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Abstract

Integration between Concentrated Solar Power (CSP) and Calcium Looping (Cal) is gaining
consideration in the perspective of large shares of renewable energy sources, to smooth the
variability of non-dispatchable energy input. The scope of this study is to investigate the Cal
process for ThermoChemical Energy Storage (TCES), by performing a dedicated experimental
campaign in fluidized bed under realistic process conditions suitable for CaL-CSP integration.
Chemical deactivation of the limestone-based sorbent has been assessed by measuring the
extent of Ca carbonation along iterated calcination/carbonation cycles, correlated with physico-
chemical characterization of the sorbent at selected stages of the conversion. Properties that
have been scrutinized were particle size distribution, bulk density and particle size, density, and
porosity of bed solids. The attainable values of energy storage density were evaluated as well.

A remarkable finding of the experimental campaign is the pronounced synergistic deactivation
of limestone when it is co-processed with silica sand. Chemical interaction of CaO with the
silica sand constituents at the process temperatures has been scrutinized as possible responsible
for the loss of reactive CaO toward CO; uptake. Post-process of particle density data, together
with Na-intrusion porosimetric analysis, and quantitative and qualitative XRD analyses,
suggests that the sand/lime interaction induces a strong reduction of the total and reactive
sorbent porosity and, in turn, of reactivity.

Density-based classification to separate converted and unconverted limestone particles after the
carbonation step has been evaluated with the goal of increasing process efficiency, by avoiding
the circulation of streams with unreacted particles through the plant. For this purpose, the
minimum fluidization velocity of calcined and carbonated particles has been measured after

each reaction step at the relevant process temperature.

Keywords
Concentrated solar thermal power; calcium looping; fluidized bed; lime-sand interaction;

sorbent deactivation; thermochemical energy storage;
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1. Introduction

The ambitious targets of the European Green Deal aim to cut the greenhouse gas emissions by
at least 55% within 2030, and to achieve carbon neutrality by 2050 with net-zero greenhouse
gas emissions. These objectives require a strong decarbonization of the power and energy
sectors, with an ever-increasing exploitation of renewable energy sources. Among them, solar
energy is bound to play a key role in the future economy because of its virtual unlimited
potential and wide availability. However, a strategy to deal with its intermittent nature needs to
be implemented to enable its massive deployment.

Concentrated Solar Power (CSP) technologies provide an effective path for exploitation of solar
energy, allowing integration with thermal and thermochemical energy storage systems to
overcome its intrinsic intermittency. In CSP systems, a field of heliostats (i.e., sun tracking
mirrors) is used to focus and concentrate the solar energy onto a receiver. Here, a heat transfer
medium is heated at moderate-to-high temperatures and eventually used to sustain energy
intensive chemical/physical processes, or to drive thermodynamic cycles for energy generation.
Most recent commercial CSP plants make use of molten salts (i.e., a binary mixture of NaNOs
and KNOs) as heat transfer medium, which operate within the 290-565 °C temperature range.
Storage of the hot medium in insulated vessels, rather than direct use (i.e., thermal energy
storage), allows decoupling the two steps of solar energy collection and exploitation, enhancing
the dispatchability of solar energy. Research efforts on the CSP technology are mostly
prioritized on: 1) increasing the maximum working temperature of the heat transfer medium,
currently limited at 565 °C due to the molten salts degradation; ii) developing more efficient
energy storage systems with respect to storage density, application temperature, and time scale
of utilization. On one side, particle receivers are under the spotlight to overcome the
temperature limitations of the molten salts: dense-solids suspensions can indeed safely work at
temperatures of 1000 °C and over [1-3]. On the other side, use of reversible chemical reactions
to store solar energy in the form of chemical bonds (i.e., ThermoChemical Energy Storage,
TCES) is widely pursued [4—7]. Gas-solid chemical reactions are the most investigated. Indeed,
their higher reaction enthalpy turns into potential higher values of energy storage densities and
the easier separation of the reaction products favours the subsequent storage/transportation.
Particle receivers able to simultaneously work as solar receiver and chemical reactor can
represent a breakthrough for the success of the CSP-TCES technology. For this reason,
Fluidized Bed (FB) systems have been and are widely investigated [8—10]. Literature research
studies spread from conventional FB with direct/indirect irradiation [11-13], to innovative

design targeted at: 1) increasing the axial thermal diffusivity by internal circulation [14-16],
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spout, pulsed or uneven fluidization [2,17-20]; ii) providing a more uniform residence time
distribution by multistage operation [21-23]; iii) exploiting the sensible heat of the reaction
products for the heating of the reactants by internal solid-solid heat exchangers [2,24,25].
The selection of the most appropriate chemical reaction for TCES is open to debate. Apart from
solar fuels production, decomposition and recombination of metal hydroxides, carbonates,
oxides and perovskites are among the most investigated processes, each with specific
advantages and drawbacks [26-29]. In particular, reversible calcination-carbonation of
Ca-based sorbents, Eq. (R1):

CaCO3 5 CaO+CO» (Ry1)
has been widely addressed recently, and its integration with CSP is being currently assessed,
with different European research projects currently active [30,31].
The same reaction scheme has been widely investigated in literature for post combustion and
atmospheric CO; capture, and is commonly referred to as Calcium Looping (CaL) [32-35].
CSP-CaL integrated processes targets both CO> capture [34,36,37] and TCES. The interest on
this system for TCES applications mainly springs from: i) the fairly high reaction enthalpy of
the chemical reaction (JAH,°9sk=178 kJ mol!); ii) the high temperature at which solar energy
can be retrieved (650—-850 °C according to the process parameters), which allows integration
with high-efficiency Rankine/Brayton cycles [38]; ii1) the low cost of the raw material (i.e.,
limestone, a very cheap natural sorbent rich in CaCOs3). On the other side, the major weakness
of the CaL cycle is the decay of material reactivity over iterated cycling, induced by loss of
porosity (i.e., thermal/chemical sintering) and pore plugging [39—41]. Different techniques have
been explored to prevent or limit the loss of reactivity, among which: production of composite
materials with inert stabilizers/promoters [42] such as ZrO; [43-45], ALO3 [46,47], CeO> or
multiple Ce/Al/Zr additives [48], eutectic alkali chloride salts [49]; mechanical activation
[50,51]; thermal pre-treatments [52,53]; use of steam [54—56]. More recently, introduction of
inert materials in synthetic Ca-based sorbents has been scrutinized also with the aim of
improving their optical performance in terms of solar energy absorptivity, through the synthesis
of particles characterized by a darker colour [57-59]. While improving material stability, it was
recently found that the presence of inert compounds does not significantly affect the kinetics of
carbonation, and a slight modification of the parameters of the random pore model may be
sufficient to account for the presence of inert stabilizers [60]. Different process schemes have
been proposed and investigated in literature for integration between CSP and CaL for TCES.
Tregambi et al. [41] distinguished between open loop and closed loop conditions with respect

to COx. In the open loop condition, CaO carbonation is performed at 650 °C using a stream
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coming from a CO; emitting industry, whereas calcination is performed at 850 °C using air,
and the produced stream is released to the atmosphere. Differently, in closed loop conditions,
calcination is performed at 940-950 °C under COa, that can then be recycled to the process.
Experimental tests performed in a FB heated by a solar simulator demonstrated that the harsher
conditions of closed loop during calcination induce a stronger loss of reactivity [41]. Castilla et
al. [61] investigated a process scheme for simultaneous TCES and CO> capture, and performed
a techno-economic analysis of the system. Sarrion et al. [62,63] proposed, instead, two different
process configurations for a closed loop CO: cycle for TCES. In both schemes, carbonation is
carried out at 850 °C under pure CO2, to maximize the efficiency of the subsequent cycle for
energy production. Calcination is instead performed either at 750 °C under a No/He atmosphere
[62,63], or at 950 °C under pure CO: [63]. In the former case, use of membranes is proposed to
separate the produced CO» from the carrier gas and close the looping cycle. Experimental tests
have been performed only in a thermogravimetric analyzer, but proved again that harsher
conditions during calcination promote material sintering. The closed loop CO2 scheme, with
carbonation/calcination at 850/950 °C under pure CO;, has been investigated by model
computations also by Pascual et al. [64], who proposed the addition of a solid-solid separation
unit after the carbonator to separate converted and unconverted particles, thus avoiding the
looping of unreacted streams, to increase process efficiency. Since CaO carbonation to yield
CaCOs is generally proved to be a slow reaction step because of the time required for internal
CO» diffusion [60], it is reasonable to consider that unconverted streams may leave the
carbonator during continuous operation, thus supporting the usefulness/advantages of a Solid-
Solid Separation Unit (SSU). The feasibility of this operation is, however, still to be
demonstrated.

The aim of this study is to contribute to the existing knowledge on the CaL process for TCES,
by performing a dedicated experimental campaign under realistic process conditions suitable
for CaL-CSP integration, which are different from those typically investigated in literature for
carbon capture and storage. The closed loop CO; scheme, considering carbonation/calcination
at 850/950 °C under pure CO», has been selected because of its interesting features and because
of the lack of experimental data in apparatus different from thermogravimetric analyzers. In
this work, experimental tests were performed in FB reactors because of their peculiarity of
acting, simultaneously, as particle receivers for solar radiation and multiphase chemical
reactors. Decay of material reactivity and deactivation trend, as well as changes in
granulometric distribution of the bed inventory over cycling, were deeply scrutinized.

Attainable values of energy storage density were also computed. Moreover, the aim of
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increasing the overall process efficiency of the process has been pursued by avoiding the
circulation of unreacted streams [64]. To this end, it was evaluated the possibility of separating
converted (i.e., CaCOs-based) and unconverted (i.e., CaO-based) particles after the carbonation
step, exploiting the particle density difference. For the purpose, the minimum fluidization
velocity of calcined and carbonated particles was experimentally measured after each reaction
step at the relevant process temperature, to gather first data about the feasibility of this
operation. Finally, the influence of silica sand on the CaL performance, when experiments were

carried out using sand as ballast bed material, was highlighted.

2. Process scheme

The process plant devised for the closed loop CaL cycle for TCES is sketched in Figure 1. The
system entails two fluidized bed reactors (i.e., a solar calciner and a carbonator), three
intermediate Storage Tanks (STs) required to decouple collection and exploitation of solar
energy (i.e., one each for the calcined and carbonated material, one for the compressed CO»), a
SSU at the exit of the carbonator, and several Heat Exchangers (HEs) for heat recovery or
preheating. A heat loss of 2% was assumed for each heat exchanger used for heat recovery.
Operation of the process is described in the following. More extent information of the
theoretical simulation of the CaL process as TCES is detailed by Pascual et al. [65]. A stream
of carbonated material (consisting of partially carbonated particles because of uncomplete
carbonation [41]) is fed from either the ST1 CaCOs storage tank (upon preheating from 200 to
850 °C through HE1) or from the carbonator itself to the calciner. Here, endothermic calcination
occurs driven by concentrated solar energy (100 MW energy input as reference case). Gaseous
atmosphere is 100% CO», therefore a process temperature of about 950 °C is required to
guarantee fast reaction kinetics. The stream of pure CO» exiting the reactor is partially recycled
as fluidizing gas to the reactor, and partially either sent to compression and ST3 (upon heat
recovery from 950 °C to 50 °C in HE3) or directly fed to the carbonator. The CO; is stored in
ST3 at 75 bar and 35 °C, after being previously compressed and cooled in 4 interleaved stages
(CCT in Figure 1). A pressure ratio of 3 was assumed for each of the four compression stages
to finally reach the CO, storage pressure (75 bar). The energy penalty associated to the
compression stages is the electrical energy consumption, rising to 8.41 MW maximum [65].
The first three cooled stages reduce the temperature to 50 °C and the fourth to the CO> storage
temperature (35 °C). The heat from the cooled stages is recovered, being the heat losses of 2%.

Similarly, particles leaving the calciner are sent to ST2 (upon heat recovery from 950 °C to 200
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°C in HE®6), or directly to the carbonator. Finally, the calciner also processes an additional
stream of fresh limestone and purges a stream of spent material, which is required to
compensate for the decay of material reactivity over cycling (“chemical loss”) and for the
elutriation of fine particles generated upon attrition/fragmentation phenomena (“physical loss™)
[66]. The fresh limestone is fed at ambient temperature (25 °C) and a heat recovery of the purged
spent material is done through HE8 from 950 °C to 200 °C. The calcination step is in operation
only upon availability of solar energy (ECL). When the collected solar energy needs to be
retrieved (ECR), CaO and CO; are fed to the carbonator either from the CaO/CO; storage tanks
(ST2 and ST3) (upon preheating through HE7 and HES, respectively) or directly from the
calciner. The HE7 receives CaO streams from (i) calciner at 950 °C and (i1) ST2 at 200 °C to
be preheated to carbonator conditions (850 °C). The HES preheats the CO> mixture from ST3
at 15 °C and calciner at 950 °C to 850 °C. The CO, from ST3 suffers a discharging expansion
(DE in Figure 1) before being fed into HES at 15 °C. Reactive atmosphere in the carbonator is
100% COz: carbonation is then performed at high temperature (850 °C) to maximize the
efficiency of the subsequent thermodynamic cycle for power production. The carbonation
reaction is generally a slow reaction step because of the time required for internal CO> diffusion.
Fluidized beds may be viewed as continuously stirred tank reactors in terms of solid residence
time distribution. Thus, it is reasonably to consider that the solid stream exiting the carbonator
includes both carbonated particles (consisting of both CaO and CaCO3, mostly concentrated in
the core and shell of the particle, respectively) and unreacted (or less carbonated) particles.
Unreacted CO; stream is found at carbonator outlet given the uncomplete exothermic
carbonation reaction. The unreacted CO; from carbonator is sent to the CCT after a heat
recovery from 850 °C to 50 °C in HE4. The carbonator model applied for the theoretical CalL
TCES simulation was based on the kinetic model described by Grasa et al. [67] under carbon
capture conditions (650 °C and 10-15%, of CO). A SSU is then implemented for the separation
of carbonated and unreacted particles: carbonated material is sent either to ST1 (upon heat
recovery from 850 °C to 200 °C in HE2) or to the calciner, whereas unreacted or less reacted
material is cycled back to the carbonator at 850 °C, closing the looping cycle. To allow the
solid-solid separation, the SSU consists of a tapered fluidized bed reactor operated under
transient fluidization regime, so as to induce segregation of lower density particles to the top of
the column [68,69]. The inclusion of the total separation of carbonated and unreacted particles
was firstly proposed by Pascual et al. [64] to enhance the energy efficiency of the CalL TCES
system. Moreover, the effect of the SSU on the energy penalties and plant size reduction was

assessed under theoretical simulation. The threshold scenarios (no separation and total
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separation of solids after carbonation step) were evaluated to provide information of the
maximum and minimum energy and size requirements. A size reduction between 53 and 74 %

was showed for heat exchangers affected by solid streams when the SSU is included [65].
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Figure 1. Simplified conceptual scheme for closed loop CaL-CSP integration, taken as reference in

this work.

3. Experimental

The experimental campaign consisted in CaL tests performed under operating parameters
relevant for the process integration outlined in the previous paragraph. Tests were performed
in semi-batch mode using a single FB reactor, by switching the process conditions between
carbonation and calcination. Two different experimental rigs were used for the whole
experimental campaign: 1) a fluidized bed reactor equipped with a solar simulator, to mimic the
effect of concentrated solar radiation and estimate the decay of reactivity over cycling; ii) an
electrically heated fluidized bed reactor, to determine the changes in the particle properties
(granulometric distribution, porosity and density) of the bed inventory over cycling, as well as

the minimum fluidization velocity of the material after each reaction step.

3.1 Experimental apparatus

The FB reactor used for the CaL tests under solar simulated conditions is sketched in Figure 2.
The reactor has been used in previous experimental campaigns and a comprehensive description
of the experimental rig can be found in [41,52]. The FB reactor has an internal diameter of 0.1

m and, starting from the bottom, is made of three components: 1) a windbox with an upper
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perforated plate serving as gas distributor (0.5 mm holes on a triangular pitch); ii) a fluidized
bed section, 0.1 m high; iii) a conical freeboard section (0.4 m high, internal cone angle of about
30°) with an upper optical window required to seal the reactor environment while allowing
entrance of the concentrated solar radiation. At middle height of the conical section, four
discharge ports (1 inch diameter) are provided for gas outlet. The reactor is heated by: i) a gas
heater (manually controlled), able to heat the gaseous stream up to 700 °C; ii) two
semicylindrical radiant heaters (driven by a PID controller) which surround the windbox and
fluidized bed sections; iii) a solar simulator, made up by three 4 kW, short-arc Xe-lamps
coupled with elliptical reflectors, able to produce a peak flux of about 3 MW m™ and a total
irradiated power of about 3.2 kW, on the bed surface. Electronic mass flow controllers are used
for gas feeding to the reactor. Four K-type thermocouples are located within the system for
temperature measurement: i) one at the exit of the gas preheater; i1) one within the windbox,
0.02 m below the distribution grid; iii) two inside the FB, 0.05 m over the distribution grid and
0.05 m from the reactor wall (middle thermocouple), and 0.08 m above the distribution grid and

0.01 m from the reactor wall (up thermocouple).

ER: Elliptical Reflector
FB: Fluidized Bed

GPH: Gas Preheater

MF: Mass Flow Controller
OW: Optical Window

RH: Radiant Heaters

SF:  Sorbent Feeding

TC: K-type Thermocouple
WB: Windbox

Xe:  Short-arc Xe-lamp

AIR

CO,

Figure 2. Directly irradiated fluidized bed reactor used in the present work. Dimensions in mm.

The electrically heated FB reactor is depicted in Figure 3. It features an internal diameter of
0.04 m and, starting from the bottom, is made of two components: i) a windbox section, 0.6 m
high, with an upper stainless steel wire mesh serving as gas distributor; ii) a reaction plus

freeboard section, 0.8 m high (the relative extension of the two zones depends on the bed
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inventory). Exhaust gas leaves the reactor at the top of the freeboard. Two semicylindrical
radiant heaters (driven by a PID controller) surround the reaction/freeboard zone and the
windbox zone for an overall length of about 0.6 m. A lateral port, located a few millimeters
above the distribution grid, is used for the simultaneous temperature and pressure measurement
inside the FB reactor by a K-type thermocouple and a piezoelectric pressure transducer,
respectively. Electronic mass flow controllers are used for gas feeding. The reactor is also
equipped with a vacuum system to discharge and collect the bed inventory under cold or hot

conditions.

FB: Fluidized Bed

MFC: Mass-flow Controller
PT: Pressure Transducer
RH: Radiant Heaters

TC: K-type Thermocouple
WB: Windbox

w =

| Airco,
MEC|4———

Figure 3. Electrically heated fluidized bed reactor used in the present work.

3.2 Materials

Two different materials were used in the experimental campaign: a silica sand from the Ticino
river (Italy) and a natural Italian limestone, whose main properties summarized in Table 1.
Besides SiO2 (83.9%wt), the other constituents of the Ticino sand are NaxO (1.8%w), K2O
(2.4%wt), CaO (0.9%w), MgO (1.0%wt), Al2O3 (8.4%wt), Fe203 (1.4%wt).

Table 1. Main properties of the materials used in the experimental campaign.

t *
Bulk density,  Size range CaO content Uyys (850-950 °C)

Material : ; o _
tapped [kg m™] [wm] (calcined material) [Yowt] [ms]
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Limestone 1590 420-590 97.4 0.12-0.11

Ticino sand 1489 850-1000 0.9 0.35-0.33

* Minimum fluidization velocity, calculated according to Grace [70].

3.3 Experimental conditions and procedure

Regardless of the experimental rig, for all the CaL tests performed in this work the following
process parameters, relevant to closed loop CaL-CSP integration, were used:

1) reacting atmosphere of 100%, CO2 during both carbonation and calcination;

i1) reaction time of 20 min for both reaction steps;

1ii) superficial gas velocity of 0.6 m s™! throughout the process;

1v) process temperature of 850 °C and 950 °C during carbonation and calcination,

respectively.

Moreover, for the experimental runs performed in the directly irradiated FB, bed inventory
consisted in a mixture of silica sand (82%w:) and limestone (18%mw.). Silica sand acts as a thermal
flywheel, smoothing and mitigating the temperature variations induced by the chemical
reactions. This lime-to-sand ratio was used also in previous experimental campaigns [41,52],
and is retained in this work also for a better data comparison. Differently, for the experimental
runs performed in the electrically heated FB, bed inventory consisted in either a 1:1 mixture of
silica sand and limestone, or limestone only. The smaller scale of the plant allows indeed a
better temperature control, offering the possibility of working with higher percentage of lime.

This also permitted to perform different characterizations on the reactive material.

3.3.1 Directly irradiated fluidized bed (Experimental Procedure #1)

First, the system was charged with ~700 g of sand and heated up to 900 °C by the radiant and
gas heaters, using air as fluidizing gas. Once achieved this temperature, the fluidizing gas was
switched to CO; for 5 min to flush all the air from the reactor. Then, radiant heaters were
powered off, and a sample of 150 g of limestone was fed to the reactor. Then, the solar simulator
was turned on at the power required to keep the bed at 950 °C to perform the calcination step,
assuming as reference the “up” thermocouple. After 20 min (calcination reaction time), the
solar simulator was turned off, the fluidizing gas switched to air, and the radiant heaters turned
on with a set point temperature of 850 °C. The fluidizing gas was then switched back to CO»,
to perform the carbonation step. After 20 min (carbonation reaction time), the radiant heaters

were turned off and the bed was heated up to 950 °C by means of the solar simulator, to perform
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a new calcination step. The procedure was repeated until completion of 20 looping cycles. At
the end of each carbonation step, a small sample of bed material (1-2 g) was collected for the
subsequent determination of the carbonation degree of the sorbent. Sand and reactive material
were separated by sieving.

Overall, the temperature control in the directly irradiated fluidized bed was quite satisfactory.
During the calcination, after the initial transient heating to 950°C, the average temperature
recorded by the up and middle thermocouple was 955 +4 °C and 968 £ 5 °C, suggesting a
slight bed overheating. During the carbonation, the temperatures recorded by the up and middle

thermocouples were in good agreement, with an average value of 838 + 11 °C.

3.3.2 Electrically heated fluidized bed

Three different experimental procedures were carried out in this facility: a) to assess the
sorption degradation of limestone under CalL TCES conditions; b) to assess the interaction of
sand presence in limestone degradation under CalL TCES conditions; c¢) to estimate the

minimum fluidization velocity of the calcined and carbonated material upon iterated cycles.

Experimental Procedure #2

The following experimental procedure was applied to those tests performed with a bed
inventory of limestone only. First, the system was charged with ~180 g of sand and heated up
to 900 °C using air as fluidizing gas. Once achieved this temperature, the vacuum system was
used to discharge the bed inventory, and the reactor was cleaned to remove any trace of sand.
The fluidizing gas was switched to CO., and flowed for 2 min to completely flush the air from
the reactor. Then, a sample of 180 g of limestone was fed to the reactor and the PID controller
was set to 950 °C to perform the calcination step. After 20 min, heating of the FB was stopped,
and the bed inventory was collected by the vacuum system. Before this operation, the fluidizing
gas was switched back to air, to prevent a possible sorbent re-carbonation induced by the
temperature reduction. The collected material was cooled down to ambient temperature, and
weighted. It was then estimated the bulk density of the sample, by pouring the material in a
50 mL graduated cylinder and measuring the weight and occupied volume. Finally, the sample
was sieved in the following size ranges: 0—-100 um, 100—200 um, 300—420 pm and 420-590
um, and each granulometric cut was individually weighted. All the material was eventually
mixed back and fed into the still hot FB reactor under air atmosphere. The PID controller was
set to 850 °C and, once reached this temperature, the fluidizing gas was switched to CO> to

perform the carbonation step. After 20 min, heating of the FB was stopped, and the bed
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inventory was collected by the vacuum system under CO2 atmosphere and cooled to ambient
temperature. Overall weight (required to evaluate the carbonation degree), bulk density and
granulometric distribution were determined as previously described. After that, the sample was
fed back to the FB reactor under CO; atmosphere, and the PID controller was set to 950 °C, to
perform a new calcination step. The procedure was repeated until completion of 20 looping
cycles. Overall, the temperature control in the electrically heated fluidized bed was quite
effective. During the calcination, apart from a brief overshoot of 10°C during the initial transient
heating to 950 °C, the average temperature was 950 + 2 °C. Similar fluctuations were observed

during the carbonation, with an average temperature of 850 + 2 °C.

Experimental Procedure #3

A different experimental run was also performed by applying the same experimental procedure
but using a bed inventory of sand and limestone (1:1 weight mixture). Material characterizations
were carried out after separation of the sorbent from the sand, performed by sieving. The first
calcination was however performed with limestone only, to produce a relevant amount of

material for the subsequent cycles.

Experimental Procedure #4

Finally, to estimate the minimum fluidization velocity, a different experimental run was
performed, using again a bed inventory of reactive material only. The same experimental
procedure described above was applied but, after each reaction step, the bed inventory was not
discharged. Instead, an automated script developed in LABVIEW was run to measure the
pressure drop vs. the superficial gas velocity in a “down-curve” from 30 to 0 cm s™!, with 1 cm
s~! step. Curves were acquired at the process temperature of the relevant step, using CO> as
fluidizing gas. Particular accuracy was dedicated to ensuring the temperature uniformity of the
entire fluidized bed when decreasing the superficial gas velocity. To this aim, the bed was

vigorously fluidized before the acquisition of each pressure drop measurement.

3.4 Data analysis and further characterization

The mean carbonation degree for the tests performed in the directly irradiated FB was evaluated
using the samples of carbonated material collected after each carbonation step. The samples
were individually calcined in a muffle furnace at 950 °C under air atmosphere, and the weight
change was measured with an analytical balance (0.1 mg precision), so as to determine the mean

carbonation degree as described in Di Lauro et al. [52].
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For the tests performed in the electrically heated FB, the data of overall weight after each

reaction step were used to compute the mean carbonation degree (X, ) as:

= _ (mEFP —mEHE) MW cqo
XCa (N) - calc
my-iXcao MWC02

(1)

carb calce

where N is an index for the cycle number, m““” and m“““ represent the overall weight of the
carbonated and calcined sample, respectively, xcqo 1s the mass fraction of CaO in the calcined
sorbent (see Table 1), MW stands for molecular weight.

Mean carbonation degree data were further processed to compute the average energy storage
density (Esp) following the methodology described in Di Lauro et al. [52]. Computed values
account for both the chemical heat and sensible heat contributions.

Data of Particle Size Distribution (PSD) were post-processed to evaluate the mean Sauter
diameter.

The curves of pressure drop vs. superficial gas velocity were analyzed to compute the minimum
fluidization velocity of the calcined and carbonated particles.

Finally, samples of lime retrieved after the last calcination step were subjected to X-Ray
Diffraction (XRD) analysis, performed using a Rigaku MiniFlex 600 instrument, and to
Nz-intrusion porosimetric analyses to investigate differences in specific surface area (through

BET theory), total pore volume and pore size distribution (through BJH theory).

4. Results

4.1 Sorbent carbonation degree

Figure 4 shows the mean carbonation degree of the sorbent obtained in the different
experimental tests (EP #1, #2 and #3). It is possible to observe that the mean carbonation degree
decreases along with reaction cycles. Sintering phenomena and loss of reactivity are induced
by the high temperature and high CO> concentration experienced by the sorbent during both
reaction steps. With reference to experimental tests performed in the directly irradiated FB
(EP#1 where solid inventory includes limestone and sand), X, decreases from about 61%
(N=1) to about 4% (N=20), with an average value of 14% over the whole 20 reaction cycles.
Performance of the tests carried out in the electrically heated FB with a bed inventory of
limestone and sand (EP #3) do not differ sensibly: X,decreases from about 60% (N=1) to about
8% (N=20), with an average value of 16% over the whole reaction cycles. The slightly worse
performance achieved in the directly irradiated FB may be caused by the overheating of the bed

surface induced by the highly concentrated solar radiation, as observed in previous research
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studies [11]. The temperature difference between the “middle” and “up” thermocouple ranged
within 13.4 £+ 3.2 °C across the different tests. The bed surface overheating was not measured
in this work, but according to previous experimental studies it can be as high as 80°C in the
centre of the FB [11,41]. Differently, the tests performed in the electrically heated FB with a
bed inventory of limestone only (EP #2) show better performance in terms of sorbent reactivity.
The mean carbonation degree decreases indeed from about 62% (1 cycle) to about 14% (20
cycle), with an average value over the whole 20 cycles of about 25%. This was an unexpected
result that needed further investigation. In particular, it was scrutinized in literature a possible
chemical interaction between the silica sand constituents and lime particles, with the formation
of unreactive compounds, which can subtract reactive CaO, and induce a loss of reactivity.
Dicalcium silicate (Ca2SiO4, i.e. belite), one of the main constituents of the Portland cement
clinker [71,72], is formed when raw meals for cement production are used as sorbents in CalL
process for CO> capture [73]. It was claimed that its formation reduces the CO; sorption
capacity of the cement raw meals subtracting CaO sites available for the carbonation reaction
[74]. Valverde et al. [75] also observed the formation of calcium silicates from the interaction
of a calcium-based sorbent and a SiO> nanostructured powder under CaL conditions. However,
in this case the addition of nanostructured SiO; increases the carbonation degree improving the
CO; accessibility to the CaO sites. Experimental data plotted in Figure 4 shows a detrimental
effect of Ticino silica sand on lime reactivity, in analogy with the findings obtained with cement
raw meals used in CaL process for CO; capture [73]. A further consequence of this result is
related to the use of additives, devoted to improve the fluidizability of small particles of
limestone and/or to improve its optical performance in terms of absorption of concentrated solar
energy. Their addition to sorbent particles should be carefully evaluated because of possible

interaction with lime and consequent decrease in reactivity.
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Figure 4. Mean carbonation degree of the sorbent as a function of the cycle number and of the

adopted operating conditions.

Post-processing of X.,(N) data has been carried out by postulating here the following IAD
“Initial Activity Decay” equation:

Xca(N) = kyN~Fz 2)
where k; is the initial activity constant, that measures the efficacy of the sorbent when N=1
(Xcq(N = 1) = ky), and k: is the decay constant that considers the resistance of the sorbent to
sintering phenomena (the higher 42, the worst the sintering resistance). While Figure 5 shows
data fitting, Table 2 lists the best-fitting values for k> (along with the values for the coefficient
of determination). Sintering resistance for the sorbent in the case of limestone inventory and
electrically heated FB (EP #2) resulted ca. 33% and 49% higher vs. the cases with limestone
and sand inventory (electrically heated (EP #3) and directly irradiated FB (EP #1),

respectively), to confirm the ranking discussed above.
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Figure 5. Fitting of experimental carbonation degree data by the IAD Eq. (2).

Table 2. Values for the decay constant (IAD model) for the cases under investigation.

k[-] R[]
Limestone and sand inventory
Directly irradiated FB 091 0.97
Limestone and sand inventory
Electrically heated FB 0.69 0.98
Limestone inventory 0.46 0.97

Electrically heated FB

4.2 Density of energy storage

Figure 6 shows the average values of energy storage density up to the reaction cycle considered
vs. reaction cycle, for the different experimental runs. Data were computed under a conservative
scenario by considering the loose density of limestone, which is about 13% lower than the
tapped density value [52]. The energy storage density of the molten salts is also plotted as
reference material, though a more comprehensive comparison should also account for the
different technology and operating conditions of the two processes (i.e., thermal energy storage
with molten salts and TCES with CaL). For the tests with a bed inventory of limestone and
sand, the average values of Esp are quite similar for the two experimental rigs and decrease
from about 1550 MJ m™ (1 looping cycle) to 485 MJ m~ (20 looping cycles). Under these
process conditions, the Cal system outperforms the molten salts one only up to an average

sorbent life of 6 cycles. From the 8" cycle onwards, the molten salts system appears to be
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superior. Data obtained in this study appear to be worse than those shown in Di Lauro et al.
[52] for limestone in closed loop configuration, where carbonation was performed at 650 °C
and 15%, COz. This arises because of: 1) a slightly lower reactivity of the sorbent in the present
study, probably induced by the higher temperature and CO> concentration experienced during
carbonation (mean carbonation degree at the 20" reaction cycle is of 13.7% in this work vs.
15.3% in Di Lauro et al. [52]); ii) a lower amount of sensible energy storage in this work (to
perform carbonation, CaO is cooled from 950 °C to 850 °C in this work and from 950 °C to
650 °C in Di Lauro et al. [52]). Data of Esp obtained with a bed inventory of limestone only are
slightly better, especially at increasing looping cycles. Values decrease from about 1575 MJ m™
3 (1 looping cycle) to 710 MJ m ™ (20 looping cycles). Even if the performance in terms of Esp
1s comparable to that of molten salts when an average sorbent life of 10—20 cycles is considered,
it should be recalled that, in this CaL process, thermal energy at the carbonator is released at a
much higher temperature (i.e., 850 °C), with a consequent higher overall efficiency in the
subsequent thermodynamic cycle for energy production. Moreover, the share of chemical heat
storage over the total is very high. It values about 91% at the first cycle for all the tests, and
decreases to 79% (10 looping cycles) and 70% (20 looping cycles) for the tests performed with
a bed inventory of lime and sand, and to 84% (10 looping cycles) and 80% (20 looping cycles)

for the tests performed with a bed inventory of limestone only.
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Figure 6. Average energy storage density up to the reaction cycle considered vs. reaction stage, under

the adopted operating conditions.
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4.3 Particle size distribution

Figure 7 shows information on the attrition/fragmentation of the bed inventory for the
experimental runs performed in the electrically heated FB. Data are plotted either as cumulative
PSD for selected calcination stages (Figure 7-A) or as mean Sauter diameter (dsauzer) VS. reaction
number (Figure 7-B).

Figure 7-A highlights a progressive fragmentation/shrinkage of limestone particles along with
reaction cycles. Particles mostly shift from the 420-590 um to the 300400 pum size range,
whereas the mass fraction of smaller size ranges (< 300 um) only slightly increases. The effect
is more pronounced for the tests performed with a bed inventory of limestone and sand,
suggesting that the presence of sand enhances the fragmentation/shrinkage of limestone
particles. Particle size reduction appears to be mostly concluded at the 10™ calcination for tests
with a bed inventory of limestone only, as the PSD for the 10" and 20" calcined samples mostly
overlap. Differently, when the bed inventory of limestone and sand is used, the PSD for the 10"
and 20™ calcined samples still shows significant differences. Discussed data are further
confirmed by the trend of ds.uer highlighted in Figure 7-B. Starting from the 505 pum value of
the limestone samples fed to the reactor, dsauer decreases to about 475 um and 425 pum for the
tests with a bed inventory of limestone only and limestone and sand, respectively. With regards
to tests with limestone only, the value of 475 um is approached already at the 10" reaction step
(corresponding to the 5™ carbonation). Differently, tests with a bed inventory of limestone and
sand show a first stabilization of dsuuer at about 450 pm from the 10" reaction step on, followed
by a second decrease towards 425 um from the 30™ reaction step on, which suggests a further
weakening/shrinkage of the material structure upon iterated reaction cycles. Figure 7 also
highlights that, in both tests, the fraction of material below 150 um is mostly negligible, as it
always accounts for less than 1%. It is reasonable that finer particles are also formed during the
process, but are elutriated from the system. For this reason, the make-up stream of fresh
limestone used in the process (see Figure 1), should be intended to also compensate for this net

mass loss [66].
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Figure 7. A) Cumulative particle size distribution for selected calcination stages (CALC-0 refers to
the samples after the initial calcination); B) Mean Sauter diameter of the bed inventory vs. reaction

number (reaction number 0 refers to the starting limestone samples).

4.4 Particle density

Figure 8 shows the bulk density of limestone particles after each reaction step for the tests
performed with the bed inventory of limestone and sand and limestone only. As expected, the
density values of calcined particles are always lower than those of the corresponding carbonated
ones. However, the trend of density with reaction stage quite differs for the two experimental
tests. Indeed, in tests with sand, the density of the calcined particles increases along with
reaction cycles, whereas that of the carbonated particles is mostly constant after a decrease
during the very first cycles. Differently, in tests without sand, the density of the calcined
particles is mostly constant after an increase during the first reaction cycles, whereas that of the
carbonated particles decreases along with the reaction cycles, especially during the first 8
carbonation steps. Further, for both carbonated and calcined particles, the density values
obtained in tests with sand are always higher than those obtained in tests without sand. Data
obtained when working with the bed inventory of limestone only are probably the easiest to
explain: the density of carbonated samples decreases with reaction cycles because of the lower
carbonation degree as the number of cycles progresses, whereas the density of calcined samples
1s mostly constant after a first increase resulting upon loss of porosity. Differently, data obtained
when working with sand show that the density of the calcined samples increases because of the
interaction with sand, whereas that of the carbonated samples remains mostly constant because
the decrease induced by the lower carbonation degree is offset by the increase induced by the

interaction with sand. This explanation is further corroborated by the higher density values
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detected in tests with sand. Data were post-processed to evaluate the density increase that could
have been induced from belite formation, quantitatively evaluated on the basis of the reduction
of carbonation degree [73,74] with respect to the tests without sand. It was found that the
formation of belite can only justify an increase of 5% of materials density. It is noteworthy that
the sand may also physically act on the sorbent particles reducing their porosity and, in turn,
increasing the particle density of both calcined and carbonated samples.

The bulk density of the calcined and carbonated samples upon iterated cycles has been further
worked out to better correlate the physical properties of the granular solids along the course of
the CaL process. In particular, the obtained data can be used to estimate the mean conversion
degree during the carbonation step, and the particle density and porosity of the calcined and
carbonated samples, upon calcination/carbonation iterated cycles.

The mean carbonation degree can be calculated exclusively by the bulk density of batches of
calcined and carbonated particles once it is assumed that the volume occupied by the granular
solids does not significantly change during each single carbonation step. Equation (1) can then

be rearranged as:

X (N) _ pl%arbvl\clarb_plcvcilgvl\c,gllc MW cao N pxlarb _ MW cao 3

Ca - calcy calc MW ~ calc MW ( )
N—-1VNZ1 Xcao CO, PN=1 Xcao Co,

where p“? and p“* are the bulk density of the carbonated and calcined particles, respectively,

and V°? and V¥ represent the volume occupied by the bed of carbonated and calcined
particles, respectively. The results obtained from Eq. (3) are reported in Figure 4 and, thereby,
compared with the conversion degree calculated by Eq. (1). The comparison highlights that the
method based on the measurements of bulk densities accurately agrees with the data obtained
from samples weight. This result can be used to set up alternative methods to estimate the
conversion degree during the carbonation step in, even large-scale, Cal systems, simply
sampling the granular solids both first and after each carbonation step.

The particle density of the calcined and carbonated materials at a generic N cycle, pg?\,lc and

pgﬁb, respectively, can be estimated from the corresponding bulk densities by the following

equations:
calc carb
o = Lo ppir? = B 4)
)
P 1=¢hedn P 1=¢hean

where €52, and 5452 are the bed voidage during the bulk density measurement for the

calcined and carbonated materials at a generic N cycle, respectively. Assuming a constant bed

voidage equal to 0.41, a typical value for packed bed, the particle density can be easily
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evaluated, and the obtained data points can be read in Figure 8 together with the bulk density

values.
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Figure 8. Bulk and particle density of limestone particles for calcined and carbonated samples, in tests

performed with a bed inventory of limestone and sand, and limestone only.

The particle porosity of the calcined and carbonated particles, in turn, can be calculated by the
following equations, assuming as reference the density of pure CaO for the calcined particles,
and a mean value (based on the carbonation degree) between the density of pure CaO and

CaCO:s, for the carbonated particles:

calc carb
Scalc =1-— PN . Scarb — 1 — PN _ (5)
pN pcao’ pN XcaN)MW cgeo5+(1-Xcqg(NIMWcgo
XCa(N)MWCaCO3 + (1—)_(Ca(N))MWCaO
Pcacosz Pcao

where pcqo and peqco, are the density of pure CaO and CaCOs, set equal to 3340 kg m > and
2710 kg m 3, respectively. It is worth to note that the contribution of solid compounds, formed
by the chemical interaction between lime and silica sand, to the absolute particle density has
been neglected.

Finally, it can be defined as “reactive” the porosity that vanishes during the carbonation step

as:

react _ .calc carb
EpN = EpN-1 T EpN (6)
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The “reactive” porosity represents the internal porosity of the particles, which is occupied by
the CO2 molecules reacting with CaO to form CaCOs3 during the carbonation step. The particle
porosity and the “reactive” porosity are shown as a function of the reaction stage in Figure 9
for all the investigated conditions.

Data in Figure 9-A counter-mirror those of Figure 8. The analysis of the data of particle porosity
for the samples obtained processing only limestone particles highlights, as also reported in
literature [76], that the reduction of reactivity of limestone is due to the reduction of porosity
of the calcined particles during the first cycles, and the concurrent sintering of the carbonated
particles along the iterated cycles. The porosity of carbonated particles increases upon iterated
cycles in agreement with a larger amount of porosity no more accessible by CO2 molecules
during carbonation. A different scenario appears when analyzing the experimental data of the
tests carried out using limestone with silica sand particles. The interaction with silica sand
particles strongly influences the phenomenology: the porosity of calcined particles steadily
decreases along the iterated cycles, whereas the porosity of carbonated particles increases only
during the first cycles. Moreover, in presence of sand, particle porosity values are remarkably
lower than the corresponding ones in the case without sand, Figure 9-B. The “reactive” porosity
trend along iterated cycles confirms what already observed, and highlights a difference in the

“reactive” porosity of about 0.04 in favour of the only limestone case.
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Figure 9. Particle (A) and “reactive” (B) porosity of limestone particles for calcined and carbonated

samples in tests performed with a bed inventory of limestone and sand, and limestone only.
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4.5 XRD and visual analyses

Figure 10 shows the XRD profiles of the lime samples retrieved after the last calcination step
for the tests performed in the electrically heated FB, together with that of pure sand. It is
possible to observe that:

- the XRD spectrum of the sand exhibits several characteristics peaks of quartz (SiO3),
and a few minor peaks related to other compounds and impurities present in the sample;

- the XRD spectrum of the calcined sample retrieved from the tests performed with a bed
inventory of limestone only exactly matches the crystalline signature of lime (CaO);

- the XRD spectrum of the calcined sample retrieved from the tests performed with a bed
inventory of limestone and sand exhibits, apart from the peaks related to lime, several
additional peaks that match either those of quartz, or those of the other compounds
found in the sand.

XRD data seems to rule out a bulk chemical interaction between sand and lime since no peaks
related to new crystalline phases were detected. It is likely that a potential chemical interaction
takes place only at the particle surface, given the sizes of sorbent and sand particles used in this
study. For the sake of completeness, it should be underlined that sand-derived peaks found in
the calcined sample may arise, apart from very fine sand particles trapped in the lime pores,
also from sand particles that, upon iterated attrition/fragmentation, approached the size of lime
ones and were thus not trapped by the sieves. A quantitative XRD analysis was also performed
to assess the extent of sand contamination, and of belite formation. Belite formation was again
not detected while the sand percentage turned out to be 5-6%. Such low values cannot justify
the density differences observed in the two samples, and support the discussion on the reduction

of particles porosity previously highlighted (see §4.4).
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Figure 10. XRD profiles of: lime samples retrieved after the last calcination step in the electrically

heated FB, for tests performed with a bed inventory of limestone only (L) and limestone and sand

(L&S); pure sand (S).

Figure 11 shows a picture of these three samples. The comparison highlights that lime particles
retrieved from the test performed with a bed inventory of sand and lime features a slightly

darker colour, probably as a consequence of the physical and chemical interaction with the sand.

Figure 11. Picture of: lime samples retrieved after the last calcination step in the electrically heated
FB, for tests performed with a bed inventory of limestone only (L) and limestone and sand (L&S);
pure sand (S).
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4.6 Porosimetric analyses

The results of the porosimetric analyses reveal that that the specific surface is quite low in all
the samples (1-2 m?> g ') calcined at the 20" cycle, and similar to values reported in other
studies under severe calcination conditions [41]. The cumulative pore volume distribution of
the different samples is, instead, shown in Figure 12. The lime sample processed in the
electrically heated FB without sand, that is the best in terms of mean carbonation degree, is
characterized by the highest value of total pore volume (0.165 cm® g '), mostly of which are
mesopores (~88%). When lime is processed together with sand, the distribution is quite
different depending on the reactor used. Lime processed in the electrically heated FB, that has
intermediate performance in terms of mean carbonation degree, has the lowest value of total
pore volume (0.047 cm® g ') but a significant share of both micropores and smaller mesopores
(~80%), probably formed due to the sand/sorbent interaction. Differently, lime processed in the
directly irradiated FB, that has the worst performance in terms of mean carbonation degree, has
an intermediate value of total pore volume (0.106 cm?® g '), but half of them are macropores
and are thus less relevant for the reactivity of the material. The formation of larger pores may
have been induced by the thermal sintering due the bed surface overheating produced by the
simulated solar radiation. It seems that the sand/sorbent interaction might have played a less
important role in these tests, probably due to the different hydrodynamics related to the larger

scale of the used reactor.
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Figure 12. Cumulative pore volume distribution of the different samples, after the last calcination

step.
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4.7 Minimum fluidization velocity

Figure 13 shows the minimum fluidization velocity of carbonated and calcined samples in tests
performed using a bed inventory of limestone only (EP #4). It is recalled that data were acquired
at the process temperature of the reaction step (i.e., 850 °C for carbonation, 950 °C for
calcination), using CO; as fluidizing gas. The trend of the minimum fluidization velocity recalls
that of the bulk density (see Figure 8). For calcined samples, the minimum fluidization velocity
slightly increases from an initial value of about 6.5 cm s (initial calcination) to about 7 cm s~
(20 reaction stage). Conversely, for carbonated samples, the minimum fluidization velocity
decreases from about 10.2 cm s~ (1% reaction stage) to about 8.5 cm s~ ! (20" reaction stage).
Overall, a difference between the minimum fluidization velocity of carbonated and calcined
samples of about 3.7 cm s™! can be inferred for more reactive particles, which decreases to about

1.5 cm s7! for less reactive ones. The obtained experimental data were compared with those

calculated by the semi-empirical correlation proposed by Grace (Eq. (7)) [70]:

dpr(ep=p)g (p"'p)g]l/z —27.2 (7)

d””ﬂ—’”f” = [27.22 + 0.0408 -

where d, is the particle diameter, u,, the minimum fluidization velocity, p and p, the gas and
particle density, respectively, x4 the dynamic gas viscosity, and g the gravitational acceleration.
Particle size and density data used in Eq. (7) are those reported in Figures 7-B and 8§,
respectively. The comparison shows a very satisfactory agreement, confirming the approach
proposed with Eq. (4). According to these data, it could be speculated that a solid-solid fluidized
bed separation may be feasible at least to some extent, to separate the more reacted particles
from the less reacted ones. The exploitation of a fluidized bed classifier, already proposed in

literature [68], could be explored for an efficient separation of the investigated granular solids.
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approach.

5. Discussion

On the whole, the analysis of the experimental results discussed in the present work returns two
key findings.

Co-processing of limestone with silica sand reduces the lime reactivity, as inferred from the
lower values of mean carbonation degree. Post-process of density data, together with Na-
intrusion porosimetric analysis, and quantitative and qualitative XRD analyses, suggests that
this effect is mainly due to a lime/sand mechanical interaction that induces a strong reduction
of the total and reactive sorbent porosity. A chemical interaction between CaO and silica sand
constituents, not detected by XRD analysis, might only occur at particle surface and to a small
extent, and could not justify alone the decay of reactivity observed when coprocessing lime
with silica sand. The detrimental effect of this interaction on the Cal performance poses
concerns to the use of additives to improve the fluidizability of small particles of limestone
and/or to improve its optical performance in terms of absorption of concentrated solar energy.
Under the tested conditions, the density of energy storage becomes lower than that of the molten
salts after 7 reaction cycles, even if the energy is retained in a more stable form and can be
released at higher temperatures. Using a bed of only limestone may produce better results, but
requires the design of the receiver as a blackbody cavity. In this case, the density of energy
storage is only slightly lower than that of molten salts after 20 cycles that is the average sorbent

life of the reactive material in the CaL process. According to these findings, it is advised to
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consider materials different from sand, if additives need to be used. Alternatively, synthetic or
natural sorbents different from conventional limestone, and characterized by a better absorption
of solar energy [57-59,77], should be considered.

Carbonated and calcined particles are characterized by a different density and porosity, that
results into a sufficient difference in their minimum fluidization velocity. This difference may
be exploited for the design of a fluidized bed classifier that recycles unreacted or less reacted
particles to the carbonator. In this way, it would be possible to maximize the efficiency of the
process by ensuring the maximum carbonation degree of sorbent particles, and by avoiding the
circulation of streams of unreacted particles through the plant. It is noteworthy that the effective
advantage brought by the classifier is strictly related to the material reactivity and resistance to
sintering over cycling. When the reactivity of the material abruptly decreases over cycling the
efficacy of the classifier is probably lower, as the increase in conversion degree that could be
obtained from the material recycling is smaller. However, synthetic sorbents feature a much
stronger resistance to sintering, and are able to preserve better their initial reactivity over
cycling. In this case, the contribution of the classifier to the overall process efficiency may be
much higher.

Further tests will be performed in future works to fully demonstrate the feasibility and
efficiency of the FB classifier, and to estimate its contribution to the overall efficiency of the
process. Moreover, different inert materials will be tested in mixture with lime, and in different

ratio, to scrutinize their potential advantages and drawbacks in the CaL process for TCES.

Conclusions

The calcium looping process integrated with TCES has been investigated focusing the attention
on the closed loop CO> scheme with carbonation/calcination at 850/950 °C under pure CO». In
particular, the conditions needed for the addition of a solid-solid separation unit after the
carbonator to separate converted and unconverted particles and, consequently, to increase the
process efficiency, have been analyzed. The experimental tests, performed in the directly
irradiated FB, show that the mean carbonation degree decreases from about 61% (1% cycle) to
about 4% (20" cycle), with an average value of 14% over the whole 20 reaction cycles. Similar
results are obtained in the electrically heated FB with a bed inventory of limestone and sand.
Differently, the tests performed in the same reactor with a bed inventory of limestone show
superior performance: the mean carbonation degree decreases indeed from about 62% (1%
cycle) to about 14% (20" cycle), with an average value over the whole 20 cycles of about 25%

(data were confirmed by evaluation of the deactivation constant, obtained by the application of
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an initial activity decay equation). It seems that the chemical interaction of CaO with the silica
sand constituents at the process temperatures is not the main responsible for the loss of reactive
CaO toward CO uptake. Instead, post-process of particle density data, together with N»-
intrusion porosimetric analysis, and quantitative and qualitative XRD analyses, suggests that
the sand/lime mechanical interaction induces a strong reduction of the total and reactive sorbent
porosity that is the main responsible for the strong decay of reactivity. The detrimental effect
of this interaction on the calcium looping performance poses concerns to the use of additives to
improve the fluidizability of small particles of limestone and/or to improve its optical
performance in terms of absorption of concentrated solar energy. For the tests with a bed
inventory of limestone and sand, the average values of energy storage density are quite similar
for the two experimental rigs and decrease from about 1550 MJ m™ (1 looping cycle) to 485
MJ m~ (20 looping cycles). Instead, with a bed inventory of limestone, the values decrease
from about 1575 MJ m™ (1 looping cycle) to 710 MJ m~ (20 looping cycles). The performance
in terms of energy storage density is comparable to that of molten salts when an average sorbent
life of 10-20 cycles is considered. However, it should be recalled that, in this CaL process,
thermal energy at the carbonator is released at a much higher temperature (i.e., 850 °C), with a
consequent higher overall efficiency in the subsequent thermodynamic cycle for energy
production. The main properties of calcined and carbonated particles significantly change in
terms of particle density, size and porosity, if the limestone is processed with silica sand
fluidized particles. Finally, the measurements of minimum fluidization velocity of calcined and
carbonated particles upon iterated cycles of calcination and carbonation show that a solid-solid
separation based on particle density difference may be conceived by a fluidized bed classifier

already proposed in literature [68].
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