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Abstract. This work presents a dynamic model of a novel Concentrated Solar Power plant that 
integrates Thermochemical Energy Storage with Calcium-Looping and a supercritical CO2 
Brayton power block. The aim is to provide a simulation tool to assess annual plant perfor-
mance under realistic solar conditions. The model was developed using the Modelica language 
and simulated with OpenModelica. The configuration includes a heliostat field with a Solar 
Multiple of 1.8, 4 hours of TCES storage, and a 100 MWe sCO2 Brayton cycle. The system 
effectively manages energy generation and storage through advanced control strategies, in-
cluding defocusing to prevent overcharging and efficient handling of startup and shutdown 
phases. A parametric analysis was conducted to identify the optimal configuration, considering 
SM and storage hours variations. The results indicate that the highest plant efficiency and an 
LCOE below 110 USD/MWh are achieved with a solar multiple of approximately 2.6 and stor-
age capacities exceeding 16 hours, aligning with ranges considered commercially viable for 
CSP technologies. However, the system exhibits higher radiation losses at the receiver due to 
the elevated reaction temperature. Despite this, the study demonstrates the energetic viability 
of the integrated CSP-TCES system. The findings highlight the potential of the proposed sys-
tem, although ongoing efforts are aimed at further enhancing the model’s accuracy. 

Keywords: Performance Assessment, Calcium-Looping, Modelica, Supercritical CO2. 

1. Introduction

Concentrated Solar Power (CSP) technology has advanced significantly over the past decade, 
particularly through the integration of Thermochemical Energy Storage (TCES) systems de-
signed to enhance both dispatchability and efficiency. Among the promising approaches in this 
field is the Calcium-Looping (CaL) cycle, which leverages the reversible decomposition reac-
tion of CaCO3 into CaO and CO2 to store and release thermal energy. This technology offers 
several advantages, including higher gravimetric and volumetric energy density that signifi-
cantly reduce storage costs, the use of abundant and inexpensive natural materials such as 
limestone, the ability to operate at high temperature ranges (>900°C) and storage over ex-
tended periods, and a relatively low Levelized Cost of Energy (LCOE) when integrated with 
CSP systems. These factors make CaL particularly appealing for large-scale implementation 
[1],[2]. 
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Since 2016, researchers have been exploring the feasibility and optimization of CaL sys-
tems within CSP plants, evaluating their performance in combination with various working flu-
ids and cycle configurations. Chacartegui et al. [3] has focused on steady-state simulations of 
plant components and the direct integration of CaL with power cycles. While direct integration 
offers performance benefits, it also presents challenges, such as the need for more efficient 
power blocks and the requirement to pressurize the reactors [4],[5]. In recent years, research 
efforts have intensified to further optimize CaL systems. Ortiz et al. [6] investigated the inte-
gration of different power blocks with CaL, achieving a global integration efficiency at design 
conditions of 42% with a closed CO2 Brayton cycle and conducting detailed thermal analyses 
across various operating temperatures. Carro et al. [7] reported a global plant efficiency of 
36.23% using indirect integration of supercritical CO2 (sCO2) with a recompression Brayton 
cycle. 

Despite these advancements, several challenges persist, including sintering, the low re-
activity of CaO, volume changes during reactions, and the need for dynamic simulations to test 
the system’s real ability to adapt to the intermittency of the energy source. Nevertheless, cur-
rent findings suggest that integrating CaL systems into CSP plants holds significant potential 
for reducing the LCOE and improving energy efficiency [5],[8], thereby covering the way for 
future commercialization. This study, therefore, focuses on the dynamic simulation of the inte-
gration of TCES-CaL within a SPT system. 

2. System Description 

Figure 1 presents a flow-sheet diagram of the proposed configuration, which integrates TCES-
CaL in a SPT with a sCO2 Brayton cycle. This system includes a heliostat field with a solar 
multiple of 1.8, a calciner reactor that serves as the receiver, 4 hours of TCES-CaL storage, 
and a carbonator connected to a 100 MWe sCO2 Brayton power block with recompression. 
The TCES-CaL system operates based on the stoichiometric reaction equation (CaO + CO2 
↔ CaCO3 +Heat) [4]. The storage system is positioned in series between the receiver and the 
power block. 

During solar operation, limestone from the mixed silo is fed into the receiver driven by the 
heat collected by the polar-layout heliostat field. In the calciner, CaCO3 undergoes an endo-
thermic reaction, decomposing into solid CaO and gaseous CO2. The solid CaO is stored in 
another silo, while the CO2 gas is stored in a pressure vessel at 72.3 bar and 31°C. The CO2 
storage line is equipped with two air coolers, a compressor, an isothermal expander, and a 
heater to preheat the gas before carbonator. After storage, the exothermic reaction between 
CaO and CO₂ occurs in the carbonator, which functions as a heat exchanger, generating the 
heat flow required by the power block. This thermal energy is then converted into electricity by 
the sCO2 Brayton cycle.  

When solar energy is not available, the control system shuts down the calciner and oper-
ates the carbonator for discharge mode. Due to the high energy density of the system, a 
smaller storage size is required compared to conventional molten salt-based plants. Addition-
ally, the lower thermal inertia of the sCO2 Brayton cycle allows for faster start-ups and shut-
downs. The plant control system monitors the levels in the two silos and the pressure vessel 
to manage the operation state of the calciner, carbonator, and heliostat field defocus mode. 
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Figure 1. TCES-CaL plant configuration schemes a) solar plant scheme, b) CO2 storage line and c) 
general control plant component. 

2.1 General modelling approach 

The model described in this section was implemented using the Modelica language [9]. Key 
physical and chemical phenomena were labeled and condensed into individual, reusable com-
ponents, which were then interconnected to construct the final plant configuration. This modu-
lar approach offers a flexible tool for studying and optimizing various plant designs for maxi-
mum annual energy generation. The components adopted from the SolarTherm library include 
the data source, sun, heliostat field, silos, vessel, compressor, heaters, coolers, and the power 
cycle, all adapted to meet the specific requirements of the proposed system [10],[11]. In con-
trast, the reactor models (calciner and carbonator) were developed specifically for this work. A 
validation of the reactor models against reference data from the literature is presented in the 
following section. 

The model was developed in OpenModelica 1.22.1 and is fully compatible with the Mod-
elica Standard Library 4.0.0 (MSL). The Modelica Fluid connector facilitates data exchange 
between components, managing variables such as mass flow rate, pressure, specific enthalpy, 
and mass fraction. Meanwhile, the Modelica Thermal connector is used in the receiver to han-
dle heat flow rate and temperature. Control signals are managed through single Boolean 
causal connectors. All components are internally balanced in terms of mass and energy, en-
suring robust simulation and easier debugging [12]. Additionally, the techno-economic evalu-
ation of the plant was conducted during the post-processing stage carried out using OMPython 
version 3.4.0, applying the LCOE methodology proposed by Meybodi et al. [13]. 
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3. Subsystem Modelling 

A short description of each model component is outlined below 

Media: The medium models include equations for thermodynamic variables essential for 
mass and energy balances. To simulate the thermodynamic properties of CaCO3 and CaO, 
polynomial expressions for specific heat capacity as a function of temperature are used [14]. 
For CO2 thermodynamic properties, CoolProp [15] was utilized to generate tables containing 
enthalpy, entropy, and density as a function of pressure and temperature which are subse-
quently imported into OpenModelica. 

Data Source: The data source model extracts weather data from a Typical Meteorological 
Year (TMY) file in the TMY3 format. This dataset contains hourly meteorological values repre-
senting typical conditions at a specific location over an extended period. A Python script con-
verts the TMY file into a Modelica-readable table (MOTAB) format, making it readable in 
OpenModelica. Akima interpolation is then used to ensure a smooth and continuous derivative 
of the data during time simulation. 

Sun: The sun model, adopted from the SolarTherm library, calculates the sun’s position 
relative to the plant location and the Direct Normal Irradiance (DNI) at each time step. It em-
ploys equations developed by [16] to determine the solar vector, implemented as the PSA 
algorithm in the model. 

Heliostat Field: This model calculates the total concentrated solar power of the heliostat 
field by considering the number of heliostats, heliostat area, availability, and total optical effi-
ciency. The efficiency is provided as a table function calculated using SolarPILOT [17]. The 
efficiency accounts for factors such as cosine error, reflectivity, shading, blocking, attenuation, 
and spillage. The startup and shutdown of the plant are automatically controlled based on 
criteria like minimum starting power, operating power range, maximum wind speed, and mini-
mum elevation angle. 

Reactors: The stoichiometric balance in the reactors is based on the reaction equations 
for the calciner and carbonator. The models account for molar, mass, and energy balances, 
as well as residence time in the reactors. Conversion percentages of 100% and 40% are con-
sidered for the calciner and carbonator, respectively based on literature [1],[5]. The energy 
balance includes the required heat flow in the calciner associated with chemical reactions and 
radiation losses due to the high reaction temperature. Residence time in the reactors is mod-
eled using an input time response function for each reactor [18],[19]. 

Storage System: The storage system comprises two silos for solids, one for CaO and the 
other for a mixture of CaCO3 and CaO collected after the carbonation process, and a pressure 
vessel for the CO2 gas. The material transportation system includes a lift for moving solids 
between silos and reactors. The silo model accounts for dynamic parameters such as mass, 
volume, area, and heat flow rates, including heat losses. For CO2 storage, the gas exiting the 
calciner passes through an air cooler to reduce its temperature before entering the compressor 
at 40°C. It then passes through another air cooler to match the temperature of the pressure 
vessel. During discharge, the gas exits the pressure vessel, passes through an isothermal 
expander, and is preheated before entering the carbonator. If the system is in defocus mode, 
the gas bypasses the storage line and flows directly from the calciner to the carbonator, avoid-
ing parasitic consumption in the CO2 line. 

Power Cycle: The power block calculates the gross and net electrical power generation. 
A regression model estimates the change in output variables relative to deviations from their 
design reference point. This regression model was developed using the off-design model by 
de la Calle et al. [20], based on Dyreby’s work [21], which extrapolates experimental data on 
sCO2 turbomachinery reported by Sandia National Laboratories. The gross electrical power is 
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calculated by summing the net electrical power and the parasitic loads of the plant, with start-
up thermal consumption also considered. 

Plant Control System: This model controls the defocusing strategy and reactor opera-
tions based on the charge-discharge status, silo and pressure vessel levels, and solar resource 
availability. The mass flow rate is dynamically calculated within each model. 

Economic Model: Formulas are based on literature and engineering estimates. The cost 
evaluation considers major components such as the heliostat field, tower, receiver, calciner, 
carbonator, TCES units (silos, vessels, compressors, and heat exchangers), applying scaling 
laws and correction factors. The LCOE, accounts for total capital cost, operating and mainte-
nance costs, a 7% real discount rate, a 30-year plant lifetime, a 3-year construction period, 
and discounted annual net energy production [22-24]. 

4. System Modelling 

Figure 2. OpenModelica layout proposed plant configuration. 

Figure 2 illustrates the final configuration of the proposed system model in the OpenMod-
elica layout. The components are interconnected according to the scheme shown in Figure 1, 
where all elements of the CO2 storage line are encapsulated within the vessel component. The 
model primarily uses DNI, ambient temperature, and wind speed as input variables, which are 
provided by the data source model. 

4.1 Reactors validation 

The validation of the reactor models was carried out by comparing them against static models 
available in the literature, specifically those referenced in Table 1 and Table 2. The developed 
models were tested under the operating conditions proposed in each corresponding study, 
focusing mainly on the design heat input to the calciner (Qin), the conversion percentage (X), 
and, for the carbonator, the mass flow rate of CaO (ṁCaO,in) entering the reactor. Based on 
these operating conditions, the mass flow rates of the main components (CaO, CaCO₃, and 
CO₂) at the inlets and outlets were calculated. Table 1 and Table 2 present the representative 
mass flow rates for each component, comparing the results obtained from the OpenModelica 
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simulation with those reported in the literature. Additionally, the tables show the percentage 
difference (in parentheses) between the values, with deviations consistently below 3%. 

Table 1. Validation of the Calciner Model: Comparison of Mass Flow Rates and Percentage Differ-
ences. 

Ref. Qin 
[MW] X ṁin [kg/s] ṁCO2,out [kg/s] ṁCaO,out [kg/s] 

Paper This work Paper This work Paper This work 
[1] 10e-3 0.1354 - - 2e-3 2.03e-3 (1.47) 0.0174 0.0178 (2.25) 
[6] 100 0.15 216.56 215.31 (0.58) 22.81 22.68 (0.57) 193.75 192.63 (0.58) 
[25] 100 0.20 177.00 177.73 (0.41) 24.0 24.11 (0.46) 153.00 153.62 (0.40) 
[26] 100 0.15 215.80 215.31 (0.23) 22.77 22.68 (0.39) 193.02 192.63 (0.20) 
[5] 20.08 0.30 22.09 22.14 (0.23) 4.81 4.22 (12.26) 17.28 17.92 (3.57) 

Table 2. Validation of the Carbonator Model: Comparison of Mass Flow Rates and Percentage Differ-
ences. 

Ref. Qin 
[MW] X ṁCaO,in 

[kg/s] 
ṁCO2,in [kg/s] ṁCO2,out [kg/s] ṁout [kg/s] 
Paper This work Paper This work Pa-

per This work 

[3] 100 0.50 31.04 196.9 199.14 
(1.12) 184.7 186.95 (1.20) 212.4 214.67 

(1.06) 
[18] 100 0.15 64.58 133.72 131.02 

(2.02) 126.25 123.42 (2.24) 72.19 72.18 
(0.01) 

[26] 100 0.50 64.30 133.9 130.21 
(2.76) - - - - 

[5] 20.08 0.30 17.28 20.41 20.32 (0.44) 16.34 16.25 (0.55) 21.36 21.35 
(0.05) 

5. Simulation 

OpenModelica 1.22.1 was used for the Modelica implementations and simulations, with a dif-
ferential/algebraic system solver (DASSL) as the numerical solver. The annual simulation was 
conducted using weather data from Daggett, USA. Figure 3 illustrates the performance of the 
TCES system over a five-day period starting from January 1st (3 sunny days and 2 partly 
cloudy days), configured with a solar multiple of 1.8 and 4 hours of storage capacity. In Figure 
3a, the state of charge of the TCES system is shown, highlighting the charging, defocus and 
discharging periods. Notably, when the storage reaches its maximum capacity in sunny days, 
the system activates the defocusing mechanism (dashed lines) to prevent overcharging. 

Figure 3b displays the heat input from the solar field, the projected heat flow, the heat 
generated during the carbonation process, and the net electrical work (Wnet). The Wnet curve 
(grey area) reveals the impact of parasitic power consumption by the compressor in the CO2 
storage line during the charging phase. It can be observed that on days with high solar varia-
bility, the heat flow is insufficient to store energy, resulting in limited energy generation. On 
sunny days, the system can generate power while simultaneously charging the TCES until 
reaching the defocus stage (green area) when storage is at its maximum capacity. This con-
figuration demonstrates the system's ability to sustain energy generation during periods of 
lower solar input by effectively managing the charge and discharge cycles. The five-day period 
exemplifies the system’s performance under varying solar resource conditions. 

Figure 3c presents the annual energy distribution within the CSP plant, highlighting net 
energy and energy losses. Net energy, which represents the electricity generated by the plant, 
accounts for 17.72% of the total annual solar energy (2000 GWh). Parasitic losses, including 
energy consumed by auxiliary systems such as lifts, conveyor systems, and the compressor, 
constitute 3.89%. Thermal losses, representing energy lost as heat between the carbonator 
and the power block, amount to 21.29%. Receiver losses, primarily due to radiation losses 
from the high temperatures in the TCES system, account for 20.12%. Finally, defocus and 
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optical losses are the largest, at 6.81 and 30.16% respectively, associated with the defocus 
effect and optical efficiency calculated using SolarPILOT. 

Figure 3. Simulation results a) charge level of the TCES, b) power and heat flows of the plant, c) 
LCOE vs storage hours and d) annual energy distribution of the plant in GWh. 

Table 3 presents a comparison between a conventional reference case, a typical two-tank 
molten salt solar power plant with 100 MWe net capacity [27], and the proposed TCES plant 
with sCO2 Brayton cycle, designed with the same parameters. Additionally, the storage hours 
for the proposed plant are varied to observe changes in its key performance indicators (KPIs) 
and to draw conclusions. 

Table 3. KPIs of the reference and TCES-CaL plant configurations. 

KPI Reference TCES with sCO2 Brayton cycle Units 
Solar multiple 1.8 1.8 1.8 1.8 1.8 1.8 1.8 - 
Storage size 4 4 8 12 16 20 24 h 
Annual energy 375.86 348.50 392.35 402.84 408.92 413.21 416.47 GWh 
Capacity Factor 42.90 39.78 44.79 45.99 46.68 47.17 47.54 % 
Plant efficiency ~18.00 17.42 19.61 20.13 20.44 20.65 20.82 % 
LCOE  109.44 144.55 130.41 128.35 127.72 127.62 127.82 USD/MWh 

The reference plant was optimized for a solar multiple of 1.8 and 4 hours of storage, as a 
result, it generates more annual energy and has a 2% higher capacity factor compared to the 
proposed plant at the same design parameters. To identify the optimal performance point of 
the proposed plant, Table 3 shows that the improvement in KPIs (annual energy generation, 
capacity factor, plant efficiency and LCOE) becomes less pronounced once storage capacity 
exceeds 12 hours. Therefore, beyond 12 hours of storage, the additional benefits in terms of 
KPIs tend to diminish. In the LCOE comparison, the proposed plant exhibits higher values than 
the reference plant, as the latter is already optimized for its specific SM and storage hours. In 
contrast, the proposed configuration requires a parametric analysis to identify its optimal oper-
ating range. This analysis is presented in Figure 4. 

Figure 4 presents a parametric analysis of the proposed plant, exploring variations in the 
SM from 1.4 to 3.6 in increments of 0.4, alongside a range of storage capacities from 1 to 24 
hours. The objective of this analysis is to identify the design parameters that yield the best 
KPIs for the proposed plant configuration. In Figure 4a, the dotted curves indicate configura-
tions with a 55% and 65% capacity factor, which are directly associated with the highest annual 
energy generation. Conversely, Figure 4b illustrates the overall plant efficiency, where the best 
efficiency results are located within the boundary areas marked by dashed lines. These values 
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align with the commercially viable range for CSP plants. The intersection of the areas repre-
senting the highest energy generation and plant efficiency indicates that the optimal configu-
rations are found with solar multiples between 2.4 and 2.7, and storage capacities exceeding 
12 hours. 

Figure 4. Parametric analysis of the storage characterization based on SM and STO a) Capacity fac-
tor, b) plant efficiency and c) LCOE of the proposed plant. 

Figure 4c presents the parametric analysis of the LCOE for the proposed plant. As ex-
pected, the LCOE decreases with increasing storage duration across all curves. Notably, the 
curve corresponding to SM = 2.6 achieves the lowest LCOE values, reaching levels below 110 
USD/MWh for storage durations exceeding 16 hours. 

6. Conclusions 

In this work, a new dynamic model of an innovative solar power plant integrating TCES-CaL 
and a sCO₂ Brayton cycle is presented. The promising results suggest that the system could 
be energetically viable, although higher radiation heat losses at the receiver were noted due 
to the elevated reaction temperatures. The model was compared with a typical two-tank molten 
salt solar power plant with a net capacity of 100 MWe, and the reactor components were vali-
dated against static models reported in the literature. Significant advantages were observed in 
terms of capacity factor and plant efficiency, mainly attributed to the optimization of the system 
for the selected solar multiple and storage hours. As shown in Table 3, at higher storage ca-
pacities, the proposed plant outperforms the reference configuration by approximately 4.5% in 
capacity factor and 2.8% in plant efficiency. Furthermore, Figure 4 shows that the most suitable 
operating conditions for the proposed system occur for solar multiples between 2.4 and 2.7 
with storage capacities above 12 hours, with the lowest LCOE values obtained for SM = 2.6 
and storage durations greater than 16 hours. 
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Future work will focus on conducting a more detailed optimization study, exploring alter-
native CO₂ storage configurations to reduce parasitic energy consumption, and proposing new 
system layouts. While the current results are promising, ongoing improvements aim to further 
enhance the model’s accuracy and predictive capabilities. 
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