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ABSTRACT

This work is focused on the use of the Calcium-Looping process (Cal) in Concentrated Solar
Power (CSP) plants for Thermochemical Energy Storage (TCES). Cheap, abundant and non-toxic
natural carbonate minerals, such as limestone and dolomite, can be employed in this application
to store energy through the cyclic calcination/carbonation of CaCOs. In a recent work, a closed
CO; cycle has been proposed for an efficient CaL-CSP integration in which the CO; in excess
effluent from the carbonator is used to generate electricity by means of a gas turbine. Process
simulations show that the thermoelectric efficiency is enhanced as the carbonator pressure and
temperature are increased provided that the multicycle CaO conversion is not affected. On the
other hand the use of just one reactor for both calcination and carbonation has been suggested
to reduce capital cost. However, the experimental results shown in the present work indicate
that sintering is notably enhanced as the pressure in the reactor is increased. Such adverse effect
is mitigated for a ZrO,/CaCOscomposite with a low Zr content as compared to natural
carbonates. These results are relevant to process simulations for better assessing the global
efficiency of the CalL-CSP integration.

INTRODUCTION

Concentrated Solar Power (CSP) is one of the main renewable energy technologies to be
developed as it allows large scale electricity generation and relatively low-cost energy storage
in the form of heat. Nowadays, there are a number of commercial CSP plants worldwide wherein
molten salts are used for thermal energy storage (TES) as sensible heat 1. However, there is a
need of cheaper massive energy storage technologies to gain competitiveness against fossil fuel
power plants >, A potentially more advantageous technique to store CSP is Thermochemical
Energy Storage (TCES), which is currently under research and development °1°. TCES basically
consists of using heat from concentrated solar irradiation (reaching temperatures up to ~1000°C
in CSP with tower technology) to drive an endothermic chemical reaction. When energy is
needed, the separately stored reaction byproducts are brought together to carry out the reverse
exothermic reaction. Main advantages of TCES systems compared to TES is the higher storage
energy density potentially attainable as well as the possibility of storing energy in the long term

without significant losses %1112,

Among the diverse possibilities explored for TCES at large scale, one of the most promising
technologies is based on the Calcium-Looping (Cal) process, which relies on the multicycle
CaCOs calcination/carbonation (Eq. (1)) ***4. This application was proposed in the late 1970s **>
17 but has gained renewed interest only in recent years % ¥2° The Cal process offers a great
potential for large scale energy storage as cheap, non-toxic and abundant materials such as
limestone and dolomite can be employed 8. Moreover, the storage energy density of the system
(~3.2 GJ/m3) is notably higher than the energy density of molten salts currently used in

commercial plants (~0.8 GJ/m3?1).

CaCOs3) 2 CaO) + COz (g AH°=178 kJ/mol (1)



The Cal process has been widely investigated in recent years albeit most investigations have
been oriented towards the Cal application for capturing CO; in fossil fuel fired power plants,
which has been successfully demonstrated at the pilot scale (1-2 MW,,) 2. The Cal process for
CO;, capture is based on the carbonation of CaO at temperatures around 650°C. CaO particles
are fluidized by the post-combustion gas at an absolute pressure of 1 bar with a low
concentration of CO; (15 vol%). The carbonated particles are then transported into a second
fluidized bed reactor (calciner) where calcination is carried out at temperatures above 900°C
under high CO; concentration. CO; is recovered from the calciner to be compressed and stored
or employed for other uses. After calcination, the regenerated CaO particles are recirculated
into the carbonator reactor for their use in a new cycle. The present manuscript is focused on
the use of the Cal process for TCES in CSP plants according to a recently proposed integration
scheme 8 (Fig. 1).
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Fig. 1. Flow diagram of the Calcium-Looping thermochemical energy storage system for Concentrated
Solar Power plants. The indicated calcination/carbonation conditions are those employed in the present
work. A detailed description is found in 8.

The CalL-CSP integration essentially consists of a CO; turbine to generate power, a solar calciner,
a carbonator, and two reservoirs for both CaO and CaCO; storage and a CO, compression-
storage system. The process starts with the calcination of CaCOs3 particles using concentrated
solar energy to provide the heat needed for the endothermic decomposition reaction (Eq. 1).
The reaction byproducts, CaO and CO,, are stored separately and afterwards circulated to the
carbonator for the exothermic carbonation reaction to release the heat used for electricity
generation in a gas turbine through a closed CO; circuit. According to process simulations ¢,
maximum global efficiency is achieved at Cal conditions involving carbonation under high CO,
pressure (~3 bar) and high temperature (>~850°C). These results are based on the assumption
that the multicycle CaO activity is not affected by the reactor pressure. However, the effect of
successive cycles of calcination and carbonation under high pressure on the CaO multicycle
activity has not investigated yet to our knowledge.



A possible strategy to save capital cost and technical complexity is to use just one reactor both
as calciner and carbonator 23. Since both stages would be carried out in one-day cycles, this
simplification could be feasible. Nevertheless, it is uncertain whether the activity of the CaO
regenerated in each cycle will be affected in practice by relevant limiting mechanisms such as
sintering, which could be significantly enhanced at high CO, pressure under high temperature.
In our work, we address this issue by a thermogravimetric experimental study on the multicycle
Cal performance, at conditions for CSP storage (Fig. 1). The study analyzes the behavior of
natural carbonates (limestone and dolomite) and a ZrO,/CaCO; composite subjected to Cal
cycles in a home-made reactor where pressure is changed between 1 bar for calcination and 3
bars for carbonation.

EXPERIMENTAL
Materials

Two natural carbonates have been used in our study: natural limestone (99.3 wt% CaCOs) and
dolomite from Taljedi quarry in Seville (Spain). Table S1 (supporting information) shows the
chemical composition as measured X-Ray Fluorescence (XRF). Moreover, a Zr0O,/CaCO3
composite was prepared by mechanical milling of a 5 wt% ZrO, / 95 wt% natural limestone
powder mixture in an Emax high energy ball mill (Retsch GmbH). The mixture was milled for 90
s at 1500 rpm using a stainless steel jar and 50 stainless steel balls 10 mm diameter. A sample
to ball mass ratio of 1:20 was employed, which corresponds to a total sample mass of 10 g. An
important advantage of mechanical milling over other synthetic routes is its simplicity and
scalability, which must be necessary attributes for any synthetic Ca composite to be employed
in the Cal process at industrially relevant conditions. Note also that the ZrO; relative content of
the mixture is rather low, which would also facilitate the use of the composite in practical
applications.

The raw samples were sieved after which Particle Size Distributions (PSD) were measured by
means of laser diffractometry using a Mastersizer 2000 instrument. The samples were
previously dispersed in 2-propanol as recommended for Ca-based granular media and sonicated
for 10 min to loosen particle aggregates. As seen in Fig. S1, the sieved samples of limestone,
dolomite and the Zr0O,/CaCO; composite show a similar PSD with most of the particles lying in
the range between 100 and 400 um. A 95.3%, 96.5% and 87.2% of the particles population is
within this range for dolomite, limestone and the Zr0,/CaCOs; composite, respectively. This
particle size range is appropriate to be employed in industrial applications where the reactors
are usually operated in the circulating fluidized bed (CFB) regime. Operation under this regime
ensures optimum transfer of heat and mass as opposed to bubbling or fixed beds where
heat/mass transfer is hampered. As shown in previous works focused on the Cal application for
CO; capture, Ca-based sorbents exhibit a similar multicycle performance in large-scale pilot
plants (1-2 MW,) to that measured by means of thermogravimetry analysis (TGA) 2%. The use of
very small amounts of sample in TGA serves to reproduce the optimum heat and mass transfer
conditions achieved in CFBs used in large scale applications. Since particles are placed on the
measuring vessel practically forming a monolayer undesired effects due to CO, diffusion
resistance across the bulk of the powder are avoided. On the other hand, since most of the
particles are of size below 400 um, carbonation hindrance by the resistance due to intraparticle
pore diffusion is minimized .



Characterization methods

Thermogravimetry measurements were carried out using a homemade thermobalance specially
assembled for this purpose and able to work up to 5 bars (Fig. 2). The system basically consists
of a high sensitivity (2x10”7g) Cl Electronics balance and a reactor. The reactor is a mullite-lined
furnace built from a non-porous mullite tube (able to hold 5 bars of pressure), which is
connected and sealed with the balance by means of pressure o-rings and clamps. The mullite-
lined furnace is placed inside a Watlow furnace (VC402A06A, 120V, 425W). The reactor is
coupled to two thermocouples to accurately control and measure the temperature. One is
placed just below the sample crucible to measure the sample temperature and the other one is
placed nearby the heater to control the heating rate. The whole system was sealed by means of
pressure o-rings. A flat ceramic crucible (0.157cm3, ~1200°C) was used. The themobalance was
accurately calibrated by means of a set of calibration weights ranging from 0 mg to 100 mg. The
R-squared value of the linear fit was 0.99998 (Fig. S2 in supporting information). Temperature
calibration was performed from the well-known decomposition reaction of hydrous calcium
oxalate, which was heated at 10 Kmin™. The buoyancy effect was corrected using alumina as a
standard material. The setup incorporates pressure control valves, a pressure gauge and over-
pressure protection. Mass flow and pressure controllers were employed to carry out the tests
under a continuous 100 cm®min CO, flow and at constant absolute pressure (either 1 or 3 bar).
Cooling tubes were located above and below the reactor and two fans were used to stabilize the
working temperature.
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Fig. 2. Schematic diagram of the pressurized thermobalance system employed in the present work.

Both the carbonation and calcination stages were carried out under pure CO, (Fig. 1). For an
operating pressure of 1 bar under CO,, the maximum carbonation temperature is approximately
895°C according to thermodynamical equilibrium 26, However, near the equilibrium
temperature, the carbonation kinetics becomes very slow ?’. Thus, a carbonation temperature
of 850°C, which yielded a fast-enough kinetics, was fixed for all the tests. On the other hand, the
calcination temperature used was fixed to 1000 °C.



Multicycle calcination/ carbonation tests were started with a precalcination stage by increasing
the temperature from room temperature to the calcination temperature (1000°C) at 10 °C/min
under pure CO,. For the tests carried out under absolute pressure of 1 bar, the temperature was
decreased at 10°C/min to 850°C to carry out the carbonation stage, after which the temperature
was again increased up to 1000°C for a new cycle.

Figure 3 shows the temperature and pressure time evolution for the tests in which carbonation
was carried out at 3 bars. These experiments were also started by a precalcination stage from
room temperature to the calcination temperature (1000°C) at 10°C/min. Then, the CO, pressure
was increased up to 3 bars while the temperature was kept at 1000°C, after which the
temperature was immediately decreased to 850°C at 10°C/min to carry out the carbonation
stage under 3 bars. Following this protocol carbonation was started once the pressure was set
at 3 bars. An alternative procedure, as the one followed by Butler et al. 2 by means of pressure
swing, would have been to increase the pressure to 3 bars after the temperature is decreased
to the target carbonation temperature (850°C) but, in that case, most of the carbonation would
take place before reaching the target pressure of 3 bars, which does not adjust to practical
conditions in the Cal application for energy storage. For these tests to have a practical utility,
carbonation must be performed under high pressure to achieve a maximum thermoelectric
efficiency according to simulations.

Once the carbonation stage had finished, the reactor absolute pressure was decreased to an
absolute pressure of 1 bar, after which the temperature was increased to 1000°C for a new
calcination stage. In order to avoid undesired effects due to CO; diffusion resistance across the
bulk of the sample, small and similar masses (40 mg) were tested in all cases. Thus, optimum
heat and mass transfer conditions as those existing in CFBs are mimicked in our setup %.

1004  calcination Carbonation Calcination 11050 4
1000 ,
]
, .
] L 3 ;
950 —~
)
900 @ 2
- [¢}]
1 ® [25
850 % @
1 . o
800 dE> E
F 1
750
v T v T v T v T v T v 700 )
40 50 60 70 80 90
Time (min)

Fig. 3. Time evolution of sample mass (%), temperature (°C) and absolute pressure (bar) during a
carbonation/calcination cycle under pure CO; for limestone. The carbonation stage was done in this
example under 3 bars of pressure.



The morphology of the samples resulting after the Cal cycles was analyzed by Scanning Electron
Microscopy (SEM) using a high-resolution HITACHI S4800 SEM-FEG microscope. Elemental
composition analysis of the ZrO,/CaCO; composite was carried out by means of focused ion
beam scanning electron microscopy (FIB-SEM tomography) using a ZEISS AURIGA equipment. Full
elemental composition analysis of the raw samples has been performed by X-ray
microfluorescence using an Eagle Ill Micro XRF instrument (EDAX, New Jersey, USA) equipped
with an X-ray anticathode 50 W rhodium tube and an energy dispersive X-ray detector and with
a maximum operating potential of 40 keV and 1 mA. As may be seen in Table S1 (supporting
information) the proportion of impurities present in the limestone and dolomite is (<0.6-0.7
wt%, which suggests that these trace elements do not have a significant effect on the measured
multicycle performance.

RESULTS AND DISCUSSION

In order to objectively assess the multicycle activity performance of the materials employed in
our work we have used the effective conversion Xesr, Which is defined as the ratio of the mass of
CaO converted in the carbonation reaction to the total sample mass before carbonation was
started:

_ McarpN— My Wcao

XeffN = . (2)

my Weco2

where my is the total mass of the sample in the Nth cycle just before carbonation and after
calcination (including CaO and MgO in the case of dolomite, and CaO and ZrO, for the
composite), mcarpn is the sample mass once the carbonation stage is finished, and Wcao (56
g/mol) and Wco, (44 g/mol) are the molar masses of CaO and CO,, respectively. The use of
effective conversion, as opposed to CaO conversion, allows us to take into account the presence
of inert oxides (MgO and ZrO, in this work) in the material, which have to be transported also in
the practical application along with the active CaO.

Figure 4 shows a comparison of experimental data on the multicycle effective conversion
measured for all samples at different carbonation pressures (1 and 3 bar). A relevant observation
is that the increase of the carbonation pressure hinders the multicycle activity. Figure 5a shows
a comparison of multicycle conversion data measured for the three materials at high pressure
carbonation. The relative decrease of conversion with respect to carbonation under 1 bar is
shown in Fig. 5b. As may be seen, the adverse effect of increasing the carbonation pressure
becomes more noticeable in the case of limestone followed by dolomite. Comparatively higher
values of conversion are measured for the ZrO,/CaCOs; composite under high pressure. Thus, the
value of conversion under high pressure carbonation is Xern = 0.22 for the composite compared
to 0.15 for dolomite and just 0.07 for limestone. Interestingly, such notable improvement of
performance under high pressure is obtained for the composite by adding just a 5% of mass of
inert material (ZrO;) to natural limestone.
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Fig. 4. Multicycle effective conversion data for natural limestone (a), dolomite (b) and Zr0O,/CaCOs;
composite (c) samples as a function of the number of carbonation/calcination cycles carried out under
atmospheric and high pressure carbonation as indicated (calcination in CO; at 1000°C, carbonation under

CO, at 850°C either at 1 or 3 bars of absolute pressure).
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Fig. 5. a) Multicycle effective conversion data for natural limestone, dolomite and ZrO,/CaCO; composite
samples as a function of the number of carbonation/calcination cycles carried out under CaL—CSP storage
conditions (calcination in CO; at 1000°C, carbonation in CO, under 3 bars of pressure at 850°C). b) Relative
decrease of effective conversion [(Xeff under 3 bar — Xeff under 1 bar)/( Xeff under 1 bar)]x100 as a
function of the number of carbonation/calcination cycles carried out under Cal—CSP storage conditions
(calcination in CO; at 1000°C, carbonation under CO, at 850°C either at 1 or 3 bars as indicated). The error

bars show the data uncertainty.
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Fig. 6. Time evolution of CaO conversion during the 1st and 9th cycle for calcination/carbonation tests
carried out under CalL—CSP storage conditions (calcination in CO, at 1000°C, carbonation under CO, at
850°C either at absolute pressure of 1 or 3 bar as indicated).

Figure 6 shows the time evolution of effective conversion measured for each sample during the
carbonation and calcination stages of the 1% and 9*" cycles. As well-known from previous studies,
carbonation is seen to proceed through two well differentiated phases 3°3. The first one is a
rapid stage controlled by the reaction kinetics at the particles’ surface 32 whereas the following
slower phase is limited by the diffusion of CO; across the product layer of CaCOs. Figure 6 shows
that the fast reaction phase under high pressure (3 bar) is notably hindered already from the
first cycle for CaO derived from limestone whereas such effect is not so significant for the
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composite and dolomite samples. This suggests that CaO grains suffer a notable sintering during
this high temperature/high pressure stage. The presence of inert MgO grains in the case of
dolomite and ZrO; grains in the case of the composite would mitigate sintering of the CaO grains.
The thermograms in the 9t cycle (Fig. 6) show that carbonation in the fast reaction controlled
phase is severely hampered for limestone. Note also that the calcination rate is also hindered
for the sample carbonated under high pressure as would be expected from the enhancement of
CaCOs; crystallinity that would be caused by the high pressure and high temperature carbonation
33, As we have shown in previous studies there is a correlation between the degree of crystallinity
of CaCOs and its calcination rate, the higher the crystallinity the slower the calcination 3*. Thus,
after 11 cycles, calcination was incomplete in the residence time fixed despite the temperature
used for calcination was quite high (10002C), which prevented us from further testing in
successive cycles. Achieving calcination temperatures higher than 10009C from CSP is quite
challenging technically, thus we stopped the tests after 11 cycles. Thus, the progressive
slowdown of calcination as observed for limestone is also a relevant drawback for the Cal
technology where both carbonation and calcination stages must proceed in short residence
times %. In the case of dolomite and the Zr0O,/CaCOs composite the presence of impurities in the
CaCOs crystal structure would allow decarbonation to proceed at a faster rate and this
detrimental effect is not observed.

Figure 7 shows SEM pictures of cycled samples (Cal cycles ending in calcination). As may be
seen, carbonation under 3 bars leads to a significant enhancement of CaO sintering and a
reduction of porosity, especially in the case of limestone, which is consistent with the marked
loss of activity derived from thermogravimetry (Fig. 4). Thus, the size of the CaO grains, which is
on the order of 100 nm for the samples cycled at absolute pressure of 1 bar (Fig. 7a), is increased
up to a few microns for the samples cycled under high pressure (Fig. 7b). On the other hand, the
degree of CaO sintering is comparatively mitigated for dolomite and the ZrO,/CaCO; composite.
Thus, our study shows that CaO sintering would be notably promoted as the pressure in the
reactor is increased. Note that the rather high calcination temperature (1000°C) is close to the
CaO Tamman temperature (Tt = 1170°C) %*. At this temperature (about one-half of the melting
temperature in K) the atoms in the solid acquire sufficient energy for their bulk mobility to
become notable. Furthermore, the high CO, pressure would promote the aggregation of the
nascent CaO crystals as enhanced CO, adsorption in the solid surfaces leads to an increase of
interparticle attractive forces 23, Thus, the presence of CO, when the pressure is increased just
before carbonation and in the initial stage of carbonation would enhance sintering of the CaO
grains, which would hinder carbonation in the fast reaction stage as seen in Fig. 6 from the 1
cycle. Arguably, the inert MgO grains in the case of dolomite and ZrO; grains in the case of the
composite would hinder aggregation of the nascent CaO crystals and their subsequent sintering.
As the number of cycles evolves such steric hindrance effect would lose efficiency as these inert
grains become progressively segregated from the CaO skeleton. In addition, aggregation and
sintering would be enhanced at high pressure by compressive forces .

Note in Fig. 7d that the size of the MgO grains, which remain inert during the
calcination/carbonation cycles, is increased under high pressure. This indicates that, regardless
of the sintering mechanism associated to the CaCOs/CaO transformation 32, sintering is also
mechanically driven for dolomite at high temperature under a high pressure environment. In
contrast, this effect is prevented by adding mechanically harder ZrO; to limestone (Figs. 7e-f).
Thus, the composite shows a higher porosity than the natural carbonates and less segregation
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of the inert grains, which would explain the better performance of the material under CaL—CSP
conditions studied in our work.

Ca0 grains

-

1 pmy”

MEgO grains

Fig. 7. SEM micrographs of the samples derived from natural limestone (a, b), dolomite (c, d) and the
Zr0,/CaC0Os; composite (e, ) after the Cal cycles for carbonation at absolute pressure of 1 bar (a, c, e) and
under 3 bar of CO, (b, d, f).

Figure 8 illustrates the FIB-SEM tomography and compositional mappings obtained for the
Zr0,/CaC03 composite samples that result after the Cal cycles (ending in calcination) with
carbonations at absolute pressure of 1 bar and under 3 bar of CO,. As may be seen, the ZrO;
grains remain homogeneously distributed in the solid structure in contrast with MgO grains in
the case of dolomite, which segregate from the CaO skeleton. This homogeneous distribution of
ZrO; in the CaO skeleton would prevent more effectively aggregation and sintering of the CaO
grains.
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Fig. 8. FIB-SEM tomography and compositional mappings for the Zr and Ca elements of the ZrO,/CaCO3
composite sample after the Cal cycles (ending in calcination) under absolute pressure of 1 bar and 3 bar
of COz.

Figure 9 shows SEM images of the CaO that results from the first calcination of limestone at
1000°C under absolute pressure of 1 bar of CO, and after calcination under absolute pressure of
1 bar of CO, with an increase of the pressure up to 3 bars just before decreasing the temperature
for carbonation in the first cycle. As discussed above, increasing pressure at the end of the
calcination stage is necessary in order to guarantee carbonation at high pressure. It may be seen
in Fig. 9 that such increase of the reactor pressure at the end of the calcination stage, even for
a short time period, promotes CaO sintering significantly, which would lead to a drop of
conversion during the subsequent carbonation as observed in the first cycle (Fig. 4). As shown
in previous studies, limestone derived CaO conversion scales proportionally to the CaO specific
surface area available for carbonation (X o S) 3% 38, Unfortunately, the sample mass used in our
tests is not large enough to carry out a sufficiently robust physisorption analysis to obtain the
CaO specific surface area. Nevertheless, a rough estimation may be inferred by approximating
the CaO grains observed in the SEM images (Fig. 9) to smooth spheres of average diameter d %,
which gives a specific surface area S ~ 6/pd , where p = 3.37 g/cm3 is the Ca0 solid density.
The measured values of conversion in the first cycle for limestone derived CaO are X; (1 bar) =
0.43 and X, (3 bar) = 0.25, whereas the average CaO grain diameters (Fig. 9) are d(1 bar) =~
0.23 um and d(3 bar) = 0.45 um. Thus, it is X;(1 bar)/X;(3 bar) =~ d(3 bar)/d(1 bar),
which suggests that most of the hindering effect on carbonation takes place by enhanced CaO
sintering at the end of the calcination stage when the reactor absolute pressure is increased just
before carbonation.
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Fig. 9. Top: SEM micrographs of CaO derived from natural limestone after calcination at 1000°C under
absolute pressure of 1 bar of CO; (a) and after calcination at 1000°C under absolute pressure of 1 bar of
CO, ending with an increase of pressure up to 3 bars (b). Bottom: CaO grain size distributions measured
from the SEM images (c) (the inset shows the average values).

Figure 10 shows SEM images of the samples after the Cal cycles (ending in carbonation). As can
be observed, the carbonate layer built up in the carbonation stage is significantly sintered as
would be expected since the Tamman temperature of CaCOs (around 500°C) is well below the
carbonation temperature used in our experiments (850°C). Moreover, carbonation under high
pressure leads to high compressive forces that would promote even further the sintering of the
formed CaCOs, as demonstrated for other materials *°. In this case, an additional effect of the
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marked CaCOs sintering is the notable segregation of the MgO grains in the dolomite sample
(Fig. 10d), which arguably mitigates the thermal stabilizing role of MgO. In contrast, segregation
in the Zr0O,/CaCOscomposite prepared by high energy milling is comparatively less marked as
previously discussed. A further negative effect of the higher degree of CaCOs; sintering under
carbonation at high pressure (and therefore the increase of its crystallinity) is the progressive
slowdown of decarbonation in the calcination stage (see Fig. 6, cycle 9" for limestone), which
would require increasing the calcination temperature even above 1000°C for full calcination to
be achieved. In the case of dolomite and the composite, the presence of inert grains would
facilitate CO, desorption and decarbonation #. Accordingly, we observe that calcination takes
place at a fast rate along all the cycles for dolomite and composite even in the case of high
pressure tests.

A further relevant result obtained for the composite that may be inferred from the thermograms
(N =9inFig. 6) is that the slow carbonation phase (limited by solid-state diffusion) is significantly
promoted. This diffusion controlled contribution to carbonation would be favored by the
presence of Zr impurities evenly distributed in the CaO solid structure “**3. Thus, carbonation
could be further enhanced by prolonging the solids residence time is the carbonator.

In our work we also tried to characterize the cycled samples by means of XRD and BET surface
area analysis by N sorption. The resulting coherent crystal length was beyond the maximum
measurable (around 100 nm) and the surface area was about or below the measurement
accuracy (around 1 m?/g).

c) >

o __I\ Mgpgrain_s

MgO grains

Fig. 10. SEM micrographs of samples after the Cal cycles (ending in carbonation) for natural limestone (a,
b), dolomite (c, d) and ZrO,/CaCOs composite (e, f). Carbonation under absolute pressure of 1 bar (a, c, e)
and 3 bar (b, d, f).

CONCLUSIONS

This work analyzes the multicycle activity of natural carbonates (limestone and dolomite) and a
composite (5 wt% ZrO, and 95 wt% natural limestone) prepared by high energy mechanical
milling for their use in the Calcium-Looping process to store energy in Concentrated Solar Power

15



plants. The CaL-CSP integration studied in our work involves the cyclic calcination/carbonation
of CaCOs under pure CO; at high temperature. According to the proposed scheme elsewhere,
the excess CO; over the stoichiometric ratio effluent from the carbonator would be used by a
gas turbine to generate electricity in a closed cycle. Thus, carbonation would be ideally carried
out under high pressure to improve the thermoelectric conversion efficiency. If just one reactor
is used for both reactions to reduce capital costs the absolute pressure of 1 bar must be
increased up to the target high pressure for carbonation at the end of the calcination stage just
before carbonation. Our thermogravimetric analysis results show that the multicycle CaO
activity would be hindered in this short transient stage if the reactor pressure is increased just
up to 3 bars. CaO sintering is notably promoted by the increase of pressure, which hampers the
activity of the regenerated CaO. Moreover, the formed CaCO; during carbonation at high
pressure is also notably sintered, which hinders decarbonation and CaO regeneration. Thus, the
CaL multicycle performance of the samples analyzed is negatively affected by an increase of the
reactor pressure. The presence of MgO inert grains in the case of dolomite is seen to mitigate
CaO sintering, which reduces the loss of CaO reactivity and facilitates decarbonation.
Nonetheless, an increase of the reactor pressure promotes a progressive Mg0O-CaO segregation
mainly during the carbonation stage at high pressure and temperatures well over the CaCOs3
Tamman temperature, which hampers the enhanced performance of dolomite as the number
of cycles is increased. The Zr0O,/CaCO; composite with a small mass percentage of inert solids (5
wt%) shows an enhanced conversion for both carbonation under absolute pressure of 1 bar and
3 bar. As inferred from the microscopy analysis, segregation of the inert grains is less marked in
this composite as compared to dolomite, which would explain its superior performance.
However, conversion drops at a similar rate with the number of cycles for both materials. Thus,
the mechanism responsible for the progressive loss of conversion during cycling affects to a
similar extent to both materials.

A detailed assessment on the implications for industrial scale deployment of our results is
beyond the scope of our study. Nonetheless, we may use the values of conversion measured in
the present work as affected by the reactor pressure to calculate the thermoelectric efficiency
(m) according to the CalL-CSP integration model reported by our group elsewhere for limestone
18 Thus, for a fixed pressure ratio PR=3 (ratio of carbonator pressure to turbine outlet pressure)
and a value of conversion X=0.13, as measured in our work for limestone at N=11 when
carbonation is carried out at 1 bar, would yield n=38%. The decrease of conversion down to
X=0.06 when carbonation is carried out at 3 bars leads to a drop of efficiency by two percent
points (N=36%). From the technical point of view, expanding to P=0.333 bar (when carbonation
is carried out at 1 bar) would require a more complex design since heat exchangers, pipelines
and other elements should work under low pressure. On the other hand, carrying out
carbonation under atmospheric pressure would avoid the use of expensive lock-hoppers while
the carbonator operation would be easier. A full techno-economic analysis remains to be carried
out for an accurate evaluation of the conditions that maximize efficiency while technological
complexity and costs are minimized. Taking into account the improvement of conversion
observed in our work for dolomite and the Zr0O,/CaCO; composite compared to limestone it
would be also useful to extend the integration model reported in 8 to the use of these materials.
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Dolomite and Zr0O,/CaCOs exhibit a significantly improved multicycle performance under high

pressure compared to limestone for energy storage of Concentrated Solar Power.
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