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Abstract

High energy density, cycling stability, low cost and scalability are the main features required
for thermochemical energy storage systems to achieve a feasible integration in Concentrating
Solar Power plants (CSP). While no system has been found to fully satisfy all these
requirements, the reversible CaO/CaCOz carbonation reaction (CaL) is one of the most
promising since CaO natural precursors are affordable and earth-abundant. However, CaO
particles progressively deactivate due to sintering-induced morphological changes during
repeated carbonation and calcinations cycles. In this work, we have prepared acicular calcium
and magnesium acetate precursors using a simple, cost-effective and easily scalable technique
that requires just the natural minerals and acetic acid, thereby avoiding expensive reactants
and environmentally unfriendly solvents. Upon thermal decomposition, these precursors yield
a stable porous structure comprised of well dispersed MgO nanoparticles coating the

CaO/CaCO3 grains that is resistant to pore-plugging and sintering while at the same time
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exhibits high long term effective conversion. Process simulations show that the empoyment of
these materials could significantly improve the overall CSP-CaL efficiency at the industrial

level.

1. Introduction

The undeniable impact of greenhouse gas emissions on environment and climate is
progressively encouraging governments and companies to promote renewable energy
technologies in order to reduce anthropogenic CO> emissions [1, 2]. Electricity production by
coal-fired power plants still accounts for a significant share of global warming emissions
albeit it is sought to be steadily replaced by renewable sources of energy within the next
decades. However, the current lack of large scale, low cost, efficient and environmentally
friendly energy storage technologies curtails the replacement of fossil fuel based energy
conversion technologies. The complex electricity grid that powers nowadays society requires
a continuous matching of supply and demand, thereby making the intrinsic intermittency of
solar and wind a critical challenge to overcome. Concentrated Solar Power (CSP) is a rapidly
growing technology that offers the possibility of integrating energy provision with large scale
thermal energy storage (TES) [3-6]. Basically, a CSP plant is composed of solar concentrators
that focus sunlight on a receiver where a working fluid is heated up. Then, the fluid is
transported to a steam turbine attached to a electrical generator. Current plants are constructed
according to four configurations; parabolic trough collectors, solar parabolic dishes, linear
Fresnel reflectors and solar power tower [4, 5]. Current commercial CSP plants with
integrated TES allow transferring the heat generated by direct solar radiation to a high
specific heat mixture of molten salts, most usually nitrates. This energy is stored in form of
sensible heat and can be later used to generate electrical power on demand, thereby enabling

the use of solar energy even after sunset [7, 8]. Nevertheless, molten salts competitiveness
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against fossil fuel power plants is severely hindered by limited thermal stability, high freezing
temperature, corrosion issues and high cost [9, 10]. Therefore, alternative CSP-TES systems
based on solid particles able to function at high temperatures have been attracting increasing
attention [11].

A rapidly growing alternative to TES is thermochemical energy storage (TCES), in which
solar radiation is used to directly drive a reversible endothermic chemical reaction [12, 13].
The ensuing products are separately stored so that they can be brought back together to carry
out the reverse exothermic reaction whenever power is required. TCES has inherently higher
energy densities than TES since energy is stored as chemical potential in addition to latent or
sensible heat. Moreover, the reaction by-products can be stored indefinitely in a stable form
with negligible thermal losses [14]. Considering these advantages, TCES could well constitute
the key for a widespread deployment of CSP technologies. TCES systems currently under
investigation comprise metallic hydrides, organic and redox reactions, alkaline earth
hydroxides, and several carbonates. Extensive reviews of the different available systems can
be found in recent studies [13-15]. Among them, the cyclic reversible conversion between
CaO and CaCOs, also known as Calcium-Looping (CaL) process, stands out due to the high
energy density achievable (theoretically about 3.2 GJ/m® as compared to 0.8 GJ/m?® stored by
solar salts as sensible heat), the low cost (~10 €/ton) and ample availability of natural CaO
precursors, mainly limestone and dolomite [14, 16]. Moreover, the high reaction temperatures
allows for efficient power generation cycles. The environmental and economic advantages of
the CaO/CaCOz system over the use of molten salts have been summarised in recent studies
[17, 18].

Even though the proposal of CaL for TCES dates back to the 1970s [19, 20], the as then
unsolved significant reactivity drop of CaO during repeated cycles made the interest decline.
However, the quickly developing potential of CaL for capturing CO- in coal fired power

plants (CaL-CCS) has again attracted the attention of researchers on the CaL process [21, 22].
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The rapid decay in reactivity displayed by CaO as the number of cycles increase has been
generally attributed to significant sintering and crystallization during the calcination stage.
Moreover, grain growth and sintering is strongly promoted by the presence of CO> in the
reaction environment [23-25]. Several avenues have been pursued to attenuate sorbent
deactivation, such as thermal and mechanical pretreatments [26, 27], the employment of
alternative calcium based minerals [16, 28] or even synthetic sorbents [29, 30]. The most
promising results has been obtained by including inert additives that provide structural
stability [31, 32] or by engineering the sorbent morphology so as to increase the fraction of
CaO active for CO, capture [33, 34]. Despite important advances, the harsh operation
conditions in the CaL-CCS process (carbonation carried out at 650 °C under 15% v/v CO>
concentration and calcination under 70-90% v/v CO. concentration at high temperatures of
~950 °C) still results in too low residual conversions for feasible TCES applications [35, 36].
Nevertheless, it has been observed that carrying out the carbonation reaction at high
temperature and high CO» concentration entails a beneficial effect in subsequent carbonation
stages provided intermediate calcinations are done in inert gas atmosphere in order to prevent
the extensive sintering caused by CO> [37, 38]. While such working conditions are unrealistic
for CaL-CCS, they could be applied in a potential integration with CSP aiming at energy
storage. Thus, it has been recently shown that implementing a carbonation stage in pure CO>
at about 850 °C followed by a calcination stage in Helium at 725 °C significantly reduces the
deactivation, eventually leading to residual effective conversions about three times higher
than in achieved in conventional CaL-CCS conditions [39]. Taking these findings into
account, a CSP-CaL integration scheme has been recently proposed [40, 41]. The high
thermal conductivity and extremely favourable CO, diffusivity of Helium is exploited in order
to further reduce the temperature required for full calcination in short residence times, thereby
allowing the use of less expensive solar receivers. At the same time, lower temperatures

would also benefit the efficiency by reducing radiative losses [42, 43]. Since Helium is an
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expensive gas, a closed cycle is needed in order to avoid the need of a continuous feed. Out of
the four different solar plant configurations, the tower technology is the most suitable for the
CaL system due to the high temperatures needed required for fast CaCOs decomposition. Such
high temperatures could be attained by solar particle receivers [44]. Recent proposals of solar
calciner reactors has been reviewed in [45, 46], some of which are been experimentaly tested
up to 50 kW [47].

However, despite much improved cyclic stability, reported CaO conversions are still far from
the theoretical maximum due to pore plugging. This phenomenon is caused by the rapid
formation of a 50 to 100 nm thickness layer of CaCOs3 on the surface of the CaO particles that
curtail further CO; diffusion into the porous unreacted particle core [48, 49]. This detrimental
effect is more pronounced the larger the particle size and consequently, suitably high
conversions are only obtained for small particles which are largely unpractical for use in large
scale plants [48].

A solution to avoid or minimize pore plugging would be the design of sorbents with an stable
pore structure in order to secure accessibility of calcium to CO, despite repeated cycling.
Highly porous Ca-based structures, such as the multi-shelled CaO-Al>Os microspheres
recently reported [33] illustrate the critical importance of free pore volume for CO>
sequestration performance [50, 51]. However, lab-scale preparation methods such as self-
assembly or CVD are too costly and therefore unsuitable for large scale systems. In this work,
we have devised a simple, cost-effective and scalable strategy to prepare CaCO3z and CaCOs-
MgO composites using calcium and magnesium acetate precursors prepared from natural
limestone and dolomite. While previous studies had shown that CaO coming from acetate
precursors was composed of small particles exhibiting slightly enhanced conversion, such
morphology also entailed a rapid deterioration in the conversion along consecutive
carbonation and calcinations cycles due to the higher sinterability [52]. In this work, the

acetate precursors have been prepared in acicular shape which upon decomposition leads to
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the formation of an open carbonate structure remarkably resistant to sintering that is capable
of maintaining a high CaO reactivity along a large number of calcinations/carbonation
(calc/carb) cycles. Concerns due to the increased cost of calcium magnesium acetates (CMA)
over natural minerals can be mitigated by the feasibility of producing acetic acid from
industrial waste or bio-oils, which reduces the cost of CMA to about one third as compared to
analytically pure CMA [53, 54]. Our study is supported with a detailed SEM analysis of the
textural changes undergone by the materials during repeated carb/calc cycles aiming at
identifying the underlying deactivation mechanism. Moreover, multicycle CaO conversion
results have been used in process simulations to assess the enhancement of the overall CaL-
CSP cycle efficiency at the industrial scale by using the CMA sorbents as compared to natural

limestone.

2. Materials and Methods

2.1. Materials

Natural limestone received from Matagallar quarry (Pedrera, Spain) and natural dolomite
from Bueres quarry (Asturias, Spain) are employed in this work. The limestone employed has
a purity of 99.6 wt. % CaCO3 whereas the dolomite has CaMg(COz3). as the main phase (94.4
wt. %), with the rest being CaCOs (~5%) plus impurities (<1%). Acetic acid (99.9%)

purchased from VWR Chemicals (CAS: 64-19-7) was used to prepare the acetates.

2.2. Characterization Methods

Carbonation/calcination cycles were carried out using a thermogravimetric analyzer (TGA)
Q5000IR from TA Instruments. CaL-CSP multicycle tests consisted of 5-minute calcination
stages at 725 °C in Helium and 5-minute carbonation stages in pure CO, atmosphere at

850 °C. In order to avoid undesired heat and mass transfer effects, small masses of about



20 mg were used in each test so that about 10 mg of calcium carbonate is obtained after
acetate thermal decomposition. Fast transitions (300 °C/min) between stages were

implemented to mimic realistic conditions.

Scanning Electron Microscopy (SEM) micrographs were taken using an ultra-high resolution
HITACHI S4800 instrument. X-ray diffractograms were acquired in the 26 range from 5° to
90° using a XRD data were collected on a Rigaku Miniflex diffractometer working at 45 kV

and 40 mA.

Particle size distributions (PSDs) were measured by laser diffraction analysis using a
Mastersizer 2000 equipment (Malvern). For this purpose, the samples were previously

dispersed in 2-propanol and sonicated for 30 s to loosen particle aggregates.

Nitrogen adsorption—desorption isotherms were measured at 77 K (—196 °C) by employing a
ASAP2420 (Micromeritics) instrument. Prior to the analysis, the samples were degassed at
250 °C for 3h. Total surface areas (Sger) were determined using the BET equation. Since
surface area analysis require a relatively large amount of sample, calcinations experiments
were also carried out in a tubular furnace in order to obtain samples in enough quantity. Thus,
500 mg samples were calcined in N2 for 20 min at 750 °C. Heating and cooling ramps were

performed at 10 °C/min.

2.3. Synthesis of Calcium Acetate and Calcium Magnesium Acetate precursors.

Limestone and dolomite samples were first calcined in a furnace at 900 °C for 2 h under air to
produce the calcium and magnesium oxides, which were subsequently treated with diluted
acetic acid (50% volume in agqueous solution). The mixture was kept at room temperature for
24 h under stirring. Then, the solution was heated and dried at 60 °C to obtain the calcium

acetate (CA) and calcium and magnesium acetate (CMA) crystals. The method can be found
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in more detail in [55]. Three samples with different compositions have been prepared; CaAc
using limestone as starting material, CaMgAc using dolomite, and finally CaMg50Ac from
equal mass quantities of limestone and dolomite. X-ray diffraction patterns recorded (Figures
la to 1c) show that CaAc is composed of hydrated CA while CaMgAc and CaMg50Ac
consist of a mixture of hydrated CA and hydrated CMA in different ratios. Since CMA
contains two atoms of magnesium per each atom of calcium, CaMgAc and CaMg50Ac are
composed of a mixture of CA and CMA in different proportions. No other crystalline phases
were detected. Figure 1d shows the thermogravimetric records corresponding to the
calcination of the three acetate samples prepared. By measuring the mass losses involved in
each consecutive step (dehydration, thermal decomposition of acetate and decarbonation) it is
possible to quantify the actual Mg/Ca ratio present in each sample. Thus, CaMgAc contains a
Mg/Ca ratio of 0.92 while CaMg50Ac is enrichened in calcium, reaching a Mg/Ca ratio of
0.34. SEM images in Figure le illustrate the typical acicular morphology of precipitated CA
and CMA crystals, which will be critical for the subsequent material behavior under CaL
cycles. Crystals are generally between 2 and 6 um long. Particle size distributions (PSDs)
were determined for all samples after the deacetylation process, in order to better compare
them with other materials. PSDs are shown in Figure 1f, demonstrating relatively large
average particle sizes, with d(50) values of 139 um for CaAc, 220 um for CaMgAc and 267

pum for CaMg50Ac.
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Figure 1. XRD diffractograms corresponding to the acetates formed from (a) limestone, (b)

dolomite and (c) a 1:1 mass mixture of limestone and dolomite. (d) TGA curves recorded

during thermal decomposition of acetate samples subjected to a heating rate of 10 °C min* in

air. (e) SEM micrographs of calcium acetate crystals. (f) Particle size distribution plots of the

different samples after deacetylation.

3. Results and Discussion

3.1. Multicycle effective conversion in CalL-CSP conditions.

CaL-CSP multicycle tests were carried out by means of cyclic thermogravimetric experiments

consisting of 5-minute calcination stages at 725 °C in Helium followed by 5-minute

carbonation stages in pure CO2 atmosphere at 850 °C. Fast transitions between stages were

implemented to mimic realistic conditions.



Figure 2a shows, as an example, the complete multicycle thermogram recorded for the
CaMgAc sample. Similar thermograms for CaAc and CaMg50Ac can be found in Figure S5.
Figure 2b illustrates a detail of the sixth cycle where time evolution of mass can be clearly

observed and the three carbonation, calcinations and transition stages are identified.
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Figure 2. (a) Time evolution of temperature and sample mass of the CaMgAc sample along
multicycle CaL tests (carbonation carried out at 850 °C in 100% COzand calcination at 725
°C in Helium). (b) Detail of the sample effective CaO conversion at the sixth carb/calc cycle.
Shaded areas identify carbonation and calcinations segments and arrows indicate the type of

reaction gas at each time.

The relevant parameter for evaluating the performance of a material under CaL-CSP tests is
the energy released per unit mass of material entering the carbonator at any given cycle,
which is calculated by the expression AH°/Wcao (kJ/g), where AH°=—178 kJ/mol is the
reaction enthalpy. Thus, the mass of inert components has to be considered for an objective
comparison. For this purpose, the effective conversion parameter, Xetn, is defined as the ratio
of the CaO mass converted in the carbonation stage of each cycle to the total sample mass
before carbonation, including inert compounds whenever present. Figure 3 shows a

comparison of the multicycle effective conversion measured for the three samples tested;
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CaAc, CaMgAc and CaMg50Ac, as well as for raw limestone and dolomite minerals. Figure
3a clearly illustrates the critical role that particle size plays on limestone performance; larger
limestone particles (>45 um) are reduced to one fifth of their potential conversion capability
within a few cycles due to pore plugging [48]. While smaller limestone particles exhibit
notably better uptake capability, their residual conversion still decays to values about 0.4 after
20 cycles. Moreover, these fine particles cannot be used in circulating fluidized bed reactors.
In contrast, the CaAc sample outperforms limestone despite its much larger particle size,
attaining conversion values slightly over 0.6 after 20 cycles. Thus, the nascent CaO stemming
from the decomposition of CA must be either more reactive or more accessible to CO>
molecules. Nonetheless, a decay trend is still noticeable. This is in agreement with preceding
works in which CaO coming from acetate precursors showed slightly larger conversions albeit
at the expense of a rapid deactivation due to intense sintering [52]. Nevertheless, the
improvement in performance over limestone here observed is larger than in previously
reported CaO derived acetate precursors. This could be attributed to the acicular morphology
of CaAc samples, as it will be discussed in the next section. Additionally, in previous works
the carbonation reaction was carried out at moderate temperatures of about 600 °C [52, 56],
which are less favourable for the subsequent carbonation reactions than higher temperatures,

as shown by Sarrion et al [39].

Figure 3b shows the effect of MgO on CaO conversion. It has been proven that the presence
of inert MgO nanoparticles provides structural stabilization that serves to prevent pore
plugging and minimizes the influence of particle size [48, 57]. Yet, such an stable conversion
is only maintained for about 10 carb/calc cycles since MgO nanoparticles eventually
segregate, thereupon losing their beneficial effect [39]. In terms of conversion, CaMgAc
behaves similarly to dolomite yet without enduring the sudden decay triggered after 10 cycles.

Thus, the CaO-MgO composite material formed after the acetate precursor decomposition
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exhibits improved stability. Nevertheless, the maximum effective conversion achievable with
these samples is limited due to the large amount of inert MgO present. Actually, CaMgAc
performance is already near the theoretical maximum value of 0.61 (calculated according to
the Mg/Ca ratio present in CaMgAc). Despite their stabilizing role, the inclusion of a large
amount of inactive additive to carbonation reduces the effective conversion theoretically
attainable at each cycle. Therefore, sample CaMg50Ac was designed to be enriched in CaO
active for carbonation, containing about 75% Ca and 25% Mg in molar ratios. According to
Figure 3b, the improvement in performance of this CaO enriched sample is notable; the
effective conversion rises up to 0.7 without significant loss of cycling stability up to 30
cycles. The maximum theoretical effective conversion for this sample would be 0.80 taking
into account the Mg/Ca ratio in the composite. This constitutes a truly outstanding
performance since the reduction in the fraction of inert additives appears to greatly enhance
the effective conversion without significant worsening in stability.

Figure 3c translates the effective conversion values into CaO conversion (Xcao0); this
parameter indicates the fraction of calcium oxide that actually reacts in each carbonation
phase with respect to the total available amount of CaO in the sorbent. Obviously, there is no
distinction between effective conversion and calcium conversion in CaAc and limestone, both
lacking inert additives. Regarding the samples with MgO, the larger the inert fraction the
higher the resulting CaO conversions. Arguably, MgO nanoparticles not only act as a
thermally stable support, but also substantially improve CaO availability for reaction with
CO: given the high CaO conversions attained. The remarkable cycling stability of acetate
derived samples is clearly demonstrated in Figure 3c as compared to the performance of

natural minerals.
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3.2. Morphology changes during the reversible calcination/carbonation loops

The multicycle performance in the CalL process is intimately related to the materials
morphology and microstructure evolution along the consecutive calcination/carbonation
cycles. Thus, in order to elucidate the mechanisms that confer acetate derived CaO their
remarkable multicycle performance, a detailed SEM analysis has been carried out in order to
follow the morphological transformations undergone by the CaAc and CaMgAc samples
along the different stages in the CaL process. SEM analysis of limestone has been also

performed for comparison.

As it has been amply reported, CaO carbonation occurs in two well differentiated stages [58,
59]; an initial fast reaction-controlled phase that occurs on the surface of the particles
followed by a solid-state diffusion-controlled phase driven by the counter-current diffusion of
CO3?" and O* ions through the CaCOs product layer built upon the surface of the particles
[60]. The latter diffusion controlled stage is characterized by considerably slower kinetics and
becomes the rate-limiting step once the CaCOz3 product layer reaches a critical thickness of
50-100 nm [49]. In addition, it has been observed that the extent and kinetics of the diffusion
controlled carbonation stage depends on several parameters; for instance, it is substantially
promoted when calcination is performed under a high CO2 concentration environment [59],
by the inclusion of additives [50] or by modifying sample crystallinity by mechanical
pretreatments [57]. On the other hand, when calcination is carried out at lower temperatures
(725 °C) in absence of CO., as in the multicycle CaL-CSP experiments here performed, the
subsequent carbonation reaction takes place mostly during the initial reaction controlled
phase, with a negligible contribution of the diffusion-controlled phase (Figure 2b).
Carbonation kinetics in the fast reaction controlled phase is further promoted by the high

temperature and CO>-rich environment [61]. As a consequence, there is a rapid growth of a
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plugging carbonate layer which prevents CO2 from reaching the unreacted CaO underneath

the blocking shell [58, 62].

The SEM images in Figures 4a and 4b illustrate the morphology of CaCO3 and CaCO3-MgO
composites arising from the deacetylation of the initial CaAc and CaMgAc samples (referred
to as carbCaAc and carbCaMgAc, respectively). As it may be seen, an open structure
composed of hierarchically aggregated flakes is formed. Small flakes aggregate in superior
structures resembling the original acicular morphology of the acetates. This laminar
morphology confers the carbonates stemming from the decomposition of the acetates a larger
surface area as compared to raw limestone particles, which normally consists of compact
aggregates of large grains (Figure S6). Figures 4c and 4d show SEM micrographs
corresponding to the CaO and CaO-MgO composites resulting from the thermal
decomposition of CaCQOz in the carbCaAc and carbCaMgAc samples. As it can be observed,
the laminar morphology of the preceding carbonates is preserved, which eventually proves
key for the superior performance measured during ensuing calc/carb cycles. The initially large
and smooth CaCO:s flakes transform into aggregates of small ~50 nm spherical CaO grains,
granting the CO2 molecules ample accessibility to the entire volume of the material, hence the
high CaO conversion achieved in the first cycles. The presence of Mg in the starting acetates
not only promotes the porosity of the CaCOs-MgO composite arising from the thermal
decomposition but also grants the subsequent CaO-MgO produced after calcination the same
macroporous, high surface area morphology. MgO is highly resistant to grain growth and
sintering. It can be observed as small nanoparticles deposited onto CaCOs flakes or CaO
grains even after a large number of calc/carb cycles. Again, this open porosity strongly
favours a rapid, almost complete recarbonation as proven by the high CaO conversion shown

in Figure 3c. This insight is important since gaining a deeper understanding of the
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stabilization mechanism induced by the inclusion of additives would allow minimizing the

load of inert material required.

While not as high as it occurs in acetate derived samples, CaO formed after calcination of
large limestone particles also displays a notable initial CaO conversion of about 0.75 as
compared to 0.82 in CaO derived from CaAc. As Figure S7 shows, limestone derived CaO
exhibits an extensively cracked surface as a consequence of the rapid CO> release from the
interior of the particles, what grants a significant surface area available for carbonation. It is
worthwhile to highlight the shape-memory feature displayed by CaO as the morphology of the
preceeding carbonate, composed of large aggregated crystals, is roughly preserved. The
substantial morphological differences between acetate derived and limestone derived CaO can
be attributed to the different molar volume of reactants and products (36.9 cm®mol for CaCOs,
as compared to 16.7 cm®mol for CaO). Given that there is no noticeable change in the
average limestone particle size after calcining nor in the particle shape, internal pore volume

must be created to accomodate such large volumetric changes.
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Figure 4. SEM images of (a) CaAc sample and (b) CaMgAc sample after the deacetylation
stage, and of (c) CaAc and (b) CaMgAc after complete calcination at 850 °C.

SEM micrographs in Figure 5 show the divergent morphology adopted by the different
samples studied after just one carbonation stage. Nascent CaCOs resulting from carbonation
of limestone derived CaO presents a fully sintered surface, albeit a slightly more porous core
is evidenced underneath (Figure 5a). On the other hand, the carbonation of the nanostructured
CaO derived from acetate precursors leads to the formation of a significantly less dense
structure, even though the grain size is approximately the same in both cases (Figure 5b).

This is due to its notably different textural properties, with low density and large pore volume
17



that provides ample free space to accommodate both the volume increase and the grain
growth. Finally, Figure 5c shows the morphology of the MgO containing sample (CaMgAc)
is composed of CaCOs grains spaced apart by small MgO nanoparticles, which are

responsible for hampering particle sintering.
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Figure 5. SEM micrographs comparing the morphology of CaCOs; formed after the first
carbonation stage in (a) limestone, (b) CaAc and (c) CaMgAc samples.
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After repeated calc/carb cycles, these morphologies slowly evolve, eventually leading to
sintering and pore closure in the case of raw limestone and CaAc samples, as portrayed in
Figure 6a and Figure 6b, respectively. In both cases a considerably denser CaCO3
microstructure rises after 30 carbonation stages. Limestone particles lead to a morphology in
which the surface appears completely covered by a fairly dense mosaic-like surface composed
of large CaCOs grains. The inset in Figure 6a shows in detail a fracture, revealing the
significantly less sintered particle interior. This serves to demonstrate the pore-plugging effect
in which only the surface of the particles undergoes repeated carbonation and calcinations
reactions. Contrarily, while noticeably sintered, in the CaAc sample a number of large pores
still remain. Also, there is no marked contrast between particle surface and interior. The
homogenenity of the sample implies that a larger fraction of the particle has endured the
calc/carb cycles, as it is otherwise expected by the consistently higher CaO conversion. The
SEM image in Figure 6¢ corresponds to the CaMgAc sample after 30 carbonation stages.
Again, the role of MgO in preserving cycling stability is highlighted [28, 48]. MgO
nanoparticles form clusters covering the much larger CaCOs particles, hampering aggregation
and sintering. SEM images in Figures 6d, 6e and 6f shows the distinct morphology of the
CaO derived from limestone, CaAc and CaMgAc samples after 30 calcination stages.
Limestone-derived CaO (Figure 6d) displays the same mosaic structure resembling the
preceding CaCOs due to the shape-memory nature of the CaCOs to CaO transformation. Thus,
CaO nparticles present a low porosity surface which is easily plugged during carbonation,
resulting in the rapid drop of the effective CaO conversion to very low values after a few
carbonation/calcination cycles. In contrast, a globular structure with still substantial porosity
is produced in the CaAc sample (Figure 6e). Therefore, it could be argued that the initially
formed macroporous texture (Figure 4b) is more resilient to pore-plugging and sintering,
hence retaining a notable residual effective capacity. Yet, the sintering of the material is

noticeable, which leads to the progressive decline in CaO conversion discussed in Figure 3.
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Finally, as shown in Figure 6f, CaO grains in CaMgAc sample undergoes no substantial grain
growth even after 30 calcination stages, thereby retaining the overall macroporous structure
unchanged since the first cycle. The sequence of SEM images here presented clearly justifies
the distinct conversion profiles exhibited by the samples studied. Considering their different
morphologies, it could be argued that the extension of the carbonation phase is proportional to
the amount of CaO directly accessible to CO2. When the exposed surface is decreased due to
sintering, the CaO conversion is correspondingly reduced. Here it is shown that the inclusion
of MgO coming from starting acetates helps preserving a high surface area available for
reaction regardless of repeated cycling. This constitutes an important finding since so far the
tested additives, even the MgO in natural dolomite, has always exhibited an unavoidable

tendency to segregate with the number of cycles, thereby losing its stabilizing effect [28, 57].
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Figure 6. SEM micrographs comparing the morphology exhibited by the different tested
samples in CaCOs form after 30 calc/carb cycles. (a) limestone, (b) CaAc and (c) CaMgAc.
Also, it is shown the morphologies of the CaO stemming from the subsequent calcination of
previous samples (d) limestone, (e) CaAc and (f) CaMgAc.
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3.3. Implications for the efficiency of the CSP-CaL integration

This section highlights the impact that the enhanced performance of these acetate sorbents
would have on the overall performance CSP-CalL. The CSP-CaL configuration proposed in
the present work is based on the scheme proposed in [43] and the specific calc/carb conditions
tested in previous sections. The CSP-CaL plant works as follow: concentrating solar power is
used to preheat the streams entering the calciner and to carry out the calcination reaction. Full
calcination occurs under Helium atmosphere which allows reducing the calcination
temperature to 725°C in short residence times (5 minutes) to simulate conditions as tested in
Section 3.1 [39]. Note that the proposed scheme (Figure S8) is a closed cycle so it does not
require the plant to be continuously fed by any gas stream [43]. This is especially relevant in
the case of helium, which is an expensive gas. Once calcination takes place, the CaO is stored
at about 700 °C while the He-CO stream is ideally separated through a membrane-based
system [63]. After separation, the He stream is recirculated into the calciner while the pure
CO. stream is passed through a heat recovery steam generator (HRSG) to use its high
temperature as a previous step to be stored or used in the power cycle. To reduce the storage
volume, the CO: to be stored is compressed up to 75 bar [40]. When energy provision is
needed, the CaO is sent to the carbonator where reacts at 850°C and atmospheric pressure (as
tested in Section 3.1) with the CO> stream coming either from storage or the calciner side.
The CO: entering the carbonator is well above the stoichiometric amount needed for
carbonation. Thus, the CO- in excess that exits the carbonator acts as heat carrier to produce
electrical power by means of a CO> closed regenerative Brayton cycle [40]. A detailed CSP-

CaL integration scheme is shown in Figure S8.

This process has been modeled using the commercial software ASPEN PLUS™, assuming

limestone, CaMgAc and CaMg50Ac as CaO precursor as well as the CaO conversion values
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estimated in Section 3.1 The CSP-CaL plant is configured as a completely closed system,
without make-up of fresh material to reduce the deactivation effect. Thus, a residual value of
CaO conversion is reached after a long number of cycles. This residual CaO conversion is
calculated by fitting the curves showed in Figure 3c as shown in Table S5. As a result, Figure
7 shows the overall plant efficiency of the CSP-CaL plant for each of the CaO precursors
considered. A detailed description of the assumptions considered in the modeling can be
found in [41] whereas the detailed energy balance for each case is presented in Table S4.
Moreover, a description about how the overall plant efficiency is calculated is shown in the
supplementary material (section 5). For reasons of simplicity, ideal He/CO. separation has
been assumed. Although it is out of the scope of the present work, an additional analysis
would be required to account for the losses in both thermal and mechanical efficiency due to
the gas separation process. Nevertheless, any correction coefficient would apply equally

regardless the sorbent considered.
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Figure 7. Overall plant efficiency of the CSP-CaL plant for each of the CaO precursors

considered

The efficiency of the CaL-CSP strongly depends on CaO conversion. As it can be seen in
Figure 7, the use of Calcium-Magnesium Acetates entails an overall efficiency about 3%
points higher than in the case of limestone. This is mainly caused by a lower amount of solids
being recirculated along the plant due to the higher multicycle CaO conversion achieved by
CMA (as showed in Section 3.1). This is important since a high CaO conversion implies a
lower amount of non-reactive CaO in the plant, which involves not only a reduction in the
energy used to solids conveying but also a lower size of storage vessel, a lower size of heat
exchangers and an improved use of the energy released in the carbonator [40] In spite of that,
CaMgAc present a higher value of residual CaO conversion as compared to CaMg50Ac
(X=0.88 against X=0.81). In the latter case the overall efficiency is deduced because of the
higher amount of inert MgO recirculating along the plant. The high overall efficiency reached
by using CaMgAc or CaMg50Ac could possibly be further increased by optimizing the CSP-
CaL conditions, specially by increasing the PR and the carbonator temperature, which would

lead to overall efficiencies around 41-44% [41]. Note that overall plant efficiency is

25



calculated as the ratio of net electrical production to net thermal input entering the calciner
(without considering solar receiver efficiency). Finally, the large average particle size
achieved by selecting CAM as CaO precursor, over 100 um, facilitates the operation allowing

use of commercial technology as CFB reactors.

4. Conclusion

The integration of the Calcium Looping process for thermochemical energy storage in
Concentrated Solar power Plants is expected to reduce of electricity production costs and
enhance dispatchability. The main drawbacks of the reversible reaction between CaCO3z and
CaO for this purpose are the limited conversion and poor cycling stability achieved by natural
limestone particles. In order to mitigate the sintering induced CaO conversion decay, a
material must possess high pore volume and surface area and preserve it along a large number
of calc/carb cycles. In this work, we have demonstrated that such properties can be attained
by using calcium and magnesium acetate as CaO precursors in a simple, cost effective and
scalable method that requires just the natural minerals and acetic acid. Calcium acetate and
calcium magnesium acetate crystallize as elongated fibers, yielding plate-like structures
composed of CaO nanoparticles after calcination. Such morphology exhibits substantial
porosity and can accommodate the volume changes accompanying the reversible reaction
from CaCOs to CaO. Moreover, the inclusion of MgO nanoparticles stabilizes the highly
porous structure against sintering. A remarkable CaO conversion value of about 0.7 is
achieved and maintained even after 30 calc/carb cycles as compared to 0.15 as residual
conversion of natural limestone. Moreover, contrary to other synthesis methods recently
proposed to prepare high performance CaO sorbents, the precipitation method here reported

does not require the use of complex equipment, expensive reactants or environmentally
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unfriendly solvents. Therefore, its low cost would allow these CaO materials to be actually
employed in real applications. Additionally, the relatively large particle size of these materials
also constitutes an important advantage since it makes them suitable to large scale utilization
in fluidised bed reactors. The utilization of calcium magnesium acetate as CaO precursor
instead of limestone would increase the process overall efficiency about 3% over

conventional limestone according to process simulations.
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