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Abstract: Concentrating solar power (CSP) technology with thermal energy storage (TES) could
contribute to achieving a net zero emissions scenario by 2050. Calcium looping (CaL) is one of
the potential TES processes for the future generation of CSP plants coupled with highly efficient
power cycles. Research on CaL as a system for thermochemical energy storage (TCES) has focused
on efficiency enhancement based on hybridization with other renewable technologies. This work
proposes a novel solid management system to improve the efficiency of a CaL TCES system. The
inclusion of a solid—solid separation unit after the carbonation step could lead to energy and size
savings. The role of segregation between carbonated and calcined material on plant requirements
is assessed, given the experimental evidence on the potential classification between more and less
carbonated particles. The results show lower energy (up to 12%) and size (up to 76%) demands
when the circulation of less carbonated material through the CaL TCES system diminishes. Moreover,
under a classification effectiveness of 100%, the retrieval energy could increase by 32%, and the stored
energy is enhanced by five times. The present work can be a proper tool to set the design and size of
a CaL TCES system with a partial separation of the carbonated material.

Keywords: calcium looping; thermochemical energy storage; concentrated solar power; segregation;
carbonated solids

1. Introduction

One of the tools to fight against climate change is the massive deployment of renewable
energy technologies within the energy mix, as highlighted by the Intergovernmental Panel
on Climate Change [1]. A carbon neutrality scenario by 2050 could be achieved, increasing
the global renewable power capacity by 2.5 times compared to 2022 [2]. A total of 30% of
global electricity production since 2022 has originated from renewable energy sources. Solar
photovoltaic (PV) and wind power are the most valuable technologies in current renewable
electricity production [3]. However, their inherent intermittence in energy production has
led to promote hybridization with concentrating solar power (CSP) technology [4]. Almost
all new CSP plants include thermal energy storage (TES) to improve their energy dispatch
capacity. The implementation of hybrid CSP with solar PV and wind power drives a faster
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drop in CO, emissions [4] and costs [3,5]. Moreover, the electricity cost of CSP plants with
TES diminished by up to 68% from 2010 to 2021, enhancing their capacity factor [3]. The
energy storage could be a solution for the intermittency in energy production by renewable
technologies, as already proposed by organizations such as the European commission [6,7]
or the international energy agency [2].

Thermal energy storage (TES) is integrated into CSP plants to produce electricity using
a coupled power block when solar energy is unavailable [8]. The stored energy is influenced
by the thermophysical properties of the storage material [9]. The most commercial and low-
cost storage material is molten salt, storing sensible heat by heating and cooling the medium.
However, molten salts can suffer degradation when temperatures are above 565 °C and
solidification at temperatures below 290 °C [10]. Similarly, the low thermal conductivity
and low stability at high temperatures hinder the potential integration of phase-change
materials into CSP plants [11,12]. Thermal energy storage (TES) materials supporting higher
working temperatures would be required for the next generation of CSP plants featuring
more efficient integrated power cycles [13]. The thermochemical energy storage (TCES)
system meets the requirements for future CSP plants, being high-temperature systems
(above 800 °C) based on the reversibility of chemical reactions [14,15]. In this process,
the heat needed to sustain an endothermic reaction is provided by solar energy, which is
then stored in the noble form of chemical bonds. When energy is required, the reaction
products are gathered together to conduct the exothermic phase, regenerate the reagents,
and start a new thermochemical cycle [16]. One of the most promising TCES systems is the
calcium looping (CaL) process, which is based on the gas—solid calcination/carbonation
reversible cyclic reaction. Calcium looping (CaL) has been deeply investigated in the
literature for carbon capture and concentrated release (i.e., CO; from the exhaust gases
of fossil fuel combustion [17], CO; from the atmosphere [18] and CO, from bioenergy to
achieve negative emission systems [19,20]). Current investigations are also focused on the
potential use of the CaL process as a TCES system integrated into CSP plants [21,22]. The
calcination step (Equation (1)) is endothermic and forms CO, and calcium oxide (CaO);
the exothermic carbonation step, reverse Equation (1), releases thermal energy through the
partial reaction of CaO and CO, to obtain partially carbonated material.

CaCO; (5) S CaO () + CO, () AHR = +178 kJ/mol 1)

CaO sorbent activity during carbonation is influenced by the operating conditions
during the carbonation and calcination steps. The CaL process as a CO, capture system
performs (i) the carbonation reaction at 650 °C under a CO, atmosphere of 10-15% [23]
and (ii) the calcination reaction at 950 °C and a high CO, concentration [24]. The reached
temperature for TCES applications may be 850 °C and 950 °C with a pure CO, atmosphere
for the carbonation and calcination reactions, respectively [25].

The main advantages of the CaL process for TCES applications for CSP plants are:
(i) the high reaction enthalpy (Equation (1)), (ii) the high working temperature achievable
(up to 850 °C) to couple more efficient power cycles [26], and (iii) the sorbent material char-
acteristics (non-toxic, Earth-abundant and cheap) [27,28]. However, the sorbent capacity
decays with carbonation/calcination cycles given the high working temperature [29,30].
Thermal and chemical sintering results in a loss of porosity and the pore plugging of the
sorbent, limiting its performance [31-33]. The enhancement of CaL sorbent conversion
under TCES conditions was recently researched, developing techniques based on: (i) ther-
mal [34] and steam [35,36] pretreatments, (ii) the use of synthetic [37-39] and doped [39,40]
sorbents, (iii) or low-pressure conditions during the calcination step [41]. Moreover, the
loss of sorbent activity has been widely investigated, developing well-adjusted carbonation
kinetic models using thermogravimetric analysis (TGA) experimental data under carbon
capture and TCES conditions [23,42,43]. Since TGA tests do not reflect the potential thermal
stress suffered by the sorbent on a larger scale [44], novel robust carbonation models are
required for TCES applications. Tregambi et al. proposed a new deactivation model based
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on the experimental data obtained under TCES conditions in lab-scale facilities whose
operating pattern was close to large-scale [45].

Regarding the integration of the CaL process in the CSP plant, several schemes have
been proposed in the literature. Most of the research comprehends the hybridization of
the CSP plant with (i) other renewable technologies (i.e., solar PV [46,47]), (ii) combined
power cycles [41,48,49], or (iii) power-to-gas technology [50] to improve the capacity factor.
Hybrid solar PV-CSP, proposed by Bravo et al., supplies energy demand by both plants,
partially storing thermal energy in the CaL process as TCES system. The stored energy is
later discharged to cover the nighttime energy demand [46,47]. Ortiz et al. proposed a novel
CSP hybridization model to supply energy demand during the day through a combined
power block and to store thermal energy using a CaL TCES system. When solar energy is
unavailable and the CSP plant is shut down, the energy demand is supplied by the CaL.
TCES system [41,48,49]. A methanation plant was designed by Tregambi et al. using a CSP
plant with a CaL TCES system to enhance the renewable share. The CaL process worked
as a carbon capture system and TCES system during sunlight hours, and the calcination
energy demand was supplied by the CSP plant. The CO, capture continued during the
night period, discharging the stored energy in the TCES system. The CO, captured (and
correspondingly released in a concentrated stream) was used to produce methane using
power-to-gas technology [50]. Thus, these investigations focused on the hybridization of
CSP with other power plants, extending the dispatch capacity when the solar resource
is unavailable. The electricity demand pattern and the solar resource variability were
the inputs for a novel dynamic operational methodology developed by Pascual et al. [51]
based on the maximization of the efficiency and the economic revenue of the CSP plant.
The operating pattern and the real behavior of a CaL TCES system without power supply
backup were defined, promoting the proper design and sizing of the CaL. TCES system [51].

Most of the CaL TCES process schemes presented in the literature have a common
characteristic. The partially carbonated material found after the carbonation step circu-
lates between the calciner and carbonator reactors and through the storage system. The
solids found after the carbonation reaction are a mixture of more and less carbonated
particles. The circulation of the less carbonated or unconverted material could diminish
the process efficiency [52]. A mixture of carbonated and non-carbonated material leaves
the carbonator reactor, given the effect of sintering on CaO reactivity. The main factors
influencing CaO activity are (i) the nature of the bed and (ii) the temperature achieved dur-
ing the carbonation-calcination reactions in fluidized beds (i.e., 850 °C for carbonation and
950 °C for calcination). A less intense sintering effect occurs in limestone-only beds. The
high operating temperatures under calcination and carbonation cycles increase thermal
sintering, leading to higher particle density and lower reactive porosity [53]. Moreover, the
lower the sorbent conversion, the greater the amount of inert material circulating in the
system [54]. Pascual et al. simulated a novel solid management configuration to enhance
the CaL TCES process efficiency. The inclusion of new equipment after the carbonation
step could separate the unconverted material from the carbonated solids, recirculating the
unreacted particles into the carbonator [55]. The threshold situations were computationally
assessed, and it was found that there was no separation and total separation of the car-
bonated material. The results showed a wide difference in energy and size between both
scenarios, reaching the maximum savings under the total and ideal separation configura-
tion [56]. The potential separation between the carbonated and unconverted particles based
on the density difference was experimentally assessed by Tregambi et al. [45] given the
potential energy and size savings achievable in the CaL TCES system with the inclusion of
a solid-solid separation unit [56]. A potential partial separation between more and less car-
bonated material was evidenced, given the difference between the experimental minimum
fluidization velocity of carbonated and calcined material for the CaL process under TCES
conditions [45]. Moreover, the segregation tests in a fluidization column equipped with
a needle-type capacitive probe were performed by Di Lauro et al. to assess the technical
feasibility of the inclusion of a solid—solid separation unit after the carbonation step. The
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required minimum superficial gas velocity to classify the low-cycled material was experi-
mentally measured, given the favorable gap between the minimum fluidization velocities
for more and less carbonated material. The results show the potential segregation of less
carbonated particles that, having a lower density, are characterized by a lower minimum
fluidization velocity and tend to segregate to the upper part of the bed (flotsam). On the
contrary, the more carbonated particles, characterized by higher minimum fluidization
velocities, tend to segregate to the bottom of the bed (jetsam) [53]. However, the energy
and size requirements of the CaL TCES system with the potential partial separation of the
carbonated material still need to be addressed.

The aim of the present work was to define the CaL TCES plant demands under
a range between the two threshold scenarios: no and total separation. Moreover, the
separation effectiveness of a potential solid—solid classifier was assessed under different
levels of partial separation of carbonated material. The specific thermal consumptions and
energy storage were addressed under all ranges for partial separation. The present study
helps to develop a future separation system based on a solid—solid classifier via a density
difference. The actual classification effectiveness would depend on the characteristics of
the particles to be separated. This study serves as a direct tool for the CaL TCES system
design corresponding to a given separation effectiveness.

2. Case Study: The Partial Separation of Carbonated Solids in a CaL TCES System

The CaL. TCES process scheme to assess the effects of the partial separation of carbon-
ated material is shown in Figure 1. The storage tank (ST) system was included between
the two main reactors (i.e., the solar calciner and carbonator) with an intermediate heat
exchange (HE) network for preheating or heat recovery with 2% energy losses. The reactors
were based on fluidized bed technology, and CO, was the fluidization gas used to perform
the heterogeneous reactions of calcination and carbonation. The nominal power of the solar

calciner was set to 100 MW. When solar energy was available (defining Qcy, as the heat
power required by the calciner), the endothermic calcination reaction occurred at 950 °C
and 100% pure CO, atmosphere, forming CaO and CO; as the products (the reaction was
completely shifted towards the products). The gas and lime (CaO) particles leaving the
calciner could be sent to independent storage tanks (i.e., ST2 for CaO and ST3 for CO;) or
be fed to the carbonator (streams 1 and 2, respectively). The CO; stream directed to the
storage (stream 3) was sent to a compressor and cooling train (CCT) to reach the ST3 storage
conditions (35 °C and 75 bar). Before the CCT process, the heat exchanger named HE3
cooled the CO, stream from 950 to 50 °C. Moreover, CO, storage was required to release
the energy stored in CaO in the carbonator later. The CaO stream was cooled from 950 to
200 °C in the HE®6 to be sent to the ST2 storage tank (stream 4) or fed to the carbonator

(stream 2). When energy recovery was required in the carbonator (Qcr is the related
power), CaO and CO, were fed to the carbonator from the storage tanks or calciner. The
HES heat exchanger preheated up to 850 °C the CO; streams from (i) the calciner at 950 °C
(stream 1) and (ii) the discharging expansion (DE) process (15 °C) after the ST3 storage tank
(stream 5). The HE7 heat exchanger preheated up to the carbonator temperature (850 °C),
the mixture of CaO particles from the calciner at 950 °C (stream 2), and the ST2 storage tank
at 200 °C (stream 6). The non-complete exothermic heterogeneous carbonation reaction
involved finding partially carbonated material (stream 7) and unreacted CO; (stream 8)
as the carbonator outputs [57]. The unreacted CO, (stream 8) was sent to the CCT to be
stored at ST3 after a heat recovery in HE4 from 850 to 50 °C. The partially carbonated
material consisted of a mixture of partially carbonated particles (CaO core with a CaCOj3
shell) and less carbonated particles (mostly based on the unreacted CaO). For the first
time, Pascual et al. [55] proposed the inclusion of a new equipment piece named the solid
separation unit (SSU) to classify the partially carbonated material after the carbonation
step. A total separation of more carbonated material from the lesser one was simulated by
Pascual et al. [56] to assess the maximum energy and size savings compared to a reference
case without any separation. The recirculation of the fewer carbonated particles into the
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carbonator was assumed, reaching a size reduction of up to 74% and energy savings of up
to 28% when the SSU was implemented [56].
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Figure 1. CaL TCES scheme under the partial separation of carbonated solids scenario.

Two threshold scenarios (no and total separation) were evaluated to identify the
maximum and minimum energy and size requirements. Moreover, the potential separa-
tion of the carbonated material was experimentally assessed by Tregambi et al. [45] and
Di Lauro et al. [53]. The difference in the minimum fluidization velocity between the
calcined and carbonated particles evidenced the possibility of a potential partial separa-
tion between more and less carbonated particles. Thus, different separation degrees were
assessed in the present work to understand the effects on the plant sizing and energy
requirements. The solid material recirculated to the carbonator from the SSU at 850 °C may
have been rich in fewer carbonated particles (stream 9), while the solid material stream
that leaves the SSU with a higher concentration of partially carbonated particles (stream
10) could be directed to the calciner (stream 11) or to the ST1 storage tank (stream 12) after
cooling in the HE2 heat exchanger from 850 to 200 °C. Thus, the solids fed to the calciner
(stream 13) were provided by the ST1 storage tank after preheating from 200 to 850 °C in
HE1 (stream 14) or directly from the carbonator (stream 11) to close the loop.

2.1. Carbonation Modelling

The incomplete exothermic carbonation reaction occurred at 850 °C under a 100%
CO, atmosphere with a pressure of 1.2 bar to ensure the solid circulation between the
reactors [58]. Since the sorbent deactivates with the number of cycles N [50], a stream of
fresh limestone was fed to the calciner at 25 °C, and the spent material was purged to keep
a reasonable average sorbent activity for the particle population. The heat recovery of
the spent material from 950 to 200 °C was performed, as shown in Figure 1. The average
sorption activity was calculated in terms of the CaO carbonation degree (X) applying
Equation (2), where ry is the age distribution of the sorbent population (expressed as
a fraction of the particles subjected to N cycles) and Xy represents the degree of CaO
carbonation at cycle N. The age distribution was calculated under conservative carbon
capture conditions, applying Equation (3) [59]. The carbonation degree (Xy) under each
cycle N was defined using a novel activity decay (IAD) model [45].

[e0]
Xave = ZrN'XN (2)
1
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— 3)
(1 +fp)N

N =

2.1.1. Novel Initial Activity Decay Model

The activity decay upon cycling was estimated by applying a novel IAD model as
in Tregambi et al., Equation (4) [45], where k is the initial activity constant (X; = k;) and
ko is the activity decay constant (the higher the k;, the worse the sorbent resistance to
deactivation). Both parameters were set to the values obtained from the experimental
data under Cal. TCES conditions (i.e., 850 °C carbonation, 950 °C calcination and both
under pure CO, atmosphere) using a facility close to large-scale with a limestone bed
inventory (i.e., k; = 0.62 and k = 0.46). The experimental carbonation degree with the
carbonation—calcination cycles was obtained from the test performed in an electrically
heated fluidized bed. The novel IAD model was well-fitted to the experimental data [45].

Xy = ki-N7F 4)

2.1.2. Carbon Capture Efficiency

The carbon capture efficiency (77¢qpt) was calculated by applying Equation (5) as the
product of the average sorption activity and the Ca (as CaO)/C (as CO,) molar ratio (R) as
the input to the carbonator.

Heapt = Xave'R )

Carbonation modeling was first implemented on the CaL. TCES scheme with the total
separation of the carbonated material under nominal conditions as the base reference. A
sensitivity assessment (Figure 2) was carried out to set the proper spent material purge
fraction (f,; expressed vs. the recirculating sorbent, molar basis) to reach a carbon capture
efficiency close to 90% and a suitable value for R. The value of R was subjected to the
defined input variables of the CaL TCES system [51] including the (i) nominal power in the
calciner (Qcr), CaO purge fraction (fp), and analogous storage and discharge fractions of
CO; and CaO between the storage tanks and reactors, defining the CaO and CO, fractions
as the ratio of the mass flow rate conveyed to/from the storage tanks and the maximum
mass flow rate that could be stored [55].
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Figure 2. Sensitivity assessment of the effect of the spent CaO purge fraction (f,) under the total
separation of the carbonated solids (reference base).
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The small spent material purge (f,) and large Ca/C molar ratios (R) enhance the carbon
capture efficiency but increase the system cost [60]. The economic viability of the system
involves setting a purge value lower than 5% [60] and an R-value between 4 and 5 [60].
Therefore, a carbon capture efficiency of 96% with an average sorption activity of 20.2%
could be achieved with a purge fraction (f,) of 4% and an R-value of 4.76 under the base
reference (total separation of carbonated material). The Ca/C molar ratio of 4.76 was set
as the input operation parameter for the CaL. TCES system with the SSU implementation
under the case of partially carbonated material separation.

3. Materials and Methods

This section includes the applied methods to assess the effect on plant dimensions,
energy demands, and stored energy for different efficiencies of partial separation between
more and less carbonated material. Engineering Equation Solver (EES) software (version
number V9.944) was used to simulate the CaL. TCES scheme under the partial separation
of carbonated solids under nominal conditions (100 MW of solar energy in the calciner).
The operation of the CaL TCES scheme was developed under threshold scenarios of no
and total separation of the carbonated material in previous work [56]. The novelty of the
present work is (i) the inclusion of a new IAD model for the carbonation step based on the
experimental data [45] and (ii) the CaL TCES system energy and size assessment under the
operating conditions of the partial separation of the carbonated material. The classification
effectiveness, nominal size of the plant, calciner-specific energy consumption, and energy
storage were the results of the applied methods based on the segregation level of more and
less carbonated particles into the SSU.

3.1. Carbonated Material Separation Degree

Several operating scenarios for the SSU were assessed to understand the effect on
the energy and size requirements of different degrees for the partial separation of the
carbonated material. Although the CaL TCES system was designed to store energy, the
calculations were applied to nominal conditions in both reactors without storage to define
the CaL TCES system thresholds. The operation of the CaL. TCES system under partial
separation was influenced by the unreacted material circulating between the reactors
and the higher number of carbonated particles recirculating into the carbonator. Thus,
two variables were defined: the lower and higher carbonated material ratios. The lower
carbonated material ratio (/c,0, Equation (6)) is the mass flow rate of the unreacted material
circulating in the CaL TCES system with respect to that of the lesser carbonated stream fed
to the SSU from the carbonator (1 and x represent, respectively, the mass flow rate and mass
fraction). The second variable (17caco,, Equation (7)) is the ratio between the mass flow rate
of the greater carbonated particle stream recirculated into the carbonator and the mass flow
rate of the higher number of carbonated particles fed to the SSU from the carbonator. The
lower carbonated material ratio shows the unreacted material fraction conveyed through
the CaL TCES system from the SSU, while the greater carbonated material ratio points
out the fraction of the carbonated particles wthat arerecycled into the carbonator from the
SSU. The lower the value of these ratios, the more efficient the CaL system TCES is; for
1ca0 = Ncaco, = 0, the total and ideal separation of the greater or lesser carbonated material
was obtained.

_ M§SU—CL"XCaO,S$SU~CL
a0 = .
mssu-XcaO,SSU

(6)

 M§sU—CR*XCaCO3,5SU~—CR
1caco; = . ()
MSSU" XCaCOs,SSU

The experimental minimum fluidization velocity data obtained by Tregambi et al. [45]
led to a potential partial separation between more and less carbonated particles. The new
SSU equipment proposed by Pascual et al. [55] could be based on a solid-solid classifier. A
tapered fluidized bed reactor could induce the segregation of fewer carbonated particles
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with a lower density to the top of the reactor when the operation regime is under transient
fluidization [61]. The global classification effectiveness E was computed using Equation (8),
which was implemented for tapered fluidized bed reactors to identify the efficiency degree
of material separation [61].

E = Ecaco,-Ecao = (1 —1caco,)-(1 = 1cao) 8)

The classification effectiveness is the product of the jetsam (Ec,co,) and flotsam (Ecz0)
classification effectiveness, being the jetsam composed of the material that is more carbon-
ated (i.e., CaCOs-based) and the flotsam by the unreacted material (i.e., CaO-based). The
Ecaco, is defined as the ratio between the CaCOs3-based material flow rate directed to the
calciner or storage tank ST1 from the SSU and the greater carbonated material flow rate fed
to the SSU from the carbonator, while the Ec,o is the mass flow rate of the CaO-based mate-
rial cycled back to the carbonator from the SSU with respect to the unreacted material flow
rate fed to the SSU from the carbonator. The jetsam classification effectiveness shows the
fraction of the material that is more carbonated, which leaves the SSU at the bottom directed
to the calciner. The flotsam classification effectiveness represents the potential segregation
of the sunreacted material, which leaves the SSU at the top towards the carbonator.

3.2. Specific Energy Definitions: Consumption and Storage

Two parameters were defined to assess the specific terms of energy influenced by
the different effectiveness of the partial separation of the carbonated material: (i) the
specific thermal energy consumption in the calciner and (ii) the specific thermal and
chemical energy storage. The specific thermal energy consumption in the calciner (SCc¢p),
Equation (9), indicates the thermal energy requirements to preheat the input solids to the cal-
ciner from 850 to 950 °C and the calcination reaction demand per CaCOs-based stream fed

to the calciner. In Equation (9), Qpre represents the preheating heat power, while 7 is a molar
flow rate.

. . 0 -
o Qpre,CaO + Qpre,CaCO3 +AHR'nCaCO3,CL

SCer ©)

MCaCO,,CL

The specific energy storage (SES), Equation (10), involves the sensible heat (SH) of the
material stored in the CO, (ST3, Figure 1) and CaO (ST2, Figure 1) storage tanks and the
chemical energy released when the stored CaO-based material is carbonated later, as per
the stored CaO-based stream in the ST2 storage tank.

_ SHeao + SHco, +AHY icacos,cr

ThCaO,st

SES (10)

4. Results and Discussion
4.1. Classification Effectiveness

The global classification effectiveness, computed using Equation (8), led us to uncover
the feasible operating points under the solid—solid separation. It is illustrated in Figure 3 as
a function of the higher and lower carbonated material ratios.

The classification effectiveness of the SSU increased when a lower ratio of carbonated
material was directed to the calciner or ST1 storage tank and a lower ratio of carbonated
particles was recirculated into the carbonator. The ideal and total separation configuration
of the CaL TCES system was equivalent to a classification effectiveness of 100%, conveying
(i) the lower amount of carbonated material into the carbonator (1c,0 = 0) and (ii) the higher
amount of carbonated material to the calciner (17c,co, = 0). A separation effectiveness
higher than 75% was found for the CaO-based and CaCOj3-based ratios lower than 25%.
The classification effectiveness (E) reached 81% when 10% of the unreacted particles left
the SSU and directed to the calciner (yc,0 = 0.1), and 10% of the greater carbonated
ones were segregated at the upper part of the SSU to be recycled into the carbonator
(caco, = 0.1). However, the separation effectiveness decreased to 25% when half of the
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more and less carbonated particles were cycled back to the carbonator (17c,co, = 0.5 and
cao = 0.5). Finally, it was observed that a higher recirculation of unreacted CaO into the
carbonator resulted in a higher classification effectiveness.

IOt
0.9 I
0.8 . E
0.7 L ()
~ 06 I )
g 0% I 0.25
S 041 i
. 0.50
0.3 i 0.75
a5 I ] 1.00
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0
M. )

Figure 3. Global separation effectiveness (E) as a function of more and less carbonated material ratios.

4.2. Specific Thermal Energy Demand and Storage

The specific thermal energy variables for consumption and storage were calculated
using Equations (9) and (10), respectively, shown in Figure 4 as a function of #c,0. Both
parameters assume the most advantageous value when the circulation between the reactors
of the less carbonated material is zero, with the lowest energy demand (1.9 MJ/kg CaCO3)
and the highest energy storage (3.4 MJ/kg CaO).
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Figure 4. Specific energy consumption in the calciner (SCcy) and specific energy storage (SES) under
different ratios of inert solid material circulating in the CaL TCES system (#c,;0).

In more detail, for SC¢j, the lower the inert solid input into the calciner, the greater
the amount of carbonated material to be calcined. For SES, its highest value was almost
5 times the value obtained when no separation (17¢,0 = 1) is considered (0.7 MJ/kg CaO).
On the other hand, the influence of a higher carbonated material ratio (17c,co,) on both
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variables (SC¢; and SES) was minimal, reaching a defined value within all ranges of the
lower carbonated material ratio (i.e., SC¢cr = 2 MJ/kg CaCO3 and SES = 1.1 M]/kg CaO
under 77¢40 of 0.5 and 17¢,co, from 0 to 1).

4.3. Nominal Streams to/from SSU

The input solid to the SSU and both output streams to the calciner and carbonator
were assessed under nominal conditions. Moreover, the mass fraction of unreacted CaO for
each inlet and outlet stream in the SSU was determined. The solid management in the SSU
affected the circulation of the inert material in the system and, therefore, the plant size.

The solid input into the SSU from the carbonator and its content of carbonated material
are shown in Figure 5. When the classification effectiveness reached 100% (17caco; = 11cao = 0),
the mass flow fed into the SSU from the carbonator was 171.1 kg/s, and this stream was rich
in unreacted material (xc,0,ssu = 0.69). However, under a lower classification effectiveness
of 25% (11caco, = 11cao = 0.5), the solid input into the SSU could increase up to 201.8 kg/s
with an unreacted material content (Xc,0,ss17) of 55%. The SSU input stream (Figure 5a)
increased when the recirculation of more carbonated material into the carbonator rose, and
less unreacted material was found in the carbonator outlet (Figure 5b). The technical and
design feasibility of the SSU could be compromised for high values of the higher carbonated
material ratio (17c,co,). Moreover, the larger the presence of less carbonated material in the
SSU feed flow rate (xc,0,5su), the higher the separation effectiveness.
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(a) (b)

Figure 5. Solid fed to the SSU from the carbonator as a function of higher and lower carbonated
material ratios: (a) input flow rate to the SSU, (b) mass fraction of unreacted CaO in the SSU
input stream.

The values for the solid stream recirculated into the carbonator are illustrated in
Figure 6. The smaller the carbonated material flow rate that is recirculated into the carbona-
tor, the larger the avoided unreacted CaO material circulating between the reactors.

The evolution of the solid stream leaving the SSU directed to the calciner or the ST1
storage tank is shown in Figure 7. The higher the carbonated material ratio (17¢,0), the
larger the amount of inert material circulating in the system (xc,0,ss17—c1)- The mass flow
rate fed into the calciner increased from 53 to 144 kg /s, with a content of 0 to 72% in the
unreacted material, raising the inert solids in the circulation. The higher the amount of
inert material fed into the calciner, the greater the energy requirements to preheat the solids.
Moreover, the SCc, was 13% higher when no separation of carbonated material takes place,
compared to an operation with 100% recirculation of inert material into the carbonator.
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Figure 6. Solids leaving the SSU directed to the carbonator as a function of higher and lower
carbonated material ratios: (a) output flow rate from the SSU to the carbonator, (b) mass fraction of
unreacted CaO in the SSU output stream recirculated into the carbonator.
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Figure 7. Mass flow rate and unreacted CaO content of solids leaving the SSU directed to the calciner
as a function of the lower carbonated material ratio.

4.4. Nominal Size of the Plant Equipment

The heat recovery from the carbonator and the size of two of the heat exchangers
affected by the solid streams were determined under different separation points and

nominal scenarios.

Figure 8 shows the nominal size of the carbonator influenced by the partial carbonated
material separation. The lower the circulation of carbonated material between the reactors,
the higher the heat released by the carbonator with the same nominal input of solar energy

in the calciner (100 MW).
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Figure 8. Nominal size of the carbonator and heat exchangers affected by solid streams (HE2 and
HE?), expressed in terms of thermal power under different lower carbonated material ratios (17¢;0)-

The size evolution of the heat exchangers next to the SSU and affected by the solid
streams are also illustrated in Figure 8. The HE2 heat exchanger was located before the
ST1 storage tank to cool the solid stream from the SSU. The maximum size could be
achieved when no solid feed was required for the calciner. The greater the amount of
carbonated material led to the ST1 storage tank, the larger the size required for HE2. The
HE? heat exchanger was situated before the carbonator to preheat the solid input stream.
The maximum requirements were achieved when HE? only received solid streams from
the ST2 storage tank and the SSU. The lower the amount of carbonated material circulating
between the reactors led to a smaller size required for HE7.

Therefore, potential partial separation may be feasible when solid management be-
tween reactors diminishes. The lower the circulation of unreacted material in the system
and the lower the recirculation of more carbonated material into the carbonator, the bet-
ter the classification effectiveness of the SSU and the specific energy storage. Moreover,
the specific calciner consumption and plant size affected by the solid streams could be
minimized, enhancing the retrieved energy from the carbonator.

5. Conclusions

A wide assessment of the energy and size requirements of a CaL. TCES system was
addressed. A suitable magnitude range of the CalL-based storage system was obtained
under potential partial separation effectiveness after a carbonation reaction. The potential
partial separation between less and more carbonated material was assessed given the
potential energy and size savings achieved under a simulation. The future development of
a solid—solid classifier after the carbonation step by the density difference started with the
present research work. The energy and size requirements of the CaL TCES system were
obtained under several operating points, combining different potential separations between
less and more carbonated material. It was observed that the higher the recirculation of
unreacted material into the carbonator (low nCaO), the lower (i) the specific thermal energy
consumption at calciner (SCCL) and (ii) the intermediate plant equipment size affected
by solid streams (i.e., HE2, HE7). When there was no circulation of inert material in the
CaL TCES system, the specific consumption in the calciner decreased by 12% to 1.9 MJ /kg
CaCOg, and the size of the heat exchangers diminished up to 56 and 76% for HE2 and
HE?, respectively. The retrieved energy from the carbonator and the specific energy storage
increased when the circulation of inert material between the reactors diminished (low
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1ca0)- The nominal size of the carbonator rose to 32% for a classification effectiveness of
100%, which means that more heat was released for the same solar input in the calciner.
The specific energy storage reached its maximum value (3.4 MJ/kg CaO) when the inert
material cycled back to the carbonator. Moreover, a lower circulation of solids could be
reached under higher classification effectiveness, minimizing the energy and size demands
of the CaL TCES system. Both ratios defined to assess the potential operation points under
partial separation of carbonated material affect the design of the CaL TCES system. The
lower the carbonated material ratio (17¢;0), the lower the circulation of the inert material
between the reactors and the greater the energy and size savings of the CaL TCES system.
The greater the carbonated material ratio (17caco,), the more compromised the technical
feasibility of the SSU given the increase in the solid feed.

The present work serves as a direct tool for CaL TCES plant design under the potential
partial separation of carbonated material. Further work must focus on the experimental
assessment of carbonated particle segregation. The proper development and design of
a solid—solid classifier via density difference could be achieved via an experimental test
to predict the classification effectiveness, which is influenced by physical factors of the
particles to be separated (i.e., granulometry (size and diameter), density, and minimum
fluidization velocity).
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Nomenclature

Symbols

E Global classification effectiveness, -

Ecaco, Jetsam classification effectiveness, -

Ec.o Fotsam classification effectiveness, -

f Fraction, -

k Model constant, -

m Mass flow rate, mass/time

n Mole flow rate, moles/time

N Number of carbonation/calcination cycles, -
Q Heat power, energy/time

r Age distribution of sorbent population, -

R Molar ratio CaO/CQO, at carbonator inlet, -
sC Specific thermal energy consumption, energy/mass
SES Specific energy storage, energy/mass

SH Sensible heat, energy/time

X CaO carbonation degree, -

AHY, Enthalpy of calcination/carbonation, energy/moles
1CaCO;s More carbonated material ratio, -

1ca0 Less carbonated material ratio, -

Heapt Carbon capture efficiency, -

X Mass fraction, -
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Subscripts and superscripts
1

Initial sorbent conversion

2 Activity decay
ave Average
CR Carbonator
CL Calciner
N Number of carbonation/calcination cycles
P Purge
pre Preheating
st Storage
ssu Solid-solid separation unit
Acronyms and abbreviations
CaL Calcium Looping
CCT Compressor and cooling train
CSP Concentrating solar power
DE Discharging expansion
EES Engineering equation solver
HE Heat exchanger
IAD Initial activity decay
PV Photovoltaic
SsU Solid-solid separation unit
ST Storage tank
TCES Thermochemical energy storage
TES Thermal energy storage
TGA Thermogravimetric analysis
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