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A B S T R A C T

The calcium-looping (CaL) process comprises an endothermic calcination reaction, where CaO and CO2 are
generated from CaCO3, and its reverse exothermic carbonation reaction. CaL is promising for thermochemical
energy storage (TCES) in concentrating solar power plants. The CaL-TCES process includes: a calciner where
solar energy is transformed into thermochemical energy; a carbonator where the stored energy is released;
turbines for electrical power generation; and tanks where the reaction products are stored. In this work, the
CaL-TCES process is simulated and optimized using gPROMS Process. The innovation lies in identifying process
improvements: make-up and purge streams to reduce CaO deactivation after cycling; a water separation process
at the calciner outlet to allow calcination with water vapor as fluidizing gas; and the use of several degrees of
freedom for process optimization. The goal is to maximize the thermal-to-electrical efficiency. By optimizing
the carbonator and main turbine outlet pressures, the efficiency is improved from 38.1 % in the literature to
39.2 %. When make-up and purge streams are considered, the savings in power supply owing to the purged
CaO allow improving the efficiency to 43.0 %. The water separation process reduces the thermal-to-electrical
efficiency to 34.7 %, but allows a higher solar-to-thermal efficiency or a smaller calcination reactor.
1. Introduction

The variability of some types of renewable energy is considered one
of the main obstacles to their widespread adoption. Energy storage is es-
sential to deal with this issue. Concentrating solar power (CSP) systems
rely on the concentration of solar energy in a receiver, allowing high-
temperature thermal energy storage (TES) and power dispatchability.
The most common solution for TES relies on nitrate-based molten salts
as heat transfer and storage medium, the operational limitations of
which do not allow high efficiencies since they need to be kept between
220 ◦C and 560 ◦C. An alternative method for TES in CSP systems is
thermochemical energy storage (TCES), which is based on reversible
reactions. For example, a promising option is the calcium-looping

∗ Corresponding author at: LSRE-LCM - Laboratory of Separation and Reaction Engineering – Laboratory of Catalysis and Materials, Faculdade de Engenharia,
Universidade do Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal.

E-mail addresses: dfrodrigues@fe.up.pt, dfmr@tecnico.ulisboa.pt (D. Rodrigues), carla.pinheiro@tecnico.ulisboa.pt (C.I.C. Pinheiro), rfilipe@isel.ipl.pt
(R.M. Filipe), filipe.mendes@tecnico.ulisboa.pt (L.F. Mendes), henrimatos@tecnico.ulisboa.pt (H.A. Matos).

(CaL) process for TCES, which relies on a cycle that comprises (i) an
endothermic calcination reaction, with a standard enthalpy of reaction
of 178.4 × 103 J mol−1, in which CaO and CO2 are generated from
CaCO3 in a solar reactor, and (ii) an exothermic carbonation reaction,
in which CaCO3 is formed from CaO and CO2. The reaction products
are stored in tanks until the reverse reaction is carried out. This process
is advantageous with respect to the use of molten salts since CaO
precursors such as limestone are cheap, abundant, and harmless, the
energy density is large (> 3 GJ m−3), and carbonation can occur at high
temperatures, which improves the efficiency in CSP plants [1]. A main
disadvantage is CaO deactivation after several cycles, which decreases
352-152X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access ar
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the conversion in the carbonator [2]. More details about the CaL-TCES
process can be found in a recent review paper by Yan et al. [3].

Several versions of the CaL-TCES process have been proposed,
which typically include a heat exchanger network around the calciner
and the carbonator to promote heat integration and to increase the
process efficiency. Edwards and Materić [4] proposed a first version of
the CaL-TCES process, based on an open and direct Brayton cycle where
air without CO2 is used as the heat transfer fluid between the energy
elease in the carbonator and the gas turbine for power production and
s then released to the environment. However, the assumption that air
ithout CO2 leaves the carbonator is not satisfied since the equilibrium

pressure of CO2 in a carbonation reaction is not zero. Chacartegui
t al. [2] proposed a CaL-TCES process with a closed and direct CO2
rayton cycle, where CO2 is fed to the carbonator in excess and the
on-reacting CO2 transfers the energy released in the carbonator to a
as turbine for electrical power generation. Alovisio et al. [5] showed
hat the heat exchanger network proposed by Chacartegui et al. [2]
s the optimal one according to a pinch-analysis methodology. Ortiz
t al. [6] concluded that a closed and direct CO2 Brayton cycle allows
chieving higher efficiencies than closed and indirect cycles, such as
steam Rankine cycle or a supercritical CO2 Brayton cycle, or even a

ombined cycle with both the direct CO2 Brayton cycle and the indirect
team Rankine cycle. According to these studies, process efficiencies
f around 45 % can be achieved with the proposed cycle. However,
ontinuous solid–solid heat exchangers and gas–solid heat exchangers
ith counter-current flow are assumed in these works, which may be
nrealistic. For this reason, Ortiz et al. [7] proposed another version of
he CaL-TCES process with a closed and direct CO2 Brayton cycle and
ithout these types of heat exchangers. Efficiencies above 38 % were
chieved for specific carbonator and main turbine outlet pressures, but
heir combined effect was not fully evaluated. Pascual et al. [8] studied
he performance of the CaL-TCES process for various combinations of
torage and discharge modes regarding storage and heat exchangers,
hile Bailera et al. [9] focused on the sizing of the carbonator. How-
ver, heat integration was not considered. Ortiz et al. [10] proposed
he integration of the CaL-TCES process in combined cycles to increase
he solar power share of Integrated Solar Combined Cycles, while Ortiz
t al. [11] applied this concept to deal with the variability of the solar
ower input throughout the day and the year. Both works consider the
se of a heat transfer fluid such as CO2 that passes through irradiated
ubes in a solar receiver and transfers heat to the calciner via coiled
eat exchangers when solar radiation is available, while similar coiled
eat exchangers are used to transfer heat from the carbonator to the
luid when solar radiation is not available. However, solid–gas reactors
riven by concentrated solar energy, in particular indirectly irradiated
luidized bed reactors, represent a viable technology with potential
pplication to solar calcination in the CaL-TCES process [12], and other
onfigurations of the CaL-TCES process do not require significant heat
xchange in the carbonator [7]. In contrast, the configuration proposed
y Ortiz et al. [10] and Ortiz et al. [11] hinders the role of radiation
etween an irradiated surface and a solid–gas suspension as an efficient
eat transfer mechanism and requires very high receiver temperatures
hen solar radiation is available, while it also implies significant heat
xchange in the carbonator, which may lead to large receiver losses
nd requires coupling the calcination and carbonation reactors to very
arge heat exchangers.

In the CaL process for post-combustion CO2 capture, which has
een thoroughly discussed in the literature, a make-up stream with
resh CaCO3 is typically added to the calciner and a purge stream
s used to remove the spent sorbent and to prevent excessive CaO
eactivation [13]. The deactivated CaO in the purge stream can then
e used as a raw material for cement production [14]. However, the
revious studies found in the literature about the CaL-TCES process do
ot consider CaCO3/CaO make-up and purge streams, which would also
nable efficiency gains in the CaL-TCES process owing to the conversion
2

f CaCO3 to CaO. t
In several works related to the CaL process for post-combustion CO2
apture, fluidized bed reactors have been used for calcination [15].
ince it is expected that these reactors would also be used for cal-
ination in the CaL process for TCES, computational models of these
eactors have been developed by Lisbona et al. [16] and Rodrigues
t al. [17]. The CaL-TCES process described in the literature implicitly
ssumes that the gas phase in the calciner contains pure CO2 since
o gas separation unit or process is included. However, in fact, it
ould be beneficial to use another gas for fluidization since it would

ncrease the reaction rate and would make the calcination reaction
ore thermodynamically favorable owing to a lower equilibrium tem-
erature. In turn, this would enable the use of a smaller residence time
nd a lower temperature in the calciner, and consequently, a smaller
eactor and a reduction of the radiative energy losses. Water vapor
n a mixture with the CO2 generated by the calcination reaction is a
articularly suitable option as a fluidizing gas for calcination since it
s abundant and commonly used in the industry and can be separated
rom CO2 via condensation at moderate pressures and temperatures.
owever, the literature simply mentions the existence of an energy
enalty associated with the use of water vapor for calcination in the
aL-TCES process due to the energy consumption to bring back the
ater vapor to the calcination temperature after separation, without
uantifying that penalty [1]. Hence, it would be useful to develop a
rocess for water separation that minimizes energy consumption and
o quantify that energy consumption.

The effect of the presence of water vapor during calcination or
arbonation on the reactivity and cyclic behavior of CaCO3/CaO for the
aL process has been studied, both for post-combustion CO2 capture

and for TCES.
The following results were obtained in the conditions of CaL-CO2

capture: (1) The conversion of about 70 % of carbonation of the CaO
produced with H2O during calcination is higher than the conversion
of about 40 % of the CaO produced in 100 % CO2 [18]. (2) The
carrying capacity after 10 cycles is significantly improved with H2O
during calcination (up to 30 %) with respect to the case without H2O
(between 11 % and 19 %). The improvement was observed even with
only 0.1 % H2O, while no significant improvement was obtained from
1 % to 20 % H2O, and a synergy was observed when H2O is present for
both calcination and carbonation [19]. (3) Water during calcination has
a positive effect on the carrying capacity of CaO and on the carbonation
reaction rate, with the optimal performance at 15 % H2O. On the other
hand, 40 % H2O combined with a lower calcination temperature of
875 ◦C allows achieving the highest carrying capacity, and H2O during
carbonation improves the carrying capacity more than H2O during
calcination [20]. (4) A synergy was observed between doping with
bromides and the presence of H2O, which increases the CO2 uptake to
7 g/100 g of sorbent after 10 cycles from the uptake of 14 g/100 g of
orbent for undoped sorbent and no H2O present. Also, the uptake after
min is 4 times higher for doped pellets in the presence of H2O [21].

5) A higher content of impurities leads to a larger reduction of the
alcination reaction time caused by the presence of H2O. [22].

The following results were obtained in the conditions of CaL-TCES:
1) Water at 3 % and 29 % during calcination increases the reaction rate
nd allows full calcination at 700 ◦C in less than 10 min, and 29 % H2O

allows decreasing the calcination temperature to 680 ◦C and increases
the multicycle performance by about 50 %. The activation energy of
carbonation is reduced from 175 kJ/mol for calcination without H2O
to 142 kJ/mol for calcination at 29 % H2O [23]. (2) Water during
carbonation does not affect the residual conversion, although the use
of N2/CO2 improves the residual conversion with respect to 100 %
CO2. This contrasts with CaL-CO2 capture, where H2O during both
calcination and carbonation improves the multicycle performance of
CaO [24]. (3) The conversion of the carbonation reaction is lower
when calcination is performed with H2O at 3 % and 29 % in CO2 than
when H2O at 3 % and 29 % in N2 is used and increases more with

he concentration of H2O in the latter case, although just 3 % H2O
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in CO2 already results in substantial improvement of the multicycle
performance. Water during calcination also allows using larger particles
with more than 100 μm with improved multicycle performance [25].
(4) The calcination temperature in the presence of H2O is lower than
when dry N2 is used. The calcination kinetics can be described by a
single rate expression that includes the effect of temperature and H2O
partial pressure by using parameters such as the exponent (around
0.14) of a power of the H2O partial pressure that expresses its ac-
celeration effect [26]. (5) The multicycle conversion of CaO calcined
under H2O is slightly lower than under N2, but more than 5 times
larger than under pure CO2, while calcination under H2O occurs at a
lower temperature and faster rate than under N2. Although calcination
at 100 % H2O aggravates the attrition of limestone, an 80 % H2O
mixture in CO2 does not affect much the heat storage performance and
the calcination temperature and reaction rate, while it improves the
attrition resistance [27].

However, as the literature review about the effect of water vapor
in the previous paragraphs shows, most of this literature concerns: (i)
the CaL-CO2 capture process, which uses operating conditions that are
rather different from the ones that are used in the CaL-TCES process;
or (ii) experimental studies about the effect of the presence of water
vapor during calcination and/or carbonation on the properties of the
CaCO3/CaO mixture, which do not directly deal with the implemen-
tation of the use of water vapor as fluidizing gas in the solar calciner
of the CaL-TCES process and its implications. In contrast, the current
paper (i) shows how the use of water vapor during calcination could
be implemented in the CaL-TCES process via a water separation process
at the calciner outlet, (ii) proposes a specific process to implement this
water separation, and (iii) quantifies the effect of this water separation
process on the thermal-to-electrical efficiency of the whole CaL-TCES
process.

In this work, three innovative aspects with respect to the literature
re introduced: (i) the CaL-TCES process is optimized by choosing
ptimal values of key variables such as the carbonator and main turbine
utlet pressures; (ii) the existence of make-up and purge streams is con-
idered, and their effect on the efficiency gains owing to the conversion
f CaCO3 to CaO is evaluated; (iii) a process for water separation from
he gas stream at the outlet of the solar calciner is proposed, with the
oal of enabling the use of water vapor for fluidization in the calciner
nd quantifying the associated energy penalty. The CaL-TCES process
roposed by Ortiz et al. [7], for which a basic flowchart is shown in
ig. 1, is used as a benchmark and starting point for a simulation and
ptimization study of a process with optimized operating conditions.
o this end, the maximization of the thermal-to-electrical efficiency
ubject to relevant process constraints is formulated as an optimiza-
ion problem. To the best of our knowledge, this work proposes the
se of numerical methods for optimization of the CaL-TCES process
or the first time. Although other relevant aspects related to process
esign and operation are mentioned as a motivation for the modeling
hoices, this work focuses on the quantification and optimization of the
hermal-to-electrical efficiency.

. Process modeling and optimization

As mentioned, the CaL-TCES process that is simulated and optimized
n this work is based on the process proposed by Ortiz et al. [7]. The
urrent work also includes the simulation and optimization of a water
eparation process to allow using water vapor as fluidizing gas in the
olar calciner.

.1. Description of the CaL-TCES process

Figs. 2 and 3 show a simplified schematic of the CaL-TCES process
hen solar radiation is available or not. The process includes: a solar

alciner (CALC) at 900 ◦C and 1 bar where solar energy heats up
mixture of CaCO and CaO and fully converts CaCO to CaO and
3

3 3
Fig. 1. Basic flowchart of the CaL-TCES process proposed by Ortiz et al. [7]. Black
solid lines represent material flow of solid streams, black dashed lines represent material
flow of gas streams, and red lines represent energy flow.

CO2; a carbonator (CARB) at 850 ◦C where the chemically stored
energy is released by converting CaO and CO2 to CaCO3; turbines for
electrical power generation; tanks modeled as sources and sinks, where
the reaction products are stored before their use as reactants; and a heat
exchanger network around the reactors to enable heat integration.

When solar radiation is available, calcination occurs in the solar
calciner, and the CO2 that leaves the calciner (i) heats up the solids
that enter the calciner in a cyclone modeled as a co-current heat
exchanger (GSHE1) and (ii) evaporates water in a heat recovery steam
generator (HRSG) that provides steam at 400 ◦C and 40 bar, which is
then used in a Rankine cycle with a steam turbine (ST), a condenser
(COND) at 0.075 bar, and a pump (P1); a part of the CO2 passes
through a high-pressure compressor (HCOMP) before entering the CO2
storage tank at 25 ◦C and 75 bar when solar radiation is available
and passes through a high-pressure gas turbine (HTURB) after leaving
the storage tank when no solar radiation is available. The CO2 that
enters the carbonator either (i) passes through the main compressor
(MCOMP) or (ii) comes from the calciner after passing through the
auxiliary compressor (MCOMD) when solar radiation is available or
from the CO2 storage tank when no solar radiation is available; a
fraction (determined by a splitter) of this CO2 is pre-heated by the CO2
that leaves the carbonator and passes through the main gas turbine
(MTURB) in a gas–gas heat exchanger (HXG); the remaining CO2 that
enters the carbonator is pre-heated in a cyclone (GSHE2) by solids;
these solids are the ones that leave the carbonator and are then used in
another cyclone (GSHE3) to heat up all the CO2 just before it enters the
carbonator. The process on the carbonator side operates continuously
for 24 h every day, while the process on the calciner side operates
only when solar radiation is available. The implementation details in
gPROMS Process are given in Section S1 (Supplementary Material).

2.2. Description of the water separation process

As previously mentioned, the CaL-TCES process described in the
literature implicitly assumes that the gas phase in the calciner is com-
posed of pure CO2. In this paper, this assumption is eliminated by using
a fluidizing gas for the calcination reactor that consists of water vapor
in a mixture with the CO2 generated by the calcination reaction. Section
S2 justifies why this use of water vapor decreases the thermal losses,
reduces CaO deactivation, and allows the use of a smaller residence
time. This is enabled by a process that is proposed for water separation
from the CO2 in the gas stream at the calciner outlet. This subsection
focuses on this water separation process.

The goal is to propose a process for separation of the gas outlet
stream of the solar calcination reactor, which includes the water vapor
used for fluidization in the calcination reactor as well as the CO2
generated by the calcination reaction, into two streams: (i) one with
a high fraction of water to be recycled to the inlet of the calcination
reactor; and (ii) another with a high fraction of CO2 to replace the
gas outlet stream of the calcination reactor for the case of calcination

under pure CO2. At the same time, the separation process should ensure
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Fig. 2. Schematic of the CaL-TCES process when solar radiation is available. Legend: �̇� — Solar power; �̇� — Electrical power; CALC — Calciner; CARB — Carbonator; COND
Condenser; GSHE — Gas–solid heat exchanger; HCOMP — High-pressure compressor; HRSG — Heat recovery steam generator; HXG — Gas–gas heat exchanger; MCOMD —

uxiliary compressor; MCOMP — Main compressor; MTURB — Main gas turbine; P — Pump; ST — Steam turbine. Light shading represents equipment that is not operating, filled
riangles represent mixers, and triangles without filling represent splitters.
Fig. 3. Schematic of the CaL-TCES process when solar radiation is not available. Legend: �̇� — Solar power; �̇� — Electrical power; CARB — Carbonator; COND — Condenser;
GSHE — Gas–solid heat exchanger; HTURB — High-pressure gas turbine; HXG — Gas–gas heat exchanger; MCOMP — Main compressor; MTURB — Main gas turbine. Light shading
represents equipment that is not operating, filled triangles represent mixers, and triangles without filling represent splitters.
that its two outlet streams reach the same temperature of 900 ◦C and
ressure of 𝑝0 = 1 bar of the gas outlet stream that leaves the calcination
eactor, while avoiding as much as possible the consumption of any
hermal energy for this separation. As described below, almost all the
nergy consumption in this separation process is related to the use of
ompressors to recompress the water vapor to the pressure 𝑝0, which,

along with the proposed order of unit operations, allows avoiding as
much as possible consumption of any thermal energy for separating
and restoring the same conditions of the gas outlet stream of the solar
calcination reactor.

The proposed process for separation of water and CO2 at the calciner
outlet includes: 𝑛 stages of unit operations; and an initial cooling step
and a final separation and heating step for the streams before and after
the separation stages. This is shown by the basic flowchart in Fig. 4,
which does not include heat integration for the sake of simplicity.
The main idea in this process is to enable heat integration between
condensation/cooling and evaporation/heating in each basic separation
stage and between the initial cooling and final heating steps before and
after the separation stages. In particular, evaporation takes place before
compression because this allows performing evaporation at a lower
4

temperature, which is required to ensure that evaporation is performed
at a lower temperature than condensation in each separation stage 𝑖
since condensation occurs at pressure 𝑝0. Hence, the basic separation
stage 𝑖 with heat integration is described by the simplified schematic in
Fig. 5 and the initial and final steps with heat integration are described
by the simplified schematic in Fig. 6. The number 𝑛 of separation stages
should be such that the fraction of water in the CO2-rich vapor phase
that leaves stage 𝑛 is sufficiently small for the final separation step. The
implementation details in gPROMS Process are given in Section S3. In
particular, a value of 𝑛 = 3 is used for this implementation. The stage 𝑖
is characterized by a temperature 𝑇𝑖 and a pressure 𝑝𝑖 and is composed
of several unit operations, as follows:

• The mixture of water and CO2 that enters the stage for separation
is divided into a vapor stream and a liquid stream according to
the vapor–liquid equilibrium of water and CO2 at pressure 𝑝0 and
temperature 𝑇𝑖 in an adiabatic flash drum FLASH𝑖.

• The vapor stream that leaves FLASH𝑖 as saturated vapor flows
to the next stage 𝑖 + 1 for separation, or to a final flash drum
FLASH(𝑛 + 1) for further separation if 𝑖 = 𝑛.
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Fig. 4. Basic flowchart of the proposed water separation process without heat in-
tegration. Black solid lines represent material flow of liquid streams, black dashed
lines represent material flow of gas streams, and red lines represent energy flow. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Schematic of the separation stage 𝑖 with heat integration in the water separation
rocess. Legend: �̇� — Electrical power; CF — Pre-flash cooler; COMP — Compressor;

CONEVAP — Condenser/evaporator; FLASH — Flash drum; HF — Make-up water
heater/pre-flash cooler; ICOOL — Intercooler; PDROP — Pressure drop. Filled triangles
represent mixers.

Fig. 6. Schematic of the initial cooling and final separation and heating steps with heat
integration in the water separation process before and after the 𝑛 separation stages.
egend: CFG — Cooler for fluidizing gas; CO2HX/H2OHX — Heat exchanger for initial
ooling and final heating of CO2/H2O; FLASH — Flash drum; HCO2 — CO2 heater;
CO2L/SH2OL — Low-temperature separator for CO2/H2O. Filled triangles represent
ixers, and triangles without filling represent splitters.
5

• The liquid stream that leaves FLASH𝑖 as saturated liquid is subject
to an adiabatic pressure drop from a pressure of 𝑝0 to 𝑝𝑖 in
PDROP𝑖.

• The gaseous mixture of water and CO2 to be separated in the stage
enters the heat exchanger CONEVAP𝑖 as vapor at pressure 𝑝0 from
the flash drum FLASH(𝑖−1) in the previous stage or, if 𝑖 = 1, from
the gas outlet stream of the calcination reactor after cooling. This
mixture is the hot fluid and partially condensates by exchanging
heat with a cold fluid that corresponds to the outlet stream of
PDROP𝑖, which leaves the heat exchanger as saturated vapor.

• To compensate for the water vapor that flows to the final flash
drum and is not directly recovered from the liquid streams that
leave the flash drums in the different stages, liquid make-up water
at 40 ◦C is fed to each stage. The make-up water stream is heated
up in the heat exchanger HF𝑖 by the hot outlet of CONEVAP𝑖.

• The heat exchanger CF𝑖 is used to reduce the temperature of
the hot outlet of HF𝑖 to 𝑇𝑖. It uses a stream of pure water as
cooling fluid, where this stream comes from the corresponding
heat exchanger HF(𝑖+ 1) in the next stage (or is at 40 ◦C if 𝑖 = 𝑛)
and goes to the corresponding heat exchanger HF(𝑖 − 1) in the
previous stage (or to serve as hot fluid in the final heating step if
𝑖 = 1).

• The stream that is evaporated in CONEVAP𝑖, the make-up water
stream that is evaporated as mentioned next, and the correspond-
ing streams from the next stages enter a mixer as water-rich
saturated vapor at pressure 𝑝𝑖. The resulting stream goes through
the compressor COMP𝑖, where its pressure is increased from 𝑝𝑖 to
𝑝𝑖−1.

• Before the outlet stream of COMP𝑖 flows to the previous stage
for further compression or to the final heating step if 𝑖 = 1, it is
used as hot fluid in the heat exchanger ICOOL𝑖 to evaporate the
make-up water stream that corresponds to the cold outlet stream
of HF𝑖. This hot outlet stream becomes one of the inlet streams of
the mixer in the previous stage for further compression or flows
to the final heating step if 𝑖 = 1.

The pressure ratios in the compressors COMP𝑖 in stages 𝑖 = 2,… , 𝑛
re the only available degrees of freedom in the separation process. The
ressure ratio in the compressor COMP1 in stage 1 cannot be arbitrarily
hosen since its outlet pressure must be equal to 𝑝0.

Consequently, three streams flow out of the separation stages:

(1) A stream of CO2-rich saturated vapor at pressure 𝑝0, which leaves
the flash drum FLASH𝑛 in stage 𝑛.

(2) A stream of water-rich saturated vapor at pressure 𝑝0, which
leaves the heat exchanger ICOOL1 in stage 1.

(3) A stream of pure water used as cooling fluid in the separation
stages, which leaves the heat exchanger CF1 in stage 1.

The CO2-rich stream in (1) is fed to a final flash drum at 40 ◦C to
eparate as much water as possible from the vapor stream. Then, the
esulting vapor and liquid streams flow to the separators SCO2L and
H2OL, respectively. The water and the CO2 that leave these separators
re combined in corresponding mixers. The outlet stream of the CO2
ixer is heated up in the heat exchanger HCO2, where the hot fluid

orresponds to the water stream (3). The cold outlet stream of HCO2
nd the stream (2) of water-rich saturated vapor are then subject to the
inal heating step.

As the final step of the water separation process, the two resulting
treams need to be heated up to the temperature of 900 ◦C of the
ixture of water and CO2 that leaves the calciner. This is needed so that

he water can be recycled to the calciner and the CO2 can be used for
olids preheating and steam generation in a Rankine cycle. To this end,
he stream (2) of water-rich saturated vapor is heated up in the heat
xchanger H2OHX, while the cold outlet stream of HCO2 is heated up
n the heat exchanger CO2HX. In both cases, the gas outlet stream of the
alcination reactor at 900 ◦C and 1 bar is used as the hot fluid. For this
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reason, the two streams also pass through the heaters QH2O and QCO2
to increase their temperature to 900 ◦C, which are not represented in
ig. 6 since they may not be real heaters in the process, and this thermal
ower may be supplied by direct absorption of solar thermal energy in
he solar calcination reactor.

In the stream of water-rich vapor, a small amount of CO2 is still
resent, which is also recycled to the inlet of the calcination reactor. For
his reason, it is also present in the gas outlet stream of the calcination
eactor. The resulting gas stream at 900 ◦C and 1 bar enters the initial
ooling and final heating step of the water separation process and is
plit into three streams: (1) the first one is the hot fluid in the heat
xchanger H2OHX; (2) the second one is the hot fluid in the heat
xchanger CO2HX; (3) the remaining hot fluid is cooled down in the
ooler CFG. These three streams are then combined in a mixer, the
utlet stream of which corresponds to the hot inlet stream of the heat
xchanger CONEVAP1 in the separation stage 1.

.3. Optimization procedure

The optimization goal of this study is the maximization of the
hermal-to-electrical efficiency of the CaL-TCES process subject to the
onstraints mentioned in Sections 2.1 and S1. As a result, a nonlin-
ar program (NLP) is obtained, the numerical solution of which is
ttained in an efficient way and allows achieving improved process
fficiency. Thermal power is the heat supplied in the calciner, while
lectrical power is the difference between power generation in turbines
nd power consumption in pumps, compressors, coolers, and solids
ransport. Although previous studies have also aimed to achieve high
hermal-to-electrical efficiency of the CaL-TCES process, the current
tudy aims to maximize this efficiency via numerical optimization of
n improved process. The following three points summarize the current
ituation and the possible improvements that have been identified in
he literature, namely, in the work by Ortiz et al. [7] that is used as
benchmark and starting point for simulation and optimization of the
aL-TCES process:

(1) The two most relevant cases proposed by Ortiz et al. [7] are:
a main turbine outlet pressure at 1 bar and a pressure ratio
between the carbonator and main turbine outlet pressures vary-
ing around the nominal value of 3; and a carbonator outlet
pressure at 1 bar and the same pressure ratio varying around
the nominal value of 3. The nominal version of these two cases
leads to efficiencies of 38.1 %, while an efficiency of 38.7 %
is achieved by increasing the pressure ratio in the first case.
However, both pressures can be modified independently, while
only one pressure is changed at a time in the previous study.

(2) In the study by Ortiz et al. [7], the conversion in the carbonator
is a parameter with a nominal value of 15 %, and a sensitivity
analysis with respect to this parameter is performed. From this
analysis, it is possible to conclude that a larger conversion leads
to higher efficiency (38.7 % of efficiency is obtained for a
conversion of 40 %). The process by Ortiz et al. [7] does not
include make-up and purge streams, and it is implicitly assumed
that the conversion in the carbonator corresponds to the residual
conversion of CaO after many cycles, which is lower than the
conversion for a small number of cycles. However, the residual
conversion of CaO is determined by the sorbent used for the CaL-
TCES process, and a residual conversion of 15 % or even lower is
expected for typical limestone-based sorbents. As it is typically
considered in the CaL-CO2 capture process, this conversion may
be increased by including make-up and purge streams in the
process [28].

(3) The study by Ortiz et al. [7] implicitly assumes the use of pure
CO2 as the fluidizing gas in the solar calcination reactor since
no separation process is used at the gas outlet of the calcination
reactor. The use of water vapor as the fluidizing gas in the solar
6

calcination reactor would be a way to reduce the calcination
temperature and residence time. However, a process for water
separation from the gas outlet stream of the calcination reactor
has not been proposed and the resulting efficiency penalty has
not been quantified in the literature.

The innovative procedure in this work addresses the three previous
points and differs from the one by Ortiz et al. [7] in three relevant
ways:

(1) The carbonator and main turbine outlet pressures are decision
variables determined via numerical optimization.

(2) The presence of make-up and purge allows accounting for the
energy savings owing to the CaO that leaves the process, which
avoids the energy consumption for calcination of CaCO3 in
cement production plants. In this work, (i) make-up and purge
streams are included, (ii) the conversion in the carbonator is
computed according to the number of cycles experienced by
the particles, which depends on the ratio between make-up and
recycle molar flow rates, and (iii) the CaO that leaves the process
through the solids purge stream is considered for the efficiency.
In the proposed CaL-TCES process in Sections 2.1 and S1, a
make-up stream (FRESH) with 100 % of fresh CaCO3 is added
to the recycle stream. The latter stream corresponds to the solids
from the storage tank of carbonation products that do not leave
the process in the solids purge stream (SPURGE), in contrast to
some CaL processes for CO2 capture, where the purge stream is
located at the calciner outlet [28]. This location of the purge
stream is required to avoid the situation where solar energy
would be transformed into thermochemical energy in the cal-
ciner by forming CaO that would then be immediately released
from the process, without taking advantage of the energy stored
in CaO for conversion to electrical energy, which is the purpose
of the CaL-TCES process. The heat duty required to cool down
SPURGE to 40 ◦C is fully used to heat up FRESH from its initial
temperature of 40 ◦C, although this solid–solid heat exchange
does not need to be continuous. In addition, a CO2 purge stream
(GPURGE) is included after HRSG, and the molar flow rate of
GPURGE is equal to the molar flow rate of CaO in SPURGE,
while the molar flow rate of FRESH is equal to the molar flow
rate of both CaCO3 and CaO in SPURGE to ensure that the mass
balance is satisfied. The split fraction of solids from the storage
tank of carbonation products that leaves the process in SPURGE
is considered as a decision variable.

(3) A process for water separation from the gas outlet stream of the
calcination reactor is proposed, as shown in Section 2.2, and
its effect on the thermal-to-electrical efficiency is quantified. In
addition, as mentioned in Section 2.2, the pressure ratios in the
compressors COMP𝑖 in stages 𝑖 = 2,… , 𝑛 are available as degrees
of freedom. Hence, they are treated as decision variables and are
determined via optimization such that the power consumption in
the compressors COMP𝑖 is minimized.

.4. Efficiency computation

More details are given below regarding how the conversion in the
arbonator and the efficiency are computed. The fraction 𝑟𝑁 of particles
hat have experienced 𝑁 cycles in the carbonator is given by [29]

𝑁 =
𝐹0𝐹𝑁−1

𝑅
(

𝐹0 + 𝐹𝑅
)𝑁 , (1)

where 𝐹0 is the make-up molar flow rate of FRESH or the solids purge
molar flow rate of SPURGE and 𝐹𝑅 is the recycle molar flow rate
between SPURGE and FRESH, which implies that 𝐹0 + 𝐹𝑅 is the inlet

molar flow rate in CALC, labeled as the solids molar flow rate in the



Journal of Energy Storage 72 (2023) 108199D. Rodrigues et al.

c

𝑋

w
f
c

𝑋

w
t
S

𝑓

w

𝑊

t
a

𝑊

a
t

𝑄

remainder. The conversion of the particles that have experienced 𝑁
ycles in the carbonator is [28]

𝑁 =
(

1 −𝑋𝑟
)

𝑘𝑁 +𝑋𝑟, (2)

here 𝑘 = 0.77 according to Abanades et al. [28] and 𝑋𝑟 = 0.15
or consistency with the study by Ortiz et al. [7]. Then, the average
onversion 𝑋𝑎𝑣𝑒 in the carbonator is given by [29]

𝑎𝑣𝑒 =
∞
∑

𝑁=1
𝑟𝑁𝑋𝑁 . (3)

By combining the previous equations, the analytical expression for
the average conversion in the carbonator is

𝑋𝑎𝑣𝑒 =

(

1 −𝑋𝑟
)

𝑘𝐹0

𝐹0 + (1 − 𝑘)𝐹𝑅
+𝑋𝑟 =

(

1 −𝑋𝑟
)

𝑘𝑓𝑝
𝑓𝑝 + (1 − 𝑘)

(

1 − 𝑓𝑝
) +𝑋𝑟, (4)

hich is an explicit function of the solids purge split fraction 𝑓𝑝 from
he storage tank of carbonation products that leaves the process in
PURGE, where 𝑓𝑝 is defined as

𝑝 =
𝐹0

𝐹0 + 𝐹𝑅
(5)

and considered as a decision variable.
In this study, the efficiency depends not only on the generation

and consumption of electrical power, but also on the power savings
owing to the CaO that leaves the process in SPURGE. It is known that,
from the perspective of cement production plants, for each mole of
CaO in SPURGE that replaces a mole of CaCO3 in FRESH, one can
avoid the supply of high-temperature thermal energy that would be
required for calcination of one mole of CaCO3, which would be enabled
by a burner with an efficiency 𝜂𝑏. Since that consumption is avoided,
electrical power can be produced elsewhere in a combined cycle with
an efficiency 𝜂𝑐𝑐 . According to these considerations, two definitions of
thermal-to-electrical process efficiency can be computed for this process
with a solar power input �̇�𝑠 = 100 MW and a predicted time 𝑡𝑠𝑢𝑛 = 8 h
of solar radiation on a day with 𝑡𝑑 = 24 h:

(1) The efficiency without savings owing to the CaO that leaves the
process in SPURGE, given by

𝜂1 =
�̇�𝑛𝑖𝑔ℎ𝑡

(

𝑡𝑑 − 𝑡𝑠𝑢𝑛
)

+ �̇�𝑠𝑢𝑛𝑡𝑠𝑢𝑛
�̇�𝑠𝑡𝑠𝑢𝑛

100 %

=
(

2�̇� 𝑛𝑖𝑔ℎ𝑡 + �̇�𝑠𝑢𝑛
)

1 % MW−1. (6)

(2) The efficiency with savings owing to the CaO that leaves the
process in SPURGE, given by

𝜂2 =
�̇�𝑛𝑖𝑔ℎ𝑡

(

𝑡𝑑 − 𝑡𝑠𝑢𝑛
)

+
(

�̇�𝑠𝑢𝑛 +
𝜂𝑐𝑐
𝜂𝑏
�̇�𝑝

)

𝑡𝑠𝑢𝑛

�̇�𝑠𝑡𝑠𝑢𝑛
100 %

=
(

2�̇� 𝑛𝑖𝑔ℎ𝑡 + �̇�𝑠𝑢𝑛 +
𝜂𝑐𝑐
𝜂𝑏
�̇�𝑝

)

1 % MW−1. (7)

In these definitions, the net electrical power �̇�𝑛𝑖𝑔ℎ𝑡 [MW] produced
hen no solar radiation is available is given by

̇ 𝑛𝑖𝑔ℎ𝑡 = �̇�𝑀𝑇𝑈𝑅𝐵 + �̇�𝐻𝑇𝑈𝑅𝐵 − �̇�𝑀𝐶𝑂𝑀𝑃 − �̇�𝐶,𝑐𝑎𝑟 − �̇�𝑇 ,𝑐𝑎𝑟, (8)

he net electrical power �̇�𝑠𝑢𝑛 [MW] produced when solar radiation is
vailable is given by

̇ 𝑠𝑢𝑛 = �̇�𝑀𝑇𝑈𝑅𝐵 + �̇�𝑆𝑇 − �̇�𝑃 1 − �̇�𝑀𝐶𝑂𝑀𝑃 − �̇�𝑀𝐶𝑂𝑀𝐷 − �̇�𝐻𝐶𝑂𝑀𝑃

− �̇�𝐶,𝑐𝑎𝑙 − �̇�𝐶,𝑐𝑎𝑟 − �̇�𝑇 ,𝑐𝑎𝑙 − �̇�𝑇 ,𝑐𝑎𝑟, (9)

nd the supply of thermal power �̇�𝑝 [MW] avoided owing to the CaO
hat leaves the process is given by

̇ 𝑝 = 𝛥𝐻𝑐𝑎𝑙𝑐
(

1 −𝑋𝑎𝑣𝑒
)

𝐹0 = 𝛥𝐻𝑐𝑎𝑙𝑐
(

1 −𝑋𝑎𝑣𝑒
)

𝑓𝑝
(

𝐹0 + 𝐹𝑅
)

= 𝛥𝐻𝑐𝑎𝑙𝑐

(

1 −𝑋𝑟
)

(1 − 𝑘) 𝑓𝑝
𝑘𝑓𝑝 + 1 − 𝑘

(

𝐹0 + 𝐹𝑅
)

. (10)
7

In the previous equations: �̇�𝑀𝑇𝑈𝑅𝐵 , �̇�𝑆𝑇 and �̇�𝐻𝑇𝑈𝑅𝐵 are the
electrical power generated by MTURB, ST, and HTURB; �̇�𝑃1, �̇�𝑀𝐶𝑂𝑀𝑃 ,
�̇�𝑀𝐶𝑂𝑀𝐷, and �̇�𝐻𝐶𝑂𝑀𝑃 are the electrical power consumed by P1,
MCOMP, MCOMD, and HCOMP; �̇�𝐶,𝑐𝑎𝑙, �̇�𝐶,𝑐𝑎𝑟, �̇�𝑇 ,𝑐𝑎𝑙, and �̇�𝑇 ,𝑐𝑎𝑟 are
the electrical power consumed by coolers and in the transport of solids
on the calciner and carbonator sides; and 𝛥𝐻𝑐𝑎𝑙𝑐 is the reaction en-
thalpy of CaCO3 calcination. Note that the last equality in (10) implies
that the product

(

1 −𝑋𝑎𝑣𝑒
)

𝑓𝑝 increases as 𝑓𝑝 increases.
When the water separation process in Section 2.2 is also included,

the electrical power consumed by the compressors in that process and
the thermal power consumed in the final heating step also need to
be accounted for. Note that the water separation process is located
on the calciner side, thus the power consumption only occurs when
solar radiation is available. Hence, in this case, the expression for the
efficiency needs to be modified as

𝜂3 =
�̇�𝑛𝑖𝑔ℎ𝑡

(

𝑡𝑑 − 𝑡𝑠𝑢𝑛
)

+
(

�̇�𝑠𝑢𝑛 − �̇�𝑠𝑒𝑝 +
𝜂𝑐𝑐
𝜂𝑏
�̇�𝑝

)

𝑡𝑠𝑢𝑛
(

�̇�𝑠 + �̇�𝑠𝑒𝑝
)

𝑡𝑠𝑢𝑛
100 %

=
2�̇� 𝑛𝑖𝑔ℎ𝑡 + �̇�𝑠𝑢𝑛 − �̇�𝑠𝑒𝑝 +

𝜂𝑐𝑐
𝜂𝑏
�̇�𝑝

1 + �̇�𝑠𝑒𝑝
�̇�𝑠

1 % MW−1, (11)

where �̇�𝑠𝑒𝑝 [MW] is the sum of electrical power consumed by COMP𝑖,
for 𝑖 = 1,… , 𝑛, and �̇�𝑠𝑒𝑝 [MW] is the supply of thermal power needed
for QH2O and QCO2. Note that 𝜂3 = 𝜂2 if �̇�𝑠𝑒𝑝 = �̇�𝑠𝑒𝑝 = 0, and 𝜂2 = 𝜂1
if �̇�𝑝 = 0.

2.5. Process configurations

As a result of the previous process description, the following three
cases are studied in this work: (1) optimization of the carbonator and
main turbine outlet pressures without purge or water separation pro-
cess, which considers the residual conversion of 15 % in the carbonator
and CO2 as fluidizing gas in the calciner; (2) introduction of a varying
solids purge split fraction 𝑓𝑝 between 0 and 1, which also considers
optimal carbonator and main turbine outlet pressures and CO2 in the
calciner; (3) calcination under water vapor is considered for the optimal
value of 𝑓𝑝 in case (2), assuming that the mass flow rate of water
vapor in the solar calciner is equal to the mass flow rate of solids at
the calciner inlet as proposed by Rivero et al. [30], and the efficiency
penalty associated with the water separation process is also computed.

3. Results and discussion

This section presents the results for the simulation and optimization
of the proposed CaL-TCES process for the three cases presented in
Section 2.5.

3.1. Optimization of the carbonator and main turbine outlet pressures

After formulating and solving the optimization problem for max-
imization of the thermal-to-electrical efficiency 𝜂1, the efficiency can
be improved from 38.1 %, in the nominal conditions of the original
study by Ortiz et al. [7], to 39.2 %. This is achieved by changing the
carbonator and main turbine outlet pressures from 3 bar and 1 bar to
1.485 bar and 0.293 bar, respectively. This shows the importance of
optimizing the most relevant decision variables, which allows improv-
ing the efficiency. Table 1 shows the contributions of power generation
and consumption by the unit operations in the CaL-TCES process for the
net electrical power �̇�𝑠𝑢𝑛 and �̇�𝑛𝑖𝑔ℎ𝑡 that are obtained for the optimal

values of the carbonator and main turbine outlet pressures.
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Table 1
Contributions of power generation and consumption (positive for generation, negative
for consumption) by the unit operations in the CaL-TCES process in Sections 2.1 and
S1 for the net electrical power �̇�𝑠𝑢𝑛 and �̇�𝑛𝑖𝑔ℎ𝑡 obtained for the optimal values of the
carbonator and main turbine outlet pressures.

Unit operation Power (MW)

�̇�𝑠𝑢𝑛 �̇�𝑛𝑖𝑔ℎ𝑡

HCOMP −0.68 0
HCOMP1 −0.78 0
HCOMP2 −0.77 0
HCOMP3 −0.76 0
HCOMP4 −0.74 0
HTURB 0 0.32
HTURB1 0 0.30
HTURB2 0 0.27
MCOMD −0.07 0
MCOMD1 −0.07 0
MCOMD2 −0.07 0
MCOMP −4.56 −4.56
MCOMP1 −4.57 −4.57
MCOMP2 −4.57 −4.57
MTURB 27.72 27.72
ST 2.76 0

Unit operation Power (MW)

�̇�𝑠𝑢𝑛 �̇�𝑛𝑖𝑔ℎ𝑡

C_1 0.00 0
C_2 −0.02 0
C_2A/C_2B 0.00 0
C_3 −0.05 −0.05
COND −0.06 0
HCOMPC1 −0.01 0
HCOMPC2 −0.01 0
HCOMPC3 −0.01 0
HCOMPC4 −0.01 0
MCOMDC1 0.00 0
MCOMDC2 0.00 0
MCOMPC1 −0.04 −0.04
MCOMPC2 −0.04 −0.04
P1 −0.03 0
S12 −0.51 −0.51
S2 −1.52 0

Fig. 7. a) Efficiency 𝜂1 without considering the savings owing to the CaO that leaves
the process and b) power supply �̇�𝑝 saved owing to the CaO that leaves the process,
both as a function of the solids purge split fraction 𝑓𝑝.

3.2. Effect of the solids purge split fraction

The efficiency 𝜂2 can be improved by increasing the solids purge
split fraction 𝑓𝑝 from 0 to 1. However, the exact improvement depends
on the value of the efficiency ratio 𝜂𝑐𝑐

𝜂𝑏
considered in (7). In this

subsection, we assume that the carbonator and main turbine outlet
pressures for each value of 𝑓𝑝 are the ones that optimize the efficiency
𝜂2 in (7) for 𝜂𝑐𝑐 = 0.54 and 𝜂𝑏 = 0.90, which corresponds to 𝜂𝑐𝑐

𝜂𝑏
= 0.60.

Fig. 7a shows that the efficiency without savings owing to the CaO
that leaves the process in SPURGE, which corresponds to 𝜂1 in (6),
decreases from 39.2 % to 32.9 % when 𝑓𝑝 increases from 0 to 1. This
is mainly caused by the reduction in the power generated by MTURB,
which decreases from 27.72 MW for 𝑓𝑝 equal to 0 to 21.79 MW for 𝑓𝑝
equal to 1. On the other hand, Fig. 7b shows that the savings owing to
the CaO that leaves the process in SPURGE, which correspond to �̇�𝑝 in
(7), increase from 0 % to 16.9 % of the solar input. In both cases, the
variation is largest for 𝑓𝑝 between 0 and 0.1.

For each efficiency ratio 𝜂𝑐𝑐
𝜂𝑏

, the efficiency 𝜂2 with the savings owing
to the CaO that leaves the process corresponds to the values in Fig. 7a
plus 𝜂𝑐𝑐

𝜂𝑏
times the values in Fig. 7b, which is shown in Fig. 8 for

different values of 𝜂𝑐𝑐
𝜂𝑏

. The best strategy is to set 𝑓𝑝 equal to 1, that
is, without a recycle stream between SPURGE and FRESH, if and only
if 𝜂𝑐𝑐

𝜂𝑏
is larger than 0.38. For 𝜂𝑐𝑐

𝜂𝑏
= 0.60, the efficiency 𝜂2 increases from

39.2 % to 43.0 %. Note that, for other values of 𝜂𝑐𝑐
𝜂𝑏

, the carbonator and
main turbine outlet pressures and the corresponding efficiency 𝜂2 in
Fig. 8 may be slightly suboptimal, and the results in Fig. 8 are shown
mainly to illustrate the effect of 𝜂𝑐𝑐

𝜂𝑏
on 𝜂2. To analyze in more detail

the factors that affect the savings owing to the CaO, Fig. 9a shows
8

the conversion 𝑋𝑎𝑣𝑒 in the carbonator, which increases from 15.0 %
Fig. 8. Efficiency 𝜂2 considering the savings owing to the CaO that leaves the process
as a function of the solids purge split fraction 𝑓𝑝 for different values of efficiency ratio
𝜂𝑐𝑐∕𝜂𝑏.

Fig. 9. a) Conversion 𝑋𝑎𝑣𝑒 in the carbonator and b) solids molar flow rate 𝐹0 + 𝐹𝑅,
both as a function of the solids purge split fraction 𝑓𝑝.

to 80.5 % when 𝑓𝑝 increases from 0 to 1 owing to a smaller number of
cycles experienced by the particles. Fig. 9b shows the solids molar flow
rate 𝐹0+𝐹𝑅, which decreases for increasing 𝑓𝑝 due to a larger fraction of
CaCO3 in the solids at the calciner inlet and the fact that all the CaCO3
that enters the calciner needs to be converted to CaO at the expense
of the solar power input �̇�𝑠, which is fixed. It can be observed that,
although according to (10) both factors contribute to a reduction of �̇�𝑝
for increasing 𝑓𝑝, their effect is not sufficient to overcome the effect of
the increase in 𝑓𝑝 itself, which explains why �̇�𝑝 ultimately increases as
𝑓𝑝 increases. Once again, by considering the existence of make-up and
purge streams and the savings in power supply owing to the CaO that
leaves the process, it is possible to improve the efficiency.

3.3. Effect of the water separation process

The use of water vapor as a fluidizing gas for the solar calcination
reactor affects the residual conversion of the CaCO3/CaO mixture,
which can affect the conversion in the carbonator and the efficiency of
the whole system. However, as shown by Ortiz et al. [7], the increase
of the residual conversion in the carbonator from 10 % to 40 % for
the case without purge (𝑓𝑝 = 0) only results in an increase of 1.3 % of
the overall efficiency, which is significantly smaller than the increase
of 3.8 % caused by increasing 𝑓𝑝 from 0 to 1 in the current study. In
addition, the decreasing effect of the higher residual conversion due to
the use of water vapor on the overall efficiency for increasing values
of 𝑓𝑝 is not sufficient to overcome the increase of the overall efficiency
from 39.2 % to 43.0 % when 𝑓𝑝 is increased from 0 to 1. This means
that, even when water vapor is used as a fluidizing gas, the best option
is to use 𝑓𝑝 = 1. For the best value of 𝑓𝑝 equal to 1, the efficiency
penalty and several other relevant quantities associated with the water
separation process can also be reported. The study about the effect of
the water separation process in this section considers the worst-case
scenario in which the conversion in the carbonator does not increase if
water vapor is used as a fluidizing gas in the solar calcination reactor
instead of pure CO2 when the CaCO3/CaO mixture experiences exactly
one cycle in the carbonator. In other words, it is assumed that the

conversion in the carbonator for 𝑓𝑝 = 1, when the CaCO3/CaO mixture
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experiences exactly one cycle in the carbonator, is equal to 80.45 % not
only if pure CO2 is used in the solar calcination reactor but also if water
vapor is used. Recall that it is assumed that the mass flow rate of water
vapor used for fluidization in the solar calciner is equal to the mass
flow rate of solids at the calciner inlet. Note that, for 𝑓𝑝 = 1, the solids
at the calciner inlet correspond to pure CaCO3 with a molar flow rate
of 0.483 kmol s−1, and at the calciner outlet all the CaCO3 is converted
to CaO and CO2. Hence, the gas outlet of the calciner including water
vapor used for fluidization and recycled CO2 corresponds to a stream
with a mass flow rate of 69.6 kg s−1 and mass fractions of 0.3055 of CO2
and 0.6945 of water. The water-rich stream at the outlet of the water
separation process corresponds to a mass flow rate of 48.3 kg s−1 with a
mass fraction of 0.9998 of water, while the CO2-rich stream at the vapor
outlet of the final flash drum FLASH4 corresponds to a mass flow rate
of 21.9 kg s−1 with a mass fraction of 0.9680 of CO2. This separation is
achieved by specifying the pressures 𝑝1 = 0.600 bar, 𝑝2 = 0.414 bar, and
𝑝3 = 0.193 bar for the separation stages, which correspond to pressure
ratios of 1.45 in COMP2 and 2.14 in COMP3 that are determined via
optimization.

A heat integration analysis is also performed for the water separa-
tion process. It is concluded that 100 % of the heating requirements
for the streams in this process that can be heated by another stream
are satisfied by the proposed heat integration. Hence, the potential
savings for the entire process are fully achieved with the proposed heat
exchanger network, and a more detailed heat integration analysis is
not necessary for the entire process. This conclusion also supports the
proposed use of a modular approach for the separation stages, where
heat integration is only performed within each stage. Nevertheless, a
detailed heat integration analysis is performed for one of the separation
stages in Section S4.

The water separation process implies a consumption of an electrical
power �̇�𝑠𝑒𝑝 = 7.53 MW (5.08 MW in COMP1, 1.48 MW in COMP2,
0.97 MW in COMP3) and an additional thermal power �̇�𝑠𝑒𝑝 = 2.15 MW
(1.74 MW in QH2O, 0.41 MW in QCO2). This means that the thermal-
to-electrical efficiency decreases from 43.0 % to 34.7 %, although
this reduction may be compensated by the advantages of using water
vapor for fluidization in the calciner, such as smaller losses in the
receiver or a higher reaction rate and a consequent gain in solar-
to-thermal efficiency or a smaller calcination reactor. Hence, there
exists a tradeoff between objective (i), the maximization of thermal-to-
electrical efficiency, and other important goals, such as objective (ii),
the maximization of solar-to-thermal efficiency. This tradeoff between
two optimization objectives corresponds to a typical situation of multi-
objective optimization, where the set of optimal solutions is described
by a Pareto front. In this context, for each level of objective (ii), it is
correct to state that the value of objective (i) is optimized, although
this value of objective (i) may not be as good as the one that would be
achieved if objective (ii) were not considered. More specifically, in this
paper, for the level of objective (ii) that corresponds to the use of the
water separation process, objective (i) is optimized since the optimal
value of 𝑓𝑝 = 1 and the optimal carbonator and main turbine outlet
pressures are used.

Since the use of water vapor for calcination enables a lower temper-
ature in the calcination reactor, the scenario of calcination at 800 ◦C
is also considered in this study of the effect of the water separation
process. This analysis shows that the thermal-to-electrical efficiency
without inclusion of the water separation process remains equal to
43.0 % when the calcination temperature is decreased from 900 ◦C
to 800 ◦C, while the efficiency with inclusion of the water separa-
tion process is almost unchanged, with a reduction from 34.7 % to
34.4 %. The main changes due to calcination at 800 ◦C are: a slight
reduction of the power generated by MTURB and ST due to the lower
temperature of the calcination products, which decreases the efficiency;
and an increase in solids molar flow rate at the calciner inlet from
0.483 kmol s−1 to 0.500 kmol s−1 since less sensible heat is required
9

in the calcination reactor, and a resulting increase in savings owing
to the CaO that leaves the process in SPURGE, which increases the
efficiency. However, the increase in solids flow rate at the calciner inlet
also implies that the gas flow rate at the calciner outlet is larger, which
increases the consumption of electrical and thermal power in the water
separation process. This means that it remains valid to conclude that
the main effects of the use of water vapor for calcination are beneficial
and correspond to a gain in solar-to-thermal efficiency or a smaller
calcination reactor.

4. Conclusions

This work addresses the simulation and optimization of a calcium-
looping process for thermochemical energy storage, with the goal of
improving the thermal-to-electrical efficiency. The process includes a
solar calciner to transform solar energy into thermochemical energy, a
carbonator to release the stored energy, turbines for electrical power
generation, storage tanks to store the reaction products before their
further use, and heat integration to improve the efficiency. The main
novelty lies in: (i) process improvements such as the inclusion of
solids make-up and purge streams to increase the conversion in the
carbonator and a water separation process at the calciner outlet to
allow the use of water vapor as fluidizing gas in the calciner; (ii) process
optimization by determining the optimal values of decision variables
such as the carbonator and main turbine outlet pressures, solids purge
split fraction, and pressure ratios in the water separation process.

By optimizing the carbonator and main turbine outlet pressures,
it is possible to improve the efficiency from 38.1 %, as mentioned in
the literature, to 39.2 %. When solids make-up and purge streams are
considered, and assuming that the ratio between the efficiencies of a
combined cycle and of a burner is equal to 0.60, one can conclude that:
the efficiency without the savings in power supply for calcination of
CaCO3 owing to the CaO in the solids purge decreases from 39.2 % to
32.9 % and the conversion increases from 15.0 % to 80.5 % when the
solids purge split fraction increases from 0 to 1; the savings owing to
the CaO allow improving the efficiency to 43.0 %; the efficiency with
the savings owing to the CaO increases if the combined cycle-burner
efficiency ratio is larger than 0.38. If it is not possible to take advantage
of the CaO in the solids purge stream, the best option is to have no
make-up and purge streams.

A process for separation of the water vapor used as fluidizing gas
in a fluidized bed calcination reactor from the CO2 generated by the
calcination reaction is proposed, and the energy consumption required
for this process is also accounted for. It is concluded that the thermal-
to-electrical efficiency is reduced from 43.0 % to 34.7 % and is almost
unchanged when the calcination temperature is decreased from 900 ◦C
to 800 ◦C, with a further reduction to 34.4 %, although this reduction
may be compensated by gains in solar-to-thermal efficiency or a smaller
calcination reactor owing to smaller losses in the receiver or smaller
residence times.

Future work will consider: (i) the energy consumption required to
transport the fresh CaCO3 to the process and the solids purge from the
process, which will depend on the location of the concentrating solar
power plants with respect to the CaCO3 extraction sites and cement
production plants; (ii) the time-varying solar power input throughout
the day and the year; (iii) other types of integration between the
calcium-looping process and cement production plants, possibly includ-
ing energy integration; and (iv) other configurations of the CaL-TCES
process with integration in combined cycles, as proposed by Ortiz et al.
[10].
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