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Abstract. Thermochemical Enery Storage (TCES) systems are a promising solution for inte-
gration into CSP plants. It allows to increase the overall efficiency and the capacity factor of 
the plant. Among the TCES; the CaCO3/CaO process (the so-called CaL process) is the 
most studied system. Despite its low maturity, there is an increasing interest in the technolo-
gy in the last few years, and the technology has been demonstrated at TRL5 (SOCRATCES 
H2020 project). This work evaluates the techno-economic performance of different CSP-CaL 
process integration. Several process schemes are modelled and evaluated in an hourly-basis 
simulation through the year. The results show that the LCOEs of the most profitable CaL-
based systems are in the range of 147-208 €/MWh, allowing a capacity factor of up to 75%. 
Direct integration of the carbonator and a closed CO2 Brayton cycle is the most profitable 
option. Designs with high-temperature solids storage are simpler (and cheaper) than those in 
which materials are stored at ambient temperature. The main challenges to improve plant 
reliability and reduce costs are increasing multicyclic CaO conversion and high-temperature 
cavity receiver efficiency.  
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1. Introduction 

Thermochemical energy storage (TCES) is an emerging concept with the potential to im-

prove the capacity factor and overall efficiency of renewable power plants [1]. This technolo-

gy has attracted great interest recently due to the potential advantages of its integration into 

CSP plants [1]. Concentrated solar energy is used to carry out the endothermic reaction of 

decomposition. The reaction products are stored separately, and when energy is required, 

they are mixed to release the stored energy through an exothermic reaction. To achieve an 

efficient and cost-effective thermochemical storage process, proper selection of the reversi-

ble reaction is a key issue. Among the recent proposals for thermochemical energy systems 

[2], those based on calcium carbonate are highly interesting [2]. The Calcium-Looping (CaL) 

process (Eq. 1) involves a theoretical energy storage density of around 3 GJ/m3 [3]. The en-

ergy stored can be released at temperatures above 800ºC. These temperatures allow the 
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integration of very efficient power cycles. The process can be developed based on natural 

raw materials (limestone or dolomite), materials that are cheap (approx. 10€/ton), widely 

available, and environmentally friendly [4]. Recently, the technology has been successfully 

validated at TRL 5 within the H2020 SOCRATCES project [5]. In addition, the calcium-

looping process is directly related to the well-known cement industry and has enormous po-

tential as a CO2 capture system (TRL 7), results that set the basis for potential further devel-

opments :  

𝐶𝑎𝐶𝑂3 (𝑠) ⇄ 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2 (𝑔)       ∆𝐻𝑅
0 = 178 𝑘𝐽/𝑚𝑜𝑙    (1) 

Recent works can be found in the literature with innovative CSP-CaL process schemes [4], 

including energy storage strategies at a wide range of temperatures, with the integration of 

different power cycles (combined cycle, regenerative CO2 Brayton cycle, supercritical CO2, 

Rankine, etc.), [6] and based on natural or synthetic materials [3]. However, there is a re-

duced number of economic analyses and projections. Moreover, they differ significantly from 

one work to another, especially those related to the capital costs of the different equipment in 

the process, making it difficult to objectively compare the potential integration schemes.  

The present work develops a techno-economic comparison from several schemes recently 

proposed in the literature. Following a common methodology, these schemes are compared 

and discussed. All schemes are modelled and simulated using Typical Meteorological Year 

(TMY) data for the simulation (Seville, Spain) [7]. All this was taken from a global approach 

and a critical analysis of the current state of technology, with special attention to solar re-

ceiver integration, one of the main challenges of the CSP-CaL integration. The comparison 

includes process schemes in the net power range at the receiver from 5 MWth to 300 MWth.  

2. Methodology 

The methodology followed for developing the techno-economic comparison in this work is 

summarized in Figure 1. Different process flow diagrams recently published in the literature 

are evaluated. The technology behind these schemes, as well as potential new proposals, is 

analyzed based on the experience gained by the authors in the successful development of 

the SOCRATCES H2020 project.  

 

Figure 1. Methodology flowchart 



The evaluation of mass and energy balances, as well as auxiliary calculations, is performed 
using Aspen PlusTM (CaL process modelling) and ThermoflexTM (power cycle). A preliminary 
solar field design is developed for each case using Solar Pilot [8]. A techno-economic analy-
sis is developed from a quasi-stationary hourly model to compare the different process 
schemes based on relevant indicators. 

3. Modelling 

3.1. Solar field and receiver  

The solar field for each scheme has been sized using Solar Pilot through a discrete Monte 

Carlo ray-tracing model (SolTrace [9]). A 360º heliostat solar field with up to 4 cavities (de-

pending on the case of study) is considered in the design. The tower height also depends on 

the case, being 60 m (case 2; ~5 MWth net thermal power at the receiver) or 200 m for the 

rest of the cases. The cavities are evenly spaced, with one of them pointing straight to the 

geographical north. The layout of the heliostats has been optimized in SolarPilot following a 

radial stagger approach [8]. In the model, the heliostats have a reflectivity surface ratio of 

97%, 95% mirror reflectivity, and a soiling factor of 95%. Atmospheric attenuation losses 

have been calculated according to DELSOL3 clear day model [8]. For the ray-tracing, a script 

has been generated that calculates the solar vector at different hours of the day using a NO-

AA simplified model [10].The total incident power is calculated considering a 1000 W/m2 so-

lar direct normal irradiation (DNI). The incident power is then scaled to the actual DNI of the 

typical meteorological year data (TMY) in the simulation (Seville, Spain).  

The receiver size is determined by the specific requirements in each study case. Each re-

ceiver is a flat panel composed of a bundle of vertical pipes and a difusse reflective back 

surface so that the pipes are irradiated more homogeneously from all angles, fron to back 

ratio. This assembly has not been modelled in this simulation and is simplified as a continu-

ous flat surface. There is an important limitation to the design of the solar particle receiver. 

The residence time of the particles should be high enough to complete the calcination reac-

tion. Calcination time has been widely evaluated within the SOCRATCES project [11]. The 

results show that around 60 seconds would be required under typical calcination conditions 

(pure CO2 atmosphere, 950°C, 1 bar) to complete the reaction [12,13]. A 15-m-length cavity 

is considered, which involves a maximum particle velocity of around 0.3 m/s to guarantee an 

adequate residence time. The particles are moved to the top by pneumatic conveying, using 

CO2 for fluidization. Particle velocity can be controlled with the CO2 mass flow entering the 

receiver.  

The receiver efficiency calculation is simplified by assuming a constant receiver efficiency as 

a function of the temperature (Eq. 2). Equation 2 assumes that the losses are basically due 

to radiation so that convective losses are neglected, which being a reasonably accurate ap-

proach for high temperatures, as in all proposed cases HTF temperatures are above 850ºC. 

For simplicity in the analysis,  the radiation view factor for the receiver with the environment 

is set with the value one (which is less accurate for cavities but on the conservative side). 

When comparing the different types of receiver proposed (air or particles), the heat transfer 

coefficients would be smaller in the case of air, which would increase the losses of this type 

of receiver compared to that of particles, which in general provides better heat transfer coef-

ficients. More accurate receiver models must include CFD analysis to accurately assess 

thermal losses.  



                                                𝜂𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 =
𝛼𝑄−𝜖𝜎𝑇4

𝑄
                              (2) 

Where T is the receiver temperature in K, α and ε are the absorptivity and emissivity of the 

receiver material (0.86 and 0.65, respectively, for Ni-based alloy tubes [14]), and it is as-

sumed that Q is 600 kW/m2 for all cases. 

3.2. Proposed process flow diagrams 

This section details the different cases evaluated. Five different Process Flow Diagrams 

(PFDs) are analyzed. Their main characteristics are shown in Table 1.  

Table 1. Cases of study 

PFD Storage strategy Power cycle 
Solar receiver (net ther-

mal power) 
Reference 

Case 

1 
Ambient temperature Regenerative CO2 Brayton 

Particle receiver 

(~100 MWth) 
[4] 

Case 

2 
Ambient temperature Supercritical CO2 

Particle receiver 

(~5 MWth) 
[6,15] 

Case 

3 
High-temperature Vacuum CO2 Brayton 

Particle receiver 

(~100 MWth) 
[16] 

Case 

4 
High-temperature Regenerative CO2 Brayton 

Volumetric gas receiver 

(~300 MWth) 
[17] 

Case 

5 
Ambient temperature Supercritical CO2 

Particle receiver 

(~100 MWth) 
[6] 

 

The first case is based on the work published by Chacartegui et al. [4], where the CaL TCEs 

concept was presented.  The original process consists of a 100 MW-net particle receiver op-

erating at 900ºC. The CaCO3 particles enter the receiver by pneumatic transport at high tem-

peratures since the CaO particles preheat them, and the CO2 leave separately from the re-

ceiver (after calcination occurs). After the heat recovery system of the calciner, the calcina-

tion products are stored at ambient temperature. A part of the stored material (1/3 under de-

sign conditions) is continuously fed to the carbonator, where the exothermic reactions re-

lease the stored heat for the production of electricity. The power cycle is based on a closed 

regenerative CO2 Brayton cycle, where the CO2 entering the carbonator at 3 bar (well above 

the stochiometric amount that will be consumed in the reaction) is used as heat transfer fluid 

(HTF) between the reactor and the power cycle. Thus, CO2 takes the heat released in car-

bonation and passes through the gas turbine, directly integrating the carbonator and the 

power block. In addition to the solar field and auxiliaries (pneumatic conveying system, cool-

ing production, etc.), the whole process scheme accounts for the following equipment: solar 

particle receiver (working as calciner), 4 gas-solid heat exchangers, 1 gas-gas heat ex-

changer (regenerator), 1 solid-solid heat exchanger, 2 CO2 compressors, 2 CO2 turbines, 1 

pressurized fluidized bed reactor, and 3 storage tanks (one of them for pressurized CO2). 

More information on the process configuration and the assumption made can be found in [4]. 

The solar particle receiver is one of the critical equipments of the novel concept.  

Case 2 (~5 MWth) and Case 5 (~100 MWth) are similar to the first, considering an indirect in-

tegration of a sCO2 cycle for the power production of the heat released in the carbonator [6]. 

The efficiency of the turbomachine and pressure losses are taken from [15]. In this case, the 

CO2 leaving the carbonator (operating at ambient pressure and 875ºC) provides the heat 



required for a supercritical carbon dioxide (sCO2) recompression cycle. The differences in 

process equipment involved between these cases and Case 1 are: the main CO2 turbine is 

removed, and two sCO2 compressors and one sCO2 turbine are added, two sCO2 heat recu-

perators, a cooler and a CO2-SCO2 heat exchanger. Furthermore, the carbonator does not 

operate under pressure. Unlike Case 1, this integration of the CaL power cycle is not opti-

mized from a thermal point of view, which reduces the efficiency of the process but also sim-

plifies the system with a smaller number of heat exchangers and auxiliary equipment than 

more optimized systems [15,18].  

Case 3 presents the novelty of storing the solids at high temperatures, which notably reduces 

the complexity of the heat recovery systems of the plant, as well as avoiding the use of solid-

solid heat exchangers, but reducing the seasonal storage capacity. Hourly thermal losses are 

assumed to be 0.18% of the stored heat [19]. To improve the heat integration on the calciner 

side, a small-sized steam power cycle is integrated to produce the energy required for the 

compression of the CO2 to be stored. Full information about this case is presented in [20,21]. 

The carbonator works at atmospheric pressure (850ºC). CO2 exiting the carbonator and used 

as HTF as in the previous case is expanded to 0.33 bar (PR=3) after a vacuum CO2 Brayton 

cycle. The equipment required for this case is: solar particle receiver (working as calciner), 3 

gas-solid heat exchangers, a small size steam power plant (HRSG, pump, cooler and steam 

turbine), 1 gas-gas heat exchanger (regenerator), 2 CO2 compressors, 2 CO2 turbines, 1 

pressurized fluidized bed reactor, and 3 storage tanks (one of them for pressurized CO2). 

More information on the process configuration and the assumptions made can be found in 

[4]. In addition to the solar particle receiver, the design and operation of the high-temperature 

lock hoppers at the solid storage tanks are critical. On the other hand, this configuration pre-

sents a reliable thermal integration of solids according to the current state-of-the-art technol-

ogy [22].  

Case 4 is based on the scheme proposed in [16]. This scheme presents key differences with 

respect to the previous cases. A pressurized receiver (which could be a tube-based system 

or a volumetric system) [23] is considered instead of a particle receiver, in which air is used 

as HTF. The hot air exiting the receiver (850ºC) passes through a heat exchanger coupled to 

the calciner, providing, indirectly, the required heat for the calcination. After the reactor, the 

HTF continues to complete a typical path of a regenerative CO2 Brayton cycle. This scheme 

presents the advantage of avoiding the use of a particle receiver, which is the most critical 

component for the integration of CSP-CaL [22]. Another key aspect is that in this scheme, 

calcination occurs under partial pressure, which allows the calcination temperature to be re-

duced below 900°C. Concretely, this case proposes to carry out the calcination at 0.01 bar. 

The laboratory test demonstrated that a temperature of 765°C is sufficient to complete the 

reaction in a short residence time [24]. Low-pressure calcination enhances CaO conversion 

(represented as X) due to the reduction in particle sintering, which highly penalizes the max-

imum carbonation conversion [25]. Thus, a residual CaO conversion of X=0.42 is demon-

strated at the laboratory scale [24] instead of a CaO conversion of X=0.15 under typical cal-

cination conditions (900-950ºC, 1 bar) [3]. Another difference from the previous schemes is 

to consider the use of fine particles (average size 45 µm instead of 200-300 µm as typical in 

fluidized bed reactors), which allows the use of an inclined flow reactor and promotes the 

kinetics of the reaction due to the lower sizes of the particles [26]. In this case, a single reac-

tor is considered, working as either calciner or carbonator. When stored energy is required, 

air continues to enter the power cycle, being heated before the gas turbine by the heat re-

lease in the carbonator.  

The different PFDs are modelled from the process scheme and the assumptions indicated in 



each reference work. A quasi-stationary hourly analysis is carried out by combining Excel 

and the different software used in the reference works, namely, EES1 (case 1, case 2, case 

5), Aspen Plus2 (case 3), and Thermoflex3 + Aspen Plus (case 4).  

3.3. Economic framework 

The techno-economic model is based on the analysis of capital requirements (CAPEX) and 

operating and maintenance costs (OPEX). The proposed model for calculating the total 

capital requirement (TCR) is based on [10]. The core of a cost estimate is the Bare Erected 

Cost (BEC), which is quantified on the basis of an itemized list of all process equipment 

required for a project, together with the estimated cost of all materials and labour needed to 

complete the installation. The cost of additional support facilities needed for the project is 

estimated as a percentage of the process costs to produce the BEC.  

Table 2. Capital cost estimates 

Process equipment Engineering-economic method [27] 

Piping 10% [28] 

Electrical 5% [28] 

Instrumentation and control 5% [28] 

Materials  7% [28] 

Labor (direct & indirect) 18% [29] 

Bare Erected Cost (BEC) 

Engineering services (EPC) 5% [30] 

Process contingencies 20% [30] 

Project contingencies 20% (preliminary) [30] 

Total Plant Cost (TPC) 

Owner's costs 7% [28] 

Total Overnight Cost (TOC) 

Interest during construction (IDC) Not considered 

Total Capital Requirement (TCR) 

The purchase cost of equipment is estimated from correlations based on key scaling 
parameters. Further information about the correlations used can be found as follows: air and 
CO2 turbomachinery [31,32], sCO2 turbomachinery [33], solar side components (particle 
receiver, tower, and heliostats) [34], gas-solid heat exchangers [18], gas-gas heat exchanger 
coolers and cooling tower [32], cyclones [35], steam cycle and heat recovery system [36] and 
storage vessels [37]. All costs are updated to 2021 as a reference cost year using the CEPCI 
index. The solid-solid heat exchanger is calculated as two interconnected gas-solid heat 
exchangers, increasing their cost by 50% due to the low maturity of this equipment. The 
same procedure is followed for the solid particle receiver that works as a calciner, whose 
costs are increased by 100% due to the lack of experimental results on a large scale. 
Additional fees for engineering services are generally estimated as a percentage of the BEC 

 
1 https://www.fchartsoftware.com/ees/ 
2 https://www.aspentech.com/ 
3 https://www.thermoflow.com/ 



[30]. Due to their lower maturity level, process contingencies are assumed to be 20%. Table 
2 summarizes the procedure for estimating total capital costs. Regarding operational costs 
(OPEX), fixed and variable costs are estimated as 66 $/kW and 3.5 $/MWh respectively [38]. 

The following indicators have been selected to evaluate and compare the performance of the 

proposed systems: 

• Levelized Cost of Energy (LCOE): It represents the cost of electricity generation (in 

€/MWh) over the life of the power plant [30]. For its calculation (Eq. 3), in this work is 

assumed the methodology proposed in [38,39]. This method is appropriate for prelim-

inary stages of project feasibility analysis. 

𝐿𝐶𝑂𝐸 =  
𝐹𝐶𝑅·𝑇𝐶𝑅+𝐹𝑂𝐶

𝐴𝐸𝑃
+ 𝑉𝑂𝐶     (3) 

where 𝑇𝐶𝑅 is the total capital requirement (€), 𝐹𝑂𝐶 is the total fixed O&M costs (€), 𝑉𝑂𝐶 is 

the total variable O&M costs (€/kWh), 𝐴𝐸𝑃 is the annual electricity production (kWh). 𝐹𝐶𝑅 is 

the fixed charge rate, the annual return as a fraction of the capital cost, which is calculated 

according to Eq. 4:  

𝐹𝐶𝑅 = 𝐶𝑅𝐹 · 𝑃𝐹𝐹 · 𝐶𝐹𝐹     (4) 

where, 𝑃𝐹𝐹 is the project financing factor, 𝐶𝐹𝐹 is the construction financing factor, and 𝐶𝑅𝐹 

is the capital recovery factor, which is calculated according to [38]. By considering a period of 

25 years, 2.5%/year inflation rate, 13%/year internal rate of return and 4%year nominal debt 

interest rate, 𝐹𝐶𝑅 results in 0.0719. 

• Capacity Factor: it represents the energy produced in a year divided by the product of 
nominal capacity of the plant multiplied by the number of hours in a year [40].  

4. Results 

In this work, three different solar field designs are considered, depending on the case. De-

sign 1, applied to Case 1, Case 3 and Case 5, is based on a particle solar receiver (~100 

MWth net) with four cavities evenly spaced at 90º. Design 2 involves a notably smaller solar 

field, with only one cavity and a ~5 MWth net particle receiver. Design 3 consists of a pres-

surized air cavity receiver (~100 MWth) with a 360-degree heliostat solar field with three cavi-

ty receivers on top. Table 3 shows the main inputs for the solar field designs as well as the 

performance obtained. Receiver efficiency is calculated as indicated in Section 3.1. The flux 

density at the receivers is in the same order as that of current commercial or tested systems 

(i.e. SOLUGAS [41]); therefore, they are evaluated as technically feasible. Due to the high 

temperature required at the receiver (~900ºC), SiC-based materials could be required for the 

receiver pipes.  

Once the different solar fields are designed, the process schemes (Section 3.2) are simulat-
ed on an hourly basis throughout the year. The schemes have different energy storage strat-
egies originally proposed in their respective publications. Figure 2 represents the sum of the 
ratio of the total power production in each hour to the maximum power production according 
to Equation 4. Therefore, Figure 2 illustrates the daily pattern followed throughout the year.  

𝑅 = ∑
𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑖−ℎ𝑜𝑢𝑟

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
     (4) 



Table 3. Solar field design and results on the 21st of June in Seville 

 

Solar field designs 

Design 1 Design 2 Design 3 

Case 1; Case 3 

and Case 5 
Case 2 

Case 4 

Design DNI (W/m2) 950 950 950 

Receiver temperature (ºC) 900 900 850 

Number of cavities 4 1 3 

Cavity aperture, H x W (m) 15 x 15 13 x 3 8.4 x 12 

Tower height (m) 200 60 200 

Simulated heliostat area (m2) 209485 11702 531343 

Simulated heliostat count 5999 754 3804 

Power incident on field (KW) 188537 11117 478209 

Power absorbed by the receiver (kW) 145533 7689.9 283013 

Power absorbed by HTF (kW) 108233 5719 215741 

Cloudiness efficiency (%) 100 100 100 

Shadowing and Cosine efficiency (%) 88.28 88.71 83.2 

Reflection efficiency (%) 87.59 90.25 90 

Blocking efficiency (%) 99.9 99.34 97.6 

Image intercept efficiency (%) 99.93 88.88 80.9 

Solar field optical efficiency (%) 77.19 69.17 59.2 

Optical efficiency incl. receiver (%) 57.40 51.44 40.00 

 

 

Figure 2. Comparison of the power production along the day for several cases 

As can be seen, Case 1 and Case 3 present a notably higher energy storage capacity than 
Case 4, which is built on their different Solar Multiples (SM): 3, 2.7 and 1.3, respectively. By 
comparing case 1 and case 3 (~100 MWth net particle receiver), the designs involve greater 
power production that occurs in the former from 5 pm to 6 am. The design nominal capacities 
are 14.03 and 11.86 MWe, respectively. However, power production in case 1 is penalized 



during 'day' hours (7 am-4 pm) due to higher energy consumption for CO2 compression. In 
case 1 strategy [4], all CO2 produced in the calciner is compressed and stored (75 bar), 
whereas in case 3 [20] a certain amount of CO2 (SM=2.7) is compressed and stored while 
the rest is sent directly to carbonation (which operates at atmospheric pressure) for power 
production, which involves a reduction in power consumption associated to hours with higher 
solar irradiance. Case 4 presents a lower energy storage potential, with a notably small pow-
er production after sunset. This represents a soft integration of the novel TCES system, in-
creasing the reliability of the system with current state-of-the-art technology and thus reduc-
ing potential risks [16]. 

Table 4 shows the yearly results and the techno-economic performance of each case. For 
comparison purposes, the solar field designed according to Section 3.1 (Design 1) is simu-
lated within a typical molten salt-based tower plant. Two tanks of molten salts with a 16 h full 
load hours of storage are considered. The design power cycle net output is assumed to be 
14 MWe (41.2% cycle thermal efficiency), in the same order as in Case 1 and Case 3. 
CAPEX and OPEX are assumed according to [42], while the same financial parameters are 
assumed as in CaL-based cases (Section 3.3). The model is simulated using SAM [38] from 
the same climatic data as in the rest of the cases. The LCOE and the capacity factor ob-
tained are within the expected according to the state-of-the-art technology [43].  

Table 4. Results and techno-economic performance  

 Ref. Case 1 Case 2 Case 3 Case 4 Case 5 

Solar field  Design 1 Design 1 Design 2 Design 1 Design 3 Design 1 

Average CaO conversion - 0.15 0.15 0.15 0.42 0.15 

Solar Multiple 3 3 3 2.7 1.3 3 

Design nominal capacity (MWe)  14.00 14.03 0.51 11.86 91.00 8.48 

CaO maximum storage capacity (m3) - 3908 201 3062 753 3936 

solids maximum storage capacity (m3) - 2672 134 2097 615 2672 

CO2 maximum storage capacity (m3) - 473 32 462 322 579 

Yearly energy production (GWh) 68.19 72.06 3.36 76.46 183.91 57.39 

Yearly efficiency (receiver to electric) 35.94% 35.40% 27.14% 37.56% 39.17% 28.19% 

Yearly efficiency (solar to electric) 14.63% 15.47% 12.52% 16.41% 15.56% 12.32% 

Capacity factor 55.6% 59% 75% 74% 23% 77% 

Bare Erected Cost (M€) - 119.94 16.71 127.06 229.91 157.31 

EPC cost - 125.34 17.47 132.77 240.25 164.39 

TPC - 175.48 24.45 185.88 336.35 230.15 

TCR 165.61 192.91 24.24 198.91 273.00 240.24 

LCOE (€/MWh) 200.70 208.20 551.60 201.60 147.00 314.20 

 

Case 1 and case 3, with the same solar field design, present a similar value of LCOE, with a 
notably higher capacity factor in case 3. In those cases, the higher total capital requirement 
(TCR) is compensated with higher yearly efficiency. Comparing cases 1, 3 and 5 (all of them 
with the same solar side design) shows that the direct integration of the carbonator-power 
cycle (case 1 and 3) is more profitable than the indirect integration. In addition, the high costs 
considered for sCO2 turbomachinery and heat exchangers causes a higher cost of the sys-
tem. The CaL-based systems present the peculiarity that the net energy production during 
the daytime hours is notably different from the production during the night hours, due to the 
large energy consumption made for the compression of the CO2 to be stored during the day-
time hours. The lower energy penalty due to compression in case 3 (because part is sent 



directly to the carbonator) allows a greater energy production with respect to case 1, which, 
together with a simpler energy integration, results in a lower LCOE. 

Case 4 is the cheapest, mainly due to the larger size of the system and a lower capacity fac-
tor since the storage system (and its associated subsystems) are smaller in this case. An-
other important factor in case 4 is that the conversion of CaO is much higher, which implies a 
lower need for storage, heating, transportation, etc., of inert solids throughout the plant. This 
implies better energy efficiency and smaller size of the equipment. Thus, the higher the CaO 
conversion the higher energy storage density, which involves a lower storage volume to pro-
duce the same amount of power. As showed in [20], for CaO conversion around X=0.15, 
energy storage density is similar to molten-salts based plants. As expected, case 2 is the 
more expensive case due to the high cost associated with the power cycle and the lower 
efficiency in the indirect integration of the carbonation and power cycle in comparison with 
the direct integration and the economy of scale.  

5. Conclusions  

Thermochemical energy storage systems based on CaCO3 have the potential to improve 
solar-to-electric efficiency and increase the capacity factor of CSP plants. Among the CSP-
CaL processes evaluated, the most profitable cases provide a LCOE in the range of 147-208 
€/MWh, allowing a capacity factor of up to 75%. Moreover, the system significantly reduces 
water consumption and the storage materials are abundant worldwide and environmentally 
friendly.  Direct integration of the carbonator and a closed CO2 Brayton cycle is the most 
profitable option, and designs with high-temperature solids storage are the simplest cases 
from an energy integration perspective.  However, there are key challenges to solve to in-
crease both the reliability and the profitability of these systems. First, it is fundamental to in-
crease CaO conversion above the typical value (X=0.15). This can be achieved by reducing 
the calcination pressure (as in Case 4) or by varying other process design conditions (make-
up flow of fresh material, reaction temperature, etc.). In addition, it is key to gain experi-
mental knowledge and optimize the design of high-temperature receivers to reduce the ther-
mal losses.  
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