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A B S T R A C T   

Calcium Looping (CaL) process used as thermochemical energy storage system in concentrating solar plants has 
been extensively investigated in the last decade and the first large-scale pilot plants are now under construction. 
Existing research focuses on improving global efficiencies under steady-state and single modes of operation: 
energy storage or energy retrieval. However, TCES systems will operate under different operation points to adapt 
the load of its reactors to the solar availability and the energy demand from the power cycle. A thorough analysis 
of the operation modes provides an extremely large number of potential situations to operate the system. In this 
study, operation maps which maximize thermal energy availability and energy storage efficiency are defined. 
Furthermore, a novel approach for the management of partially carbonated solids is examined to reduce the 
circulation of inert material in the system based on preliminary experimental results which allows for a partial 
separation of carbonated solids. Two threshold scenarios are analysed: (i) no solids separation as considered in 
most CaL TCES studies and (ii) ideal total solids separation. The aims of this work are to set methodological 
criteria to define the optimal operation map and to assess the effect of partially carbonated solids separation on 
the energy penalties and equipment size. The inclusion of a solid separation stage leads to a maximum increase of 
energy storage efficiency of 26 % and a size reduction between 53 and 74 % of those heat exchangers affected by 
solids streams.   

1. Introduction 

Half of the existing concentrated solar power (CSP) plants include 
thermal energy storage (TES) to maximize operating hours and elec
tricity production [1]. Since the CSP installation cost has decreased by 
70 % in the last 10 years [2], CSP plants with TES will be able to compete 
with conventional fossil fuel-based baseload facilities for electricity 
production [3]. The integration of TES in CSP plants enhances their 
dispatchability with variable solar radiation or during the night [4]. 
Literature is plenty of works about the feasible options to do this inte
gration, some of them include current status and research trends [4], 
innovations [5] and specifications and pros and cons of different 
concentrating solar technologies [6–8] that include high (i) operating 
temperatures (above 1000 ◦C), (ii) thermodynamic efficiencies for the 
CSP plant and (iii) nominal power capacities [5–7]. Cost analysis has 
been also presented [9] demonstrating that the variability of the TES 
material annual costs from one year to the next is lower than fossil fuels, 
whose price trend is less predictable. The amount of TES stored depends 
on (i) the specific heat of the medium, (ii) the temperature variation and 

(iii) the amount of storage material option [8]. Most of the CSP plants 
currently under commercial operation or under construction use molten 
salts as a thermal storage medium [10]. Beyond molten salts, for sensible 
heat storage, water is also commercially used as thermal storage me
dium [11]. For latent heat storage, Phase Change Materials (PCMs) are 
used, although they show some limitations such as a low enthalpy of 
phase change, low thermal conductivity and instable at high tempera
tures [12,13]. The selection of the best TES system to each CSP tech
nology is complex and must consider specific characteristics with regard 
to storage [14]. One of the preferred options is thermochemical energy 
storage (TCES) which makes use of the reversibility of chemical equi
librium reactions to store or to release energy through a cyclic process. 
TCES shows enhanced storage capacity and the minimum energy losses 
under seasonal storage in comparison with sensible and latent TES. 
Thus, TCES will be able to improve CSP conversion efficiency in the near 
future [15]. Moreover, TCES can also be easily integrated in CSP plants 
which operate above 800 ◦C [16,17] since it operates in the range of 
450–1300 ◦C. 

Among TCES system, the Calcium Looping process, firstly proposed 
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by Baker [18], is one of the most promising. Calcination reaction of 
limestone, Eq. (1), is endothermic and takes place during sunlight hours 
at 920–950 ◦C [19]. Calcination products, carbon dioxide (CO2) and 
calcium oxide (CaO), can be total or partially stored, diverting the 
remaining flowrate to the carbonator to release energy. 

CaCO3 (s)⇆CaO(s) +CO2 (g) ΔH
◦

R = + 178 kJ
/

mol (1) 

The energy density of CaCO3 ranges between 390 and 490 kWh/t 
[20,21] and this value represents the main advantage of the CaL TCES 
technology. During night, or whenever extra thermal energy is required 
by the power cycle to fulfil electricity demand, the stored CO2 and CaO 
may be fed into the carbonator to retrieve the stored thermal energy. 
The carbonation exothermic reaction, reverse Eq. (1), takes place be
tween CO2 and CaO at 600–850 ◦C [22] releasing high temperature heat. 
The generated CaCO3 can be stored until sunlight hours when the 
calcination starts up again, closing the loop. 

Energy storage density of CaL TCES is estimated by several authors 
using different definitions for comparison with other storage technolo
gies applied to CSP plants. Sun et al. determine the energy density as the 
amount of stored energy per unit mass CaO (417 kWh/t after 10 cycles). 
In this case, the energy density is proportional to the carbonation con
version and represents the energy released in the carbonation reaction 
per mass CaO [23]. Di Lauro et al. define the density of energy storage 
for each carbonation/calcination step as the sum of (i) the chemical 
energy stored and (ii) the excess of sensible heat of the material respect 
to the discharged temperature (650 ◦C). The energy storage density 
reaches to 1419 MJ/m3 after 10 cycles, considering a tapped bulk 
density of 1590 kg/m3 for limestone. Moreno et al. established an energy 
storage density of 1220 MJ/m3 after 20 cycles for limestone, considering 
only the chemical energy stored [24]. These values are larger than the 
molten salts energy storage density (800 MJ/m3), taking into account 
only the sensible heat stored [25]. Other works estimate the energy 
storage density as the relation between (i) the energy stored as chemical, 
latent and sensible heat and (ii) the size of the storage tanks. The energy 
storage density obtained for a conventional CaL CSP system achieves 
1300 MJ/m3, which is much higher than the energy storage density of a 
typical molten salt with a temperature change of 275 ◦C (near 400 MJ/ 
m3) [26]. 

Regarding reactor design, several researchers have dealt with 
simulation activities for, both, carbonator [27,28] and calciner [19]. 
These works highlighted the importance of a proper design to evacuate 
the energy released during carbonation [28] and the difficulties for 
achieving a smooth temperature profile in the calciner [19]. New con
cepts based on autothermal fluidized bed reactor for calcination are 
investigated by Padula et al. to improve the overall TCES efficiency [29]. 
The advantages offered by fluidized bed technology related to gas-solid 
heat transfer have driven its adaptation to the new requirements of 
concentrated solar energy [30]. Besides, Ortiz et al. proposed an 
entrained flow reactor to perform the calcination under operating con
ditions of 765 ◦C and low-pressure (0.01 bar), minimizing energy losses 
and CaO sintering [31]. Within the potential reactors for the calcination 
of limestone in TCES systems (fluidized bed, entrained bed and rotary 
reactor), the indirectly irradiated fluidized beds seem to be the most 
suitable option [32]. Unfortunately, experimental results on CaL TCES 
pilot plants are still scarce limiting the potential validation of reactor 
design modelling studies [30,33]. Important issues must be addressed 
for the scale-up of CaCO3 calcination reactors, such as the particle 
attrition and the high temperature resistance of the reactor wall com
ponents [32]. 

The CaL TCES integrated with power cycles and the optimization of 
the overall efficiency has been extensively investigated [34–37]. Main 
literature findings conclude that CO2 power cycles provide the greatest 
results. The efficiencies reported for different layouts and operating 
conditions achieved a 40.4 % in the case of supercritical CO2 cycles [36], 
and ranged between 31 and 44 % for CO2 closed Brayton cycle 

[34,35,37,38]. Regarding Bryton cycles, Tesio et al. investigate the 
integration of two alternatives: helium and supercritical CO2. The results 
show the greatest efficiency for helium cycle, whereas the supercritical 
CO2 cycle is the cheapest alternative [39]. Secondly, the new improved 
CaL TCES designs found in literature enhance the dispatchability and 
minimize the cost of the CSP plants. Bravo et al. propose a hybrid solar 
configuration combining the CSP plant with CaL TCES with a photo
voltaic (PV) plant, achieving a LCOE of 123 USD/MWh with a capacity 
factor of up to 73 % for the location assessed with the best solar resource 
[40]. Both plants produce electrical energy during the sunlight hours, 
partially storing energy in the CaL TCES system and covering electricity 
demand with part of the energy from the PV plant. The stored energy is 
released to cover energy demand under unavailability of solar energy 
[38,40]. Another way to improve the renewable share developed by 
Tregambi et al. is the integration of a CSP plant and CaL carbon capture 
technology with Power to Gas technology. The CaL process operates 
continuously 24 h/day, (i) storing CaO after calcination step during 
sunny hours and (i) feeding the CaO stored during the daytime to the 
carbonator when solar radiation is unavailable. The production of 
methane from captured CO2 and hydrogen from water electrolysis is 
considered, covering the energy demand by PV plant or other renewable 
energy source. The overall efficiency from solar to methane production 
is between 20 and 22 % [41]. One of the most recently proposed 
configuration investigated by Ortiz et al. is based on the integration of 
the CaL TCES system in a combined cycle plant. The CSP plant provides 
solar energy to (i) the combined cycle and (i) the TCES system during the 
day. The energy stored in the CaL TCES system is released when solar 
radiation is unavailable to cover the energy demand of the power block 
[42]. The overall efficiency is almost 45 %, considering the solar 
resource of a specified location assessed [43]. 

In general, these studies present their results under stationary 
operation at nominal load with constant fractions of stored products 
during sunlight hours and constant operating loads of the carbonator 
during the night period. Nevertheless, this technology will operate 
under varying loads and, as a consequence, further analysis is required 
to describe the operational behaviour of the complete CSP plant. The 
amount of stored and discharged material will determine the size of heat 
exchangers, the transient load in the equipment and the integrations 
with power cycle or the use of the thermal energy as well as equipment 
cost and LCOE [44]. One of the novelties of this work relies in the 
analysis of a wide variety of the potential situations arising from the 
different combinations of charge/discharge fractions of the CaO, CO2 
and CaCO3 storage tanks. The influence of the storage/discharge frac
tions on the behaviour of the plant equipment was assessed in a previous 
work published by the authors without considering the potential situa
tions with simultaneous energy storage and retrieval [44]. A large 
number of potential operation points of the CaL-CSP system which can 
be operationally useful were disregarded from the previous analysis. 
However, the present work provides a much wider study including all 
the possible points and introducing a systematic methodology based on 
clear criteria to select and disregard the operation points under obser
vation. Furthermore, the definition of the final operation maps in the 
present work maximizes the efficiency of the CaL TCES system. No 
research is found in literature about the optimum operational perfor
mance of CaL CSP and the different strategies to achieve high thermal 
energy availability or high energy storage efficiency. 

Regarding energy penalties in the CaL TCES system, the circulation 
and storage of non-reactive solid material is one the most influential 
aspects on the energy efficiency of the system [45]. Low CaO activity in 
the carbonator leads to large amounts of inactive solid material circu
lating in the system [46]. A research gap also exists in the assessment of 
the potential reduction of inert solids circulation and storage. In this 
work, the effect on the energy penalty of the recirculation of partially 
converted CaO after carbonation reaction has been assessed. 

Thus, the originality of the present work relies in (i) the establish
ment of optimal operation maps to guide the operation under transient 
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mode and (ii) the assessment of the implementation of a solids separa
tion unit at carbonator outlet to reduce the energy demand and size of 
the CaL TCES system. The main objectives of the study are (i) to define 
adequate and methodological criteria to filter the operation points and 
select the feasible situations under real operation, (ii) to determine the 
required size and energy penalties for the optimal situations which meet 
technical, energy and design, equipment loads limitations and maximize 
significant operating parameters and (iii) to explore the effect of solids 
separation after carbonation reactor on the energy penalties and 
equipment size. 

2. Systems description and operation modes 

The system consists of two reactors, a calciner located inside the 
solar receiver and a carbonator, with intermediate storage tanks of 
CaCO3 (ST1), CaO (ST2) and CO2 (ST3) as illustrated in Figs. 1 and 2. A 
thermal input of 100 MWth to the solar calciner (Q̇CL) under nominal 
operation conditions is assumed considering a solar field as described in 
[44]. The calciner operates at atmospheric pressure and 950 ◦C under 
pure CO2 atmosphere to ensure complete conversion [47]; thus, CaCO3 
is fully decomposed into CaO and CO2. Depending on the operation 
mode, the CO2 and CaO flowrates from the calciner are directed to the 
carbonator or diverted towards their corresponding storage tanks (ST3 
and ST2). 

Since CaO deactivates with the number of cycles, a stream of fresh 
limestone is fed in the calciner to keep a reasonable average sorption 
activity of the solid population. Thus, the CaCO3 fed into the calciner 
reactor comes from both the contribution of fresh limestone and the 
CaCO3 produced after carbonation reaction. Fresh limestone counter
balances the purged solid material (fp) set as a percentage of the CaO 
molar flow formed in calcination reaction. 

The carbonator operation conditions are set in 850 ◦C under pure 
CO2 atmosphere and a pressure of 1.2 bar to improve the circulation of 
solids between calciner and carbonator [35]. The exothermic carbon
ation reaction is not complete and the average carbonation degree must 
be determined. The model used to determine the deactivation of the CaO 
particles is tuned adjusting the kinetic model described by Grasa et al. 
[48] obtained for 650 ◦C and an approximately CO2 concentration be
tween 10 and 15%vol. The amount of carbonated CaO and the energy 
released (Q̇CR) will depend on the average sorption activity of the pop
ulation of particles circulating in the system [49]. Therefore, a mixture 
of CaCO3 and CaO consisting of partially carbonated lime particles 
which present a range of densities between 2762 and 2930 kg/m3 is 
found at carbonator outlet [50]. This experimentally measure density 
difference for the cycled particles points out the existing potential for 

partial separation of these particles through fluidization processes. The 
CaO to CO2 molar ratio introduced in the carbonator (R) and the average 
sorbent activity define the carbon capture efficiency in the carbonator 
reactor. 

CO2 is stored at 35 ◦C and 75 bar. The CO2 compression-train in
cludes four interleaved compression and cooling stages. The first three 
cooling stages reduce the temperature to 50 ◦C and the last stage down 
to the storage temperature, 35 ◦C. A pressure ratio of 3 is considered in 
each compression stage which limits the electricity consumption and 
makes use of the heat released in the cooling stages. The CO2 discharged 
from the tank ST3 must reduce its pressure (75 bar) to the carbonator 
working pressure (1.2 bar) through an expansion valve (EV). Besides, 
the temperature of the discharged CO2 is increased up to ambient tem
perature (HEAMB) before being introduced to the ER-CO2 heat 
exchanger. Depending on the operation mode, the CO2 from the storage 
tank ST3 is mixed with CO2 from calciner before being introduced into 
carbonator at 850 ◦C. Regarding solids storage conditions, lime and 
limestone storage temperature may range from ambient to 200–700 ◦C 
[34]. Storage temperature and pressure of solids are set at 200 ◦C and 1 
bar. Both scenarios have been simulated with Engineering Equation 
Solver (EES) software [51], using internal data library for CO2 properties 
and external data sources for solids substances: lime [52] and limestone 
[53]. 

Lastly, a network of heat exchangers (HE) will supply or remove 
thermal energy according to the operation mode of the CaL TCES sys
tem. Heat exchangers designated as EE, Figs. 1 and 2, are able to provide 
energy under any mode of operation with heat losses of a 2 %. However, 
the heat exchanger designated as ER-CaCO3 always requires thermal 
energy input while the rest of ER heat exchangers provide or demand 
energy depending on the operation mode. The heat exchange network 
will be designed to cover the thermal energy required by (i) heat ex
changers named ER and (ii) an associated power block to produce 
electricity. Only the heating and cooling needs have been calculated. 
The thermal integration is beyond the scope of the present study and will 
be assessed in future works. 

In this study, the CaL TCES system has been analysed under two 
threshold scenarios which consider (SC1) no separation of solids of the 
solid stream leaving the carbonator, Fig. 1, and (SC2) an ideal and total 
separation of the solid CaO-CaCO3 mixture generated in the carbonator, 
Fig. 2. Carbonation occurs on the surface of the particle producing a 
mixture of partially carbonated particles, thus, complete separation of 
CaO and CaCO3 will never effectively happen and SC2 represents an 
unreal situation. However, it is used in the study as a threshold situation 
to easily estimate a minimum energy consumption and size of the 
equipment. The operating conditions of the main equipment in the CaL 

Fig. 1. CaL TCES system for a 100 MWth CSP plant w/o solid separation (SC1).  
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TCES system (calciner, carbonator, storage tanks, heat exchangers and 
compression-cooling train) are the same under both scenarios. The 
molar ratio between CaO and CO2 (R) is set as 4.26 in both scenarios 
[27], leading to a fp of 3.09 % and 4 % for SC1 and SC2, respectively. 
Besides, an average sorption activity of 20.4 % and 22.6 % is estimated 
for the sorbent under SC1 and SC2, respectively, considering a residual 
conversion of 7.5 % and a deactivation constant of 0.52 for the selected 
limestone, XN, and a conservative age distribution of solid population as 
provided by Pascual et al. [44]. The different mass balances in the CaL 
TCES systems and the relevant performance parameters are described 
under both threshold scenarios. 

2.1. CaL TCES w/o solid separation unit (Scenario 1 - SC1) 

The first scenario does not consider solid separation at the outlet of 
the carbonator and is illustrated in Fig. 1. Under SC1, the input of solid 
particles to the calciner which must be heated up to 950 ◦C consists of a 
mixture of around 80 % lime and 20 % limestone and comes from the 
carbonator at 850 ◦C and the storage tank ST1 at 200 ◦C. The inlet 
stream of solids directed to the carbonator results from the mixture of 
the CaO stream discharged from storage tank ST2 (200 ◦C) and the direct 
CaO flowrate from calciner (950 ◦C). 

Only a share of the solar input is used to calcine the limestone 
introduced in the calciner while a large amount of heat is invested in 
heating the CaO/CaCO3 solid mixture up to 950 ◦C. For this reason, the 
lower amount of CaO in the inlet solid mixture, the higher amount of 
calcined limestone and, therefore, the higher chemical energy stored in 
the solid stream leaving the calciner. Besides, the amount of solid par
ticles circulating between reactors is significantly reduced, so the 
involved heat exchangers and storage tanks decrease their size. 

The specific thermal energy required in the calciner is 2169.5 kJ/kg 
CaCO3 for a system without solids separation unit (SC1) and 1906.6 kJ/ 
kg CaCO3 for a system with ideal and complete solids separation (SC2). 
This significant reduction of heat demand is related to the lower pre
heating needs for the solids stream introduced in the calciner. 

2.2. CaL TCES with solid separation unit (Scenario 2 - SC2) 

The second scenario under study considers the ideal situation of total 
solid separation at carbonator outlet (SC2) as shown in Fig. 2. This un
real solids separation assumes the total separation of the solid mixture 
into two pure streams of CaCO3 and CaO. In particular, the solid sepa
ration unit (SSU) receives the CaO/CaCO3 mixture from the carbonator 
and separates (i) the unreacted CaO which is recirculated into the car
bonator and (ii) the limestone stream sent back to the calciner or to the 

CaCO3 storage tank (ST1). This scenario will be useful to analyse the 
threshold values of equipment size and energy consumptions under the 
most advantageous case. 

Under this second theoretical scenario, the calciner is only fed with 
CaCO3 in the solid inlet stream. Thus, the solar energy input is fully used 
to heat the limestone up to 950 ◦C and calcine the solid material. No 
solar energy is wasted in the heating of calcined material, CaO. For this 
reason, the amount of calcined limestone is increased for the same 
calciner power while the circulation of solids between reactors is 
reduced. The unreacted CaO after carbonation is separated and recir
culated into the carbonator itself. 

The greatest influence of the solid separation unit affects the 
equipment shown in Fig. 2: (i) the heat exchangers with solids streams 
involved (EE-CaO, ER-CaO, EE-CaCO3 and ER-CaCO3) and (ii) mainly 
CaO and CaCO3 storage tanks (ST2 and ST1). 

2.3. Operation modes 

Depending on the availability of solar energy and/or the demand of 
thermal energy required from the CaL TCES, the management of the gas 
and solids streams to and from the storage tanks will follow a different 
operation mode. Under both scenarios (SC1 and SC2), three operation 
modes are analysed: (i) energy storage operation mode (ESOM), (ii) 
direct operation mode (DOM) and (iii) energy retrieval operation mode 
(EROM). 

2.3.1. Storage and discharge fractions 
The operation under nominal power in the calciner, 100 MWth, 

provides the maximum available energy to be stored. Moreover, the 
maximum retrieved power will be achieved under nominal operation in 
the carbonator determined considering the direct operation of the 
carbonation-calcination cycle. The chemical energy content of the solid 
stream generated in the calciner under nominal conditions amounts to 
69 MWth under SC1 and 88 MWth under SC2. This energy will be totally 
recovered in the carbonator under direct operation and represents the 
maximum released power and the nominal power in the carbonator. The 
maximum mass flows of gas and solids obtained when reactors operate 
at nominal power are presented in Table 1. 

The maximum CO2 and CaO flowrates (ṁst,max,CO2, ṁst,max,CaO) 
diverted to or discharged from the storage tanks ST3 and ST2 corre
sponds to the maximum CO2 and CaO flowrates leaving the calciner 
when it operates at nominal power. The flowrates of CO2 and CaO 
received in the storage tanks ST3 and ST2 (ṁst,CaO, ṁst,CO2) will corre
spond to a fraction of these maximum CO2 and CaO streams, Eq. (2). The 
CO2 and CaO leaving the storage tanks ST3 and ST2 (ṁdch,CaO, ṁdch,CO2) 

Fig. 2. CaL TCES system under total solids separation (SSU) scenario (SC2).  
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are also defined as a fraction of the maximum CO2 and CaO streams at 
calciner outlet, Eq. (3). 

fst,CaO =
ṁst,CaO

ṁst,max,CaO
=

ṁ13

ṁst,max,CaO
(2)  

fdch,CaO =
ṁdch,CaO

ṁst,max,CaO
=

ṁ14

ṁst,max,CaO
(3) 

The maximum CaO/CaCO3 flowrate (ṁst,max,CaCO3) diverted to or 
discharged from the storage tank ST1 corresponds to the maximum 
CaO/CaCO3 flowrate leaving the carbonator when it operates at nominal 
power (69 MWth and 88 MWth for SC1 and SC2, respectively). The CaO/ 
CaCO3 stream received in the storage tank ST1 (ṁst,CaCO3) will corre
spond to a fraction of this maximum CaO/CaCO3 flowrate, Eq. (4). The 
CaO and CaCO3 leaving the storage tank ST1 (ṁdch,CaCO3) are defined as 
a fraction of the maximum mixture of CaO and CaCO3 stream at car
bonator outlet, Eq. (5). 

fst,CaCO3 =
ṁst,CaCO3

ṁst,max,CaCO3
=

ṁ4

ṁst,max,CaCO3
(4)  

fdch,CaCO3 =
ṁdch,CaCO3

ṁst,max,CaCO3
=

ṁ3

ṁst,max,CaCO3
(5)  

2.3.2. Operation modes 
The operating points for a given pair of calciner/carbonator loads are 

defined through the storage/discharge fractions. The maximum storage 
and discharge fraction as defined above are theoretical thresholds 
which, in this study, have been assumed as 1. 

When the system is operated as Energy Storage Operation Mode 
(ESOM), the input of solar power is assumed to be equal or lower than 
the calciner nominal power, while the power released in the carbonator 
will be always below its nominal power for both SC1 and SC2. During 
this operation mode, the resulting CaO and CO2 streams from calciner 
are partially or totally stored and the CaO and CO2 storage fractions (fst, 
CaO, fst,CO2) are always higher than the discharge fractions (fdch,CaO, fdch, 

CO2). It is considered that no solids from the carbonator are diverted to 
storage (fst,CaCO3 = 0) under ESOM. Thus, the feasible operating points 
for each pair of carbonator/calciner loads are defined by a given 
discharge fraction of CaCO3 (fdch,CaCO3) and a range of storage fractions 
of CaO and CO2. The minimum and maximum values of these fractions 
are presented in Table 2. 

Under the Energy Retrieval Operation Mode (EROM), the solar 
power input in the calciner is considered to be below its nominal power. 
The thermal power released in the carbonator can be equal to or lower 
than its nominal power for each studied scenario (SC1 and SC2). The 
CaCO3 storage fraction (fst,CaCO3) is always higher than the CaCO3 
discharge fraction (fdch,CaCO3) at all possible energy release operating 
points for each pair of calciner/carbonator loads. It is considered that no 
gas or solids from the calciner are diverted to storage (fst,CaO = 0) under 
EROM. The technically operating points for each pair of reactor loads 
are defined by a given discharge fraction of CaO (fdch,CaO) and a range of 
storage fractions of CaCO3. The minimum and maximum values of these 
fractions are also shown in Table 2. 

The third operation mode, Direct Operation Mode (DOM), presents a 
direct circulation between reactors without net storage or discharge of 

CaO CaCO3 and CO2. The calciner and carbonator are operated at the 
same load with respect to their respective nominal powers under DOM. 
This operation mode is not useful for TCES but for its implementation for 
carbon capture processes. 

Table 2 summarizes the information for the different operating 
variables of the operating modes of the system described above (ESOM 
and EROM). 

Thus, an operation point is completely defined by a pair of reactor 
loads (LCL, LCR) and the storage fraction of CaO/CO2 (fst,CaO) under 
ESOM and the storage fraction of CaCO3 (fst,CaCO3) under EROM. The rest 
of discharge and storage fractions are dependant of these parameters. 

3. Criteria for operation point selection 

The operation points included in the operation map of the CaL TCES 
system are narrowed down according to following aspects: the heat 
exchange equipment size, the carbonator load and thermal energy 
availability and the storage energy efficiency. 

3.1. Design and technical criteria 

Several situations are detected to be not technically feasible or 
energetically or economically disadvantageous. Thus, several criteria 
are established to narrow down the amount of studied operation points:  

C.1. Under ESOM, it is assumed that no limestone is stored in ST1 (fst, 
CaCO3 = 0) while, under EROM, no lime is diverted to the storage 
tank ST2 (fst,CaO = 0).  

C.2. The operating points corresponding to the direct operation modes 
are discarded given the energy penalty imposed by the operation 
of the CaL system without producing a net thermal energy storage 
or retrieval.  

C.3. Only those operating points in which ER-HE heat exchangers 
demand energy are considered technically suitable for the design 
of the facility. 

C.4. A minimum partial load is required for the operation of the car
bonator and the heat exchangers involved in the system to ensure 
the continuous operation of the CSP power block. The minimum 
operation load is set at 50 % for system equipment with nominal 
released power >15 MW (carbonator, EE-CO2, EE-CaO and EE- 
CaCO3). 

Table 1 
Mass flow of gas and solids under calciner and carbonator nominal powers.  

Nominal power and mass flow description No separation (SC1) Total separation (SC2) 

Pnom,CL (MW) Nominal power calciner  100  100 
Pnom,CR (MW) Nominal power carbonator  69  88 
ṁst,max,CO2 (kg/s) Maximum mass flow CO2 from CL  21.16  24.35 
ṁst,max,CaO (kg/s) Maximum mass flow CaO from CL  114.77  29.83 
ṁst,max,CaCO3 (kg/s) Maximum mass flow CaO/CaCO3 from CR  133.15  53.24a  

a Only CaCO3 from SSU. 

Table 2 
Definition of operation modes of the TCES system.  

Operation parameters Energy operation modes 

ESOM EROM 

Q̇CL (MW) ≤PnomCL <PnomCL 

Q̇CR (MW) <PnomCR ≤PnomCR 

LoadCL (− ) ≤1 0 to <LCR 

LoadCR (− ) 0 to <LCL ≤1 
fst,CaO (− ) fdch,CaCO3 to LCL 0 
fdch,CaO (− ) 0 to LCR (LCR-LCL) 
fst,CaCO3 (− ) 0 fdch,CaO to LCR 

fdch,CaCO3 (− ) (LCL-LCR) 0 to LCL  
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C.5. A maximum energy demand is established for the ER-CaCO3 heat 
exchanger to limit its energy consumption and size. This 
threshold value is set as the 50 % of the maximum heat 
requirement in ER-CaCO3 obtained among the operation points 
analysed after C.3. 

The performance of the system is only assessed for those operation 
points selected after the application of these five criteria. The selection 
of the most interesting points for each pair of loads (LCR, LCL) to define 
the operation map will be based on the evaluation of the thermal energy 
availability (ηav) and the storage energy efficiency (ηst). 

3.2. Definition of energy availability, storage efficiency and specific 
storage consumption 

Three parameters are defined to characterize the performance of the 
system depending on the mode of operation: the thermal energy avail
ability, the storage efficiency and the specific storage consumption. The 
thermal energy availability ratio compares the available thermal energy 
of the system to the invested energy input. The storage efficiency com
pares the amount of stored energy and the net energy consumed during 
the storage process. The specific storage consumption presents the total 
amount of energy (thermal and electrical) required to store a mass unit 
of lime. 

Under EROM, the thermal energy availability of the system is defined 
by Eq. (6). The available heat includes the thermal power from the 
carbonator and EE heat exchangers. The energy invested in this process 
includes (i) the heat of calcination demanded in the calciner, Q̇CL, (ii) the 
energy consumption related to the storage step of the lime discharged 
from the tank ST2, (iii) the thermal power demand in the heat ex
changers named ER. 

ηav(EROM) =
Q̇CR +

∑
Q̇HE EE

Q̇CL +
∑

Q̇HE ER + SSC • ṁCaO,dch
(6) 

The total energy input to the system under ESOM only includes the 
required heat in the calciner, Q̇CL, and the heat demanded to preheat the 
gas and solid mass flowrates through the heat exchangers named ER. 
This thermal energy availability is defined by Eq. (7). 

ηav(ESOM) =
Q̇CR +

∑
Q̇HE EE

Q̇CL +
∑

Q̇HE ER
(7) 

The storage efficiency may be calculated through Eq. (8). The stored 
energy accounts for the sensible heat of the stored material and the 
chemical energy stored in the lime which will be latter carbonated. The 
energy invested in the process includes the calcination heat required to 
produce the lime sent to ST2 (Q̇CL,st), the energy to preheat of the amount 
of limestone discharged from the storage tank ST1 which is later stored 
as lime in ST2 (Q̇HE ER CaCO3,st) and the electric power consumed in the 
compression of the stored carbon dioxide (Ẇcompressor). This parameter 
provides an estimation of the share of stored energy in comparison to the 
energy invested during the storage process. 

ηst =
Q̇st,CaO

Q̇CL,st + Q̇HE ER CaCO3,st + Ẇcompressor

=
SHCO2+CaO,st + ΔH0

R • ṅCaCO3,CR

Q̇CL,st + Q̇HE ER CaCO3,st + Ẇcompressor
(8) 

The specific storage consumption (SSC), Eq. (9), indicates the ener
getic feasibility of the storage process under specific operation points. It 
must be kept in mind the qualitative interest of the parameter but its 
limitation as quantitative measure given the mix of energy types in its 
definition. 

SSC =
Q̇CL,st + Q̇HE ER CaCO3,st + Ẇcompressor

ṁCaO,st
(9)  

4. Results and discussion 

The operation points to be analysed are narrowed down based on 
initial assumptions and technical criteria. Once the number of cases are 
reduced, the energy availability ratio and storage efficiency are calcu
lated to assess the most advantageous operation point for a given pair of 
calciner/carbonator loads. 

4.1. Matrix of potential operational points 

Each pair of reactors loads determines the net energy to be stored 
and/or discharged but a large number of operating points with different 
storage and discharge fractions may lead to the same net energy storage 
or release situation. However, the energy demand or availability in the 
different components of the system (heat exchangers, compressor) will 
vary depending on the values of the storage and discharge fractions. In 
this section, possible operating points are selected using those criteria 
previously defined. 

Table 3 summarizes the range size of the heat exchangers and 
compressor-cooling train of the possible operation points applying 
criteria (C.1), (C.2) and (C.3). The sign (− ) means heat power release or 
electric power demand whereas the sign (+) means the equipment re
quires heat. 

The minimum load in the carbonator and the heat exchangers EE- 
CO2, EE-CaO and EE-CaCO3 is set at 50 % by Criterion 4 (C.4). The 
nominal power of each equipment corresponds to the values presented 
maximum in the column [Max] of Table 3 under both scenarios. The 
carbonator operates above 50 % of its nominal power under both 
operation modes (ESOM and EROM). 

Regarding the heat exchangers, the minimum partial load for EE- 
CO2 and EE-CaO under the ESOM will be 50 % of their nominal 
power while EE-CaCO3 will be disconnected. Under EROM, EE-CaCO3 
heat exchanger will operate above 50 % of its nominal power while 
EE-CO2 and EE-CaO are disconnected. On the other hand, the ER-CaO 
and ER-CO2 heat exchangers are dependent on the load of the carbo
nator and, therefore, of the CaO and CO2 inlet flowrate in the carbo
nator, respectively. While the ER-CaCO3 heat exchanger will be 
designed to always work below a 50 % of the maximum energy 
requirement, (C.5). Fig. 3 illustrates the number of operation points 
discretizing the storage and discharge fractions from 0 to 1 in ten steps 
after also applying from (C.1) to (C.5). 

The operating points, considering a minimum partial load of 50 % in 
the mentioned equipment and limiting the size of ER-CaCO3, amount to 
69 points within ESOM and 114 points under EROM. The thermal energy 
availability and the energy storage efficiency will be calculated for all 
these operation points to provide information about the most favourable 
operation map when the following objectives are pursued within the 
system: (i) the maximization of the thermal energy availability (EROM) 
or (ii) the maximization of the energy storage efficiency (ESOM). 

4.2. Thermal energy availability – Energy Retrieval Operation Mode 

First, the operation map which maximizes thermal energy avail
ability is determined. This parameter becomes especially relevant when 
the system is operated to recover the stored energy, EROM. The thermal 
energy availability was calculated for all the operating points shown in 
Fig. 3 and, then, those which led to the highest values were selected to 
create this operation map. For each pair of carbonator/calciner loads, 
the thermal energy availability is computed by Eq. (6) when energy 
retrieval takes place (EROM). The maximum thermal energy availability 
and the power discharged from storage tanks under both solid man
agement scenarios (SC1 and SC2) are illustrated in Fig. 4. 

Under both scenarios, the maximum thermal energy availability di
minishes for lower calciner and higher carbonator loads. The maximum 
thermal energy availability range between 0.56 and 0.86 for SC1 and 
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0.67 and 0.91 for SC2. The power retrieved from storage under EROM 
for both scenarios is also illustrated in Fig. 4. The lower power discharge, 
the higher the thermal energy availability for SC2 compared to SC1. The 
circulation of solids through the HE-ER-CaO is greater in SC1 than in 
SC2, so the energy required increases. 

The operation map which maximizes the thermal energy availability 
is presented in the following, Fig. 5. Under EROM, the significant pa
rameters which define an operation point are storage and discharge 
fractions of CaCO3 (fst,CaCO3, fdch,CaCO3). As presented in Fig. 5, different 
operation maps are obtained for each scenario (SC1 and SC2) to maxi
mize the thermal availability. The maximum thermal availability is 
achieved under more favourable conditions when solid separation is 
included (SC2). Under SC2, a lower amount of solids is sent to the 
storage tank of limestone (ST1) leading to smaller sizes of this equip
ment and a lower amount of solids is discharged from the tank implying 
a more limited energy penalty related to the preheating of this stream. 

The range size of the equipment involved in the system for both 
scenarios is presented in Table 4. The negative sign (− ) of the thermal 
power for a heat exchanger indicates an energy release, while a positive 
value (+) means that a specific heat exchanger requires an energy input. 

Table 3 
Ranges of plant equipment size after applying C.1, C.2 and C.3.  

Energy flow description   SC1 - w/o SS SC2 - 100%SS    

Min Max Min Max 

Heat exchanger Tin
a (◦C) Tout (◦C) Q̇ (MW) 

CO2 EE-CO2 950 50  − 21.14  0.00  − 24.33  0.00 
∑

EE-CO2-Ci 145–150b 50–35b  − 10.75  − 0.13  − 11.44  − 0.04 
EE-CO2-CR 850 50  − 2.46  − 0.13  − 0.82  − 0.08 
ER-CO2 950/15 850  19.52  0.00  22.46  0.00 

CaO EE-CaO 950 200  − 78.88  0.00  − 20.50  0.00 
EE-CaO-P 950 200  − 2.44  0.00  − 0.82  0.00 
ER-CaO 950/200/850c 850  69.32  0.00  18.01  0.00 

CaCO3 EE-CaCO3 850 200  − 85.86  0.00  − 40.51  0.00 
ER-CaCO3 200 850  87.61  0.00  41.34  0.00   

Compressor train Tin
a (◦C) Tout (◦C) Ẇ (MW) 

CO2 comp 
∑

Ci (up to 75 bar) 50 145–150b − 7.89 − 0.09 − 8.41 − 0.03  

a Several streams at different temperatures can be fed into a heat exchanger (T1/T2). 
b The temperature of this stream may vary within a range (T1-T2). 
c The stream at 850 ◦C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR. 

Fig. 3. Operation points distribution respect to calciner and carbonator loads 
under C.1., C.2, C.3, C.4 and C.5. 

Fig. 4. Maximum thermal energy availability and released power under SC1 and SC2.  
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The negative sign (− ) of the electric power for the compressor train 
means an energy demand. 

Only the energy consumed by the heat exchanger ER-CaCO3 is 
reduced by 50 % under both scenarios with respect to the maximum 
reference power that appears in Table 3, which is obtained after 
applying the criteria (C.1), (C.2) and (C.3). However, the energy is more 
efficiently recovered under SC2 than SC1. 

4.3. Energy storage efficiency – Energy Storage Operation Mode 

Under energy storage operation modes (ESOM), the most relevant 
parameter to assess the performance of the system is the stored energy 
efficiency. Thus, an operation map which maximizes the energy storage 
efficiency is also determined. The energy storage efficiency has been 
defined through Eq. (8) for the operating points under energy storage 
mode shown in Fig. 3 and the maximum values of storage efficiency for 
each pair of calciner/carbonator loads for both scenarios are illustrated 
in Fig. 6. The amount of stored energy is always the same for a given pair 
of calciner/carbonator loads, independently of the storage and 

discharge fractions. 
The maximum energy storage efficiency range between 0.48 and 

0.62 for SC1 and 0.64 and 0.76 for SC2. The greater amount of stored 
energy, the greater energy consumed. However, the energy storage ef
ficiency for SC2 is clearly above the values obtained under SC1. The 
energy consumed in preheating the unconverted CaO before the calci
nation reaction disappear under SC2. 

The specific storage consumption for each pair of calciner/carbo
nator loads is represented in Fig. 7. The values of SSC range between 
5.93 and 6.60 MJ/kg for SC1 and 4.24 and 4.98 MJ/kg for SC2. The CO2 
flow through the compression-cooling train decreases due to the storage 
and discharge fractions of CaO and CO2 (fst,CaO, fdch,CaO) are the mini
mum possible within the evaluated points. Thus, the electric energy 
consumption drops. 

The greater energy storage efficiency (see Fig. 6), the less specific 
storage consumption. However, the SSC range for SC1 is above the 
values obtained in SC2. The maximum possible CaO flow rate to be 
stored under both scenarios corresponds to the CaO produced after 
CaCO3 calcination. Under SC2 the CaCO3 flow rate to be calcined is 

Fig. 5. Operation map under EROM (left: SC1 and right: SC2).  

Table 4 
Range size of plant equipment under maximization of available energy efficiency.  

Energy flow description   SC1 - w/o SS SC2 - 100%SS    

Min Max Min Max 

Heat exchanger Tin
a (◦C) Tout (◦C) Q̇ (MW) 

CO2 EE-CO2 950 50  − 21.14  0.00  − 24.33  0.00 
∑

EE-CO2-Ci 145–150b 50–35b  − 10.75  − 0.63  − 11.44  − 0.21 
EE-CO2-CR 850 50  − 2.46  − 1.22  − 0.82  − 0.41 
ER-CO2 950/15 850  19.52  0.33  22.46  0.38 

CaO EE-CaO 950 200  − 78.88  0.00  − 20.50  0.00 
EE-CaO-P 950 200  − 2.44  0.00  − 0.82  0.00 
ER-CaO 950/200/850c 850  69.32  0.22  18.01  0.06 

CaCO3 EE-CaCO3 850 200  − 85.86  0.00  − 40.51  0.00 
ER-CaCO3 200 850  43.81  0.00  20.67  0.00   

Compressor train Tin
a (◦C) Tout (◦C) Ẇ (MW) 

CO2 comp 
∑

Ci (up to 75 bar) 50 145–150b − 7.89 − 0.46 − 8.41 − 0.16  

a Several streams at different temperatures can be fed into a heat exchanger (T1/T2). 
b The temperature of this stream may vary within a range (T1-T2). 
c The stream at 850 ◦C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR. 
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approximately 20 % greater than in SC1 because ‘inert’ solids do not 
circulate through the system (all the material introduced in calciner is 
limestone). Therefore, energy requirements are higher in SC1 than in 

SC2 due to unconverted CaO from carbonator is stored and discharged 
from storage tanks ST1 and ST2. 

The operation map which maximizes the energy storage efficiency 
has only sense under ESOM and it is shown in Fig. 8. This operation map 
defined by the storage and discharge fractions of CaO and CO2 (fst,CaO, 
fdch,CaO) is equivalent for both solid management scenarios (SC1 and 
SC2). 

The values of thermal energy availability of the operation map 
defined for each pair of calciner/carbonator loads are represented in 
Fig. 9. The thermal energy availability ranges between 0.71 and 0.90 for 
SC1 and 0.64 and 0.93 for SC2. 

The range size of the equipment involved in the system for both 
scenarios is presented in Table 5. The negative sign (− ) of the thermal 
power for a heat exchanger indicates an energy release, while a positive 
value (+) means that a specific heat exchanger requires an energy input. 
The negative sign (− ) of the electric power for the compressor train 
means an energy demand. 

The ER-CaCO3 heat exchanger keeps the size reduction by 50 % 
under both scenarios with respect to the maximum reference power that 
appears in Table 3, which is obtained after applying the minimum 
partial load criterion. Besides, under both scenarios the maximum size of 
the EE-CaO and EE-CO2 heat exchangers and the compression-cooling 
train is reduced by 40 % respect to the maximum reference power 
represented in Table 3. The maximization of the energy storage effi
ciency implies a lower energy consumption. For a pair of calciner/car
bonator loads, the maximum energy storage efficiency is reached when 
(i) the electricity consumed by compressor train is small and (ii) the CaO 
and CO2 storage fraction is the minimum possible to achieve the energy 

Fig. 6. Maximum energy storage efficiency and stored power under SC1 and SC2.  

Fig. 7. Minimum specific storage consumption under SC1 and SC2.  

Fig. 8. Operation map under ESOM (SC1 and SC2).  
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storage required under this pair of calciner/carbonator loads. 

4.4. Heat availability and demand 

The amount of available and demanded heat in the equipment under 
the whole range of situations included in the operation maps defined in 
Sections 4.2 and 4.3 are now assessed in detail. This information will be 
useful to understand the range of values in which each heat exchanger 
will be operated. However, the information presented in this section is 
aggregated and a more detailed and individual analysis of the behaviour 
of each independent heat exchanger is beyond the scope of this work. 

When EROM is analysed, the threshold operation points which 
maximize the thermal availability presented in Fig. 5 are assessed. These 
operation points correspond to the pairs of reactor loads (LCL, LCR): (0.8, 
1), (0.4, 0.5), (0, 1) and (0, 0.5). In SC1, the corresponding pairs of 
storage and discharge fractions (fst,CaCO3, fdch,CaCO3) are (0.7, 0.5), (0.5, 
0.4), (1, 0.1) and (0.5, 0.1) while in SC2, they are (0.5, 0.3), (0.5, 0.4), 
(1, 0.1) and (0.5, 0.1). The operation map for ESOM is also analysed 

through the assessment of the limit operation points which maximize the 
energy storage efficiency as presented in Fig. 8. These threshold oper
ation points correspond to the pairs of reactor loads (LCL, LCR): (0.6, 0.5), 
(1, 0.9), and (1, 0.5). Under SC1 and SC2, the corresponding pairs of CaO 
storage and discharge fractions (fst,CaO, fdch,CaO) are (0.5, 0.4), (0.5, 0.4) 
and (0.6, 0.2). 

4.4.1. Available heat 
The available heat at different levels of temperature under EROM 

threshold operation points is represented in Fig. 10. The size of the heat 
exchange equipment is reduced to near a half when solids are separated 
and non-reacted CaO recirculated to the carbonator. It might be 
observed when the system is operated under EROM, the availability of 
very high-temperature heat (950–850 ◦C) is extremely low or it does not 
exist. 

Under ESOM, the available heat for different levels of temperature in 
the threshold operation points is represented in Fig. 11. The range of 
operation of the heat exchangers under ESOM is much narrower than 

Fig. 9. Thermal energy availability and released power (SC1 and SC2).  

Table 5 
Range size of plant equipment under maximization of energy storage efficiency.  

Energy flow description   SC1 - w/o SS SC2 - 100%SS    

Min Max Min Max 

Heat exchanger Tin
a (◦C) Tout (◦C) Q̇ (MW) 

CO2 EE-CO2 950 50  − 12.69  0.00  − 14.60  0.00 
∑

EE-CO2-Ci 145–150b 50–35b  − 6.40  − 0.63  − 6.85  − 0.21 
EE-CO2-CR 850 50  − 2.46  − 1.22  − 0.82  − 0.41 
ER-CO2 950/15 850  19.52  0.33  22.46  0.38 

CaO EE-CaO 950 200  − 47.33  0.00  − 12.30  0.00 
EE-CaO-P 950 200  − 2.44  0.00  − 0.82  0.00 
ER-CaO 950/200/850c 850  69.32  0.22  18.01  0.06 

CaCO3 EE-CaCO3 850 200  − 85.86  0.00  − 40.51  0.00 
ER-CaCO3 200 850  43.81  0.00  20.67  0.00   

Compressor train Tin
a (◦C) Tout (◦C) Ẇ (MW) 

CO2 comp 
∑

Ci (up to 75 bar) 50 145–150b − 4.70 − 0.46 − 5.03 − 0.16  

a Several streams at different temperatures can be fed into a heat exchanger (T1/T2). 
b The temperature of this stream may vary within a range (T1-T2). 
c The stream at 850 ◦C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR. 

Fig. 10. Available heat at different temperatures for the threshold operation points in EROM (SC1 and SC2).  
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under EROM, facilitating the efficient operation of these equipment. 
Again, the presence of a solid separation unit (SC2) at the outlet of the 
carbonator reduces by approximately a half the size of the heat 
exchangers. 

4.4.2. Demanded heat 
The demanded heat for different levels of temperature under EROM 

threshold operation points is represented in Fig. 12. The size of the heat 
exchange equipment is extremely increased when no separation of solids 
is implemented. The strong reduction of the demanded heat is a very 
strong advantage of the inclusion of a solid separation unit. Further 
research must be done to determine the amount of demanded heat 
which can be covered with the available heat in the CaL TCES system 
and the amount which must be provided by external source. 

Under ESOM, the demanded heat for different levels of temperature 
in the threshold operation points is represented in Fig. 13. The demand 
of thermal energy is reduced to near a half when the system is operated 
as an energy storage facility. Again, the separation of carbonated solids 
strongly limits the requirements of heat in the CaL TCES system. 

Under each assessed operating point, the difference between the total 
amount of available and demanded heat has been computed. The sum of 
available heat is always greater than the total amount of demanded heat 
within all the limit operating points under EROM and ESOM. When solar 
energy is not available (LoadCL = 0), the SC2 presents a higher difference 
between available and demanded heat than SC1, up to 75 %. The lower 
the CaO discharged from the ST2 tank, the smaller the size of the heat 
exchanger named HE-ER-CaO. Thus, the CaO recirculation into the 
carbonator (SC2) raises the difference in size between release and de
mand heat exchangers. When the availability of solar energy increases, 

the difference between availability and demand of thermal energy is 
greater in SC1 than in SC2. However, since the greater circulation of 
solids through the reactors within SC1, larger size is required for the heat 
exchangers. 

5. Conclusions 

The novelty of this study relies in three main aspects: (i) the identi
fication of the most suitable operation maps under real operating con
ditions and (ii) the comparison between two scenarios regarding the 
management of solids at the outlet of the carbonation reactor and (iii) 
the quantification of heat power demand and availability. 

It has been observed that the operation points which are feasible are 
limited by technical constraints and the operation map of the CaL TCES 
system banned a large amount of operation situations. The most suitable 
operating point under each pair of calciner/carbonator loads was 
selected according to: (i) maximization of thermal energy availability 
under EROM and (ii) maximization of stored energy efficiency under 
ESOM. The thermal energy availability for the operation map defined 
under EROM ranges between 56 and 91 % for both scenarios (SC1 and 
SC2). Energy storage efficiency is an average 16 % lower for EROM than 
for ESOM (max energy storage efficiency). 

The separation of carbonated solids leads to an increase of the 
thermal energy availability and an improvement of energy storage ef
ficiency. The specific storage consumption is strongly decreased when 
solids are completely separated. It can be concluded that the separation 
of solids improves the performance of the CaL TCES system under both 
modes of operation. 

Regarding plant equipment size, the ER-CaCO3 heat exchanger 

Fig. 11. Available heat at different temperatures for the threshold operation points in ESOM (SC1 and SC2).  

Fig. 12. Energy demand at different temperatures for the threshold operation points in EROM (SC1 and SC2).  

Fig. 13. Energy demand at different temperatures for the threshold operation points in ESOM (SC1 and SC2).  
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power demand can be reduced a 50 % if the criterion of maximum 
available energy is applied. While if the maximization of energy storage 
efficiency criterion is applied, the size of the equipment involved in the 
CaO and CO2 storage lines (EE-CO2, EE-CaO and compression-cooling 
train) could be reduced a 40 %, in addition to the 50 % reduction in 
the ER-CaCO3 heat exchanger size. Comparing the ideal and complete 
separation of solids scenario (SC2) with the scenario without solid 
separation (SC1), a size reduction from 53 to 74 % could be reached in 
the heat exchangers influenced by solid streams (EE-CaO, EE-CaO-P, ER- 
CaO, EE-CaCO3 and ER-CaCO3) and by unreacted CO2 leaving the 
carbonator (EE-CO2-CR). Regarding the rest of the plant equipment (EE- 
CO2, ER-CO2 and compression-cooling train), results from SC2 show a 
size increment between 7 and 15 % in comparison to SC1. In conclusion, 
the threshold values of stored and recovered energy and the size of the 
plant equipment are defined. 

Future research should focus on the estimation of the real potential of 
partially carbonated solids separation based on density differences. 
Once the size of the system will be defined, the detailed integration of 
heat with the power plant should be carried out as well as the economic 
assessment of the heat exchange network. 

Nomenclature 

Symbols 

f fraction, −
L load, −
ṁ mass flow rate, kg/s 
ṅ mole flow rate, kmol/s 
Q̇ heat flow rate, MW 
P power, MW 
R molar ratio CaO/CO2, −
T temperature, ◦C 
Ẇ electric flow rate, MW 
ΔHR

0 enthalpy of carbonation, kJ/mol 
η efficiency, −

Subscripts and superscripts 

amb ambient 
av availability 
CR carbonator 
CL calciner 
dch discharge 
g gas 
in input or inlet 
max maximum 
nom nominal 
out output or outlet 
p purge or particle 
s solid 
st storage 

Acronyms and abbreviations 

CaL Calcium-looping 
CSP Concentrating Solar Power 
DOM Direct Operation Mode 
EE Energy Emitted 
ESOM Energy Storage Operation Mode 
ER energy required 
EROM Energy Release Operation Mode 
EV expansion valve 
HE heat exchanger 
SC scenario 

SH sensible heat 
SSC specific storage consumption 
SSU solids separation unit 
ST storage tank 
TCES thermochemical energy storage 
TES thermal energy storage 
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