) for CaO derived from limestone,

chalk and marble after the first and 6"-cycle calcination.
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3.d) Microstructural and morphological characterization

Figures 8a-c show the evolution of surface area, pore volume and crystallite size for
the CaO resulting from calcination in the first (N=1) and 6™ cycles (N=6) of the different
carbonates analyzed. From a microstructural point of view, the increase of CaO crystallite size
with the cycle number (shown in the insets of Fig. 9) is consistent with the loss of surface area
and pore volume as previously reported for limestone samples subjected to prolonged
calcination at diverse conditions of temperature and CO, concentration in the calciner
environment (Valverde et al.,, 2015). As a general trend, the size and volume of pores is
decreased as the crystallite size increases along the cycles. The growth of CaO crystallite size
with the cycle number depends however on the type of calcium carbonate mineral. Although
the dimension of the crystallites are around 40 nm after the first calcination for the different
starting carbonates, the size increment at the 6%-cycle is larger for the CaO derived from
marble (95%), followed by chalk (65%) whereas the lowest degree of crystallite size growth is
observed for the CaO derived from limestone (27%). This differentiated crystallite growth
among the different carbonates is maintained as the number of cycles is increased as was
verified by analyzing the CaO obtained after the 20 cycles carried out in the thermogravimetric

analyzer (Fig. 9c).
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Figure 9. Normalized X-ray diffractograms showing the main Bragg (200) reflection peak for CaO derived
from limestone, chalk and marble, after calcination in the first (a) and sixth (b) cycles (tubular oven) and
(c) after 20 cycles in the Q5000IR thermogravimetric analyzer. The insets display the corresponding

crystallite sizes, L(nm).
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The reduced sintering and crystallite size growth exhibited by the CaO derived from
limestone is consistent with its lower deactivation as compared to marble and chalk observed
from the TGA tests (Fig. 6). On the other hand, it can be argued that the highest increment of
CaO specific surface area observed for chalk and the highest increase of CaO crystallite size
shown by marble would yield compensating effects on their carbonation reactivity, which

would lead to the similar deactivation observed for both minerals (Figure 6).

Morphological changes of the CaO obtained after different number of cycles were
analyzed by SEM. As seen in low magnification SEM pictures (Fig. 10), the CaO particles inherit
the morphology of the parent calcium carbonates. As the number of carbonation/calcination
cycles increases, CaO sintering becomes apparent as shown in Figure 10 where “bottlenecks”
formed by the coalescence of CaO grains can be seen. Agglomeration and growth of the CaO
grains become clearly visible at higher magnifications (Fig. 11); however, the typical rod-
shaped arrangement of CaO grains with cylindrical pores reported in previous works
(Abanades and Alvarez, 2003)(Rodriguez-Navarro et al., 2009) is not appreciated on the
external surface of CaO particles shown in Figure 11. The size and morphology of CaO grains
observed in these SEM pictures on the external surface of the CaO particles, after the first and
6"-cycles, differ as depending on the nature of the starting calcium carbonate. Thus, CaO
grains appear more rounded for the CaO derived from limestone (Fig. 11a) and more
elongated for chalk and marble derived CaO (Fig. 11c and f, respectively). SEM pictures of the
samples derived after the 20 cycles are shown in Fig. 12. Arguably, the more elongated the
CaO grains, the larger the surface contact area between them, which will favor crystallite

growth and pore volume reduction as was inferred from XRD and physisorption analysis.

22



397

398
399
400

Chalk Limestone

Marble

Figure 10. SEM micrographs for limestone (a), chalk (d) and marble (g) samples and for CaO derived

from them after the first calcination step, L_cal_1 (b), C_cal_1 (e) and M_cal_1 (h), and after the 6™-

cycle, L_cal_6 (c), C_cal_6 (f) and M_cal_6 (i). (Magnification 5000x).
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Figure 11. SEM micrographs of CaO derived from limestone, chalk and marble obtained after the first

calcination step, L_cal_1 (a), C_cal_1 (c) and M_cal_1 (), and after the 6™-cycle, L_cal_6 (b), C_cal_6 (d)

and M_cal_6 (g). (Magnification 40000x).
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Figure 12. SEM micrographs at different magnifications of CaO particles derived from limestone (first
row), chalk (second row) and marble (third row) obtained in the Q5000IR thermogravimetric analyzer

after the 20t"cycle.

Figure 13 show SEM pictures of samples obtained by breaking the CaO particles
resulting after the cycles, which leaves exposed the interior skeleton of these particles. As may
be seen, a highly sintered CaO layer is built upon the particle’s surface whereas the interior of
the particles exhibit a relatively more porous CaO skeleton. These SEM pictures suggest that
the access of CO; to this porous CaO inner skeleton is blocked by the CaCOs; layer generated in
the carbonation stage of the cycles. Therefore, the carbonation/calcination reaction would be
carried out only at the external surface of the particles. Pore plugging would enhance further
Ca0 deactivation as particle size is increased. As seen in Fig.14, the residual conversion Xr
values obtained from the TGA analysis (Table 5) scale inversely with the initial size of the
particles for the threes carbonates tested. The larger the calcium carbonate particles the lower
Xr is. The favorable carbonation conditions (high temperature and high CO, concentration)
would lead to a quick built up of the CaCOs layer, which in addition may grow up to a large
thickness (Li et al., 2012), therefore promoting pore plugging. Thus, although the mild

calcinations carried out at Cal conditions for CSP storage would lead to a relatively porous CaO
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skeleton with a high surface area available for reaction, pore plugging would pose a serious

limit to carbonation.

Porous unreacted CaO

1.00um

Figure 13. SEM pictures showing a superficial

Cao

layer

sintered after

several

calcination/carbonation cycles and an inner porous CaO that remains unreacted after the

cycles due to pore plugging.
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Figure 14. Particle size distribution parameters Dv(10), Dv(50) and Dv(90) of the starting calcium
carbonates versus residual CaO conversion values derived from multicycle TGA tests carried out under

CaL-CSP storage conditions.

Conclusions

This work analyzes the multicycle activity of CaO derived from diverse natural CaCOs;
minerals (limestone, chalk and marble) at optimum Calcium-Looping conditions for the
thermochemical storage of energy in Concentrated Solar Power plants. CaO deactivation with
the number of cycles is correlated to the growth of crystallite size and the corresponding
decrease of CaO porosity. Under these conditions, mild calcination (relatively low temperature
in the absence of CO,) would lead to a highly porous CaO skeleton with a high surface area
available for fast carbonation. However, the favorable carbonation environment (high
temperature under high CO, concentration) would lead to a very quick formation of a thick
CaCOs layer on the surface of the particles, which would block the access of CO; to the porous
Cao inner skeletons. Thus, pore plugging has been identified as a main limiting factor for the
multicycle CaO activity. Remarkably, this phenomenon is observed in our work to occur for
relatively small size particles and would be promoted even further for larger particles (above
~100 um) as needed in practice. In order to use CaCOs natural minerals for thermochemical
energy storage in CSP plants strategies should be therefore devised in future works with a

main focus on avoiding pore plugging.
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