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Abstract: 

Calcium-looping systems can be integrated in concentrated solar power plants serving 

as an energy storage alternative. This concept is based in the reversible calcination-

carbonation reaction, in which limestone and lime are alternatively converted, 

generating and using CO2 and introducing (storing) or releasing important quantities of 

energy. Energy from concentrated solar power (CSP) can be stored by limestone 

calcination (endothermic reaction) at high temperatures producing pure streams of CaO 

and CO2. This energy can be used when demand increases by means of carbonation 

reaction (exothermic) at relatively high temperatures suitable for Rankine cycles. 

Carbonator reactor is a complex system where heterogeneous chemical reactions take 

place together with heat release and heat transfer to the production of steam for the 

Rankine cycle. It is a key element of the process. In this work the modelling of a future 

commercial-scale carbonator is described, in the frame of a new solar-based plant. The 

reactor has been considered with a downward entrained flow design, and the model 

encompasses fluid dynamics, chemical kinetics and energy balance. The results, 

provided along a 1-D discretization, comprise conversion rates, gas temperatures and 

flow rates, and heat transfer rates to the external cooling fluid. The round trip efficiency 

of the energy storage technology is assessed for different carbonator dimensions. 
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1. Introduction 
One of the near-term energy challenges is the necessity to develop and deploy efficient and non-

expensive technologies for energy storage. The renewable energy production must grow in parallel 

with energy storage systems that overcome their intrinsic variability. There are several possibilities 

for storing energy that depends on the renewable energy source, the time displacement of the 

energy, the storage period, prices and materials.  

In particular, concentrated solar power needs energy storage to overcome the daily load variability 

and night periods. Besides, thermal energy storage systems operating at medium to high 

temperature level are preferred in CSP in order to achieve a high round-trip efficiency. Usually, 

molten salt systems [1] are used in commercial installations. Nevertheless, other possibilities as 

mineral oils or ceramic materials are under research [2]. In the last years thermochemical energy 



storage (TCES) has been proposed as an innovative possibility to solve the variability of CSP 

production. In this option, energy is storage in the form of thermal energy combined with an 

endothermic chemical reaction. One of the main advantages is that the density of the storage is 

larger than in other alternatives. To take advantage of the stored energy, the reverse exothermic 

reaction is used. 

Several possibilities for TCES have been proposed [3]. The use of CaCO3 is an interesting 

alternative due to the large experience in the carbonation/calcination reaction, its abundancy and its 

low price. The Ca-Looping (CaL) process has been lately used as an option for CO2 capture 

[4][5][6] but it has been also proposed for being used in CSP plants [7][8]. The Ca-Looping (CaL) 

process is based upon the reversible carbonation/calcination of CaO in which limestone and lime 

are alternatively converted, generating and using CO2 and introducing (storing) or releasing 

important quantities of energy. Energy from CSP can be stored by limestone calcination 

(endothermic reaction) at high temperatures producing pure streams of CaO and CO2. This energy 

can be used when demand increases by means of carbonation reaction (exothermic) at relatively 

high temperatures. In order to produce power, this energy has to be transferred to a Rankine cycle 

[8] or other types of power cycles [7]. Previous works have demonstrated an outstanding 

performance in both situations, for a regenerative Rankine cycle an efficiency of 35.5% has been 

presented, but it increases to near 39.0% for a combined cycle or 42.0% for a closed Brayton cycle 

[8]. 

To achieve this favourable efficiency figures, proper designs of the main reactors (carbonator and 

calciner) have to be proposed. The design has to deal with process and reactor limitations that can 

weaken the performance of the overall system. The main restriction is the reduction of particle size 

in comparison with well-known Ca-L processes for carbon capture. Particle size of tens of microns 

allows an adequate calcination using solar energy but it has important implication in the design of 

both, calciner and carbonator.  

Carbonator reactor is a complex system where heterogeneous chemical reactions take place together 

with heat release and heat transfer to the production of steam for the Rankine cycle. It is a key 

element of the process. Several works in literature have been proposed and have shown the 

simulation results of carbonator for carbon capture applications [9][10]. No attempt has been made 

for the design of the carbonator for a CSP installation. This is the objective of this paper. In this 

work the modelling of a future commercial-scale carbonator is described, in the frame of a new 

solar-based plant. Different lengths and diameters for a commercial carbonator are analysed, as well 

as the corresponding heat released. 

2. Calcium-looping as energy storage technology: Carbonator  
The carbonator is a co-current entrained flow reactor covered with four helical coiled heat 

exchangers in which pressurized water enters at 300 bar and 350 ºC (Fig. 1). The CaO and CO2 inlet 

mass flow rates are 73.41 kg/s and 57.62 kg/s, respectively, which correspond to solar thermal 

powers of 100 MWth inside the calciner.  

Assuming a 13.3% conversion inside the carbonator (maximum residual conversion for sintered 

material), the outlet mass flows will be 17.31 kg/s of CaCO3, 63.71 kg/s of CaO, and 50.00 kg/s of 

CO2. The gas is separated from the solids and recirculated to the carbonator’s inlet, thus avoiding 

preheating (i.e., 86.7% of the inlet CO2 is actually in closed loop). The solids are cooled down and 

stored to be later used again in the calciner, where the 100 MWth (inlet solar power) are distributed 

between heating the material from room temperature and calcining the 100% of the CaCO3 that is 

present in the mixture.  

The outlet conditions of the cooling fluid are set in order to achieve 600 ºC and a maximum 

pressure loss of 20 bar. Thus, the simulation will provide as results the required mass flows and the 

diameters of the helical coiled tubes. 



  

Figure 1. Conceptual design of the carbonator. 

3. Methodology 
This model takes geometry, heat transfer and calcination kinetics into account, thus obtaining the 

temperature profiles along the carbonator under non-isothermal conditions. The model is in steady-

state and has been implemented in EES (Engineering Equation Solver). To calculate the residence 

time of the gas in the carbonator, 1D plug flow is considered. The entraining velocity in downflow 

for the solid is calculated through the terminal velocity and the gas velocity. The reactor has been 

discretized in slides of 2 cm length. 

3.1. Carbonation kinetic model 

The kinetic model is the one published by Ortiz et al [11], in which different fitting parameters have 

been used, coming from the experimental tests of the SOCRATCES project. Thus, the carbonation 

reaction is described by (1), which gives the conversion of CaO as a function of time: 

𝑋(𝑡) =
𝑋𝑘

1 + 𝑒−𝘳(𝑡−𝑡0)
  (1) 

where 𝑋𝑘 is the conversion at the end of the reaction controlled phase and 𝑡0 the time taken to reach 

a 𝑋𝑘/2 conversion. In addition, the reaction rate 𝘳 is given by (2) as a function of temperature and 

CO2 partial pressure:  

𝘳 = 𝑎2 · 𝑒(−
𝐸2
ℛ𝑇

) · (
𝑃

𝑃𝑒𝑞
− 1 ) · (

1
𝑃

𝑃𝑒𝑞
+ 𝑒(∆𝑆2

0/ℛ)𝑒(−∆𝐻2
0/ℛ𝑇𝑠)

)  (2) 

where 𝐸2 is 20 kJ/mol, ∆𝑆2
0 is -68 J/mol·K and ∆𝐻2

0 is -160 kJ/mol. Besides, 𝑃𝑒𝑞 = 𝒜 · exp (−𝒶/

𝑇), where 𝒜 is 4.083·10
7
 atm, and 𝒶 is 20474 K. 

The kinetic model allows computing the mole flow of each component as a function of time. 

Therefore, in order to characterize the carbonator based on its dimensions, it is required to know 

how long the solid and the gas are interacting as they flow down through the reactor. 



3.2. Residence time for the solids 

The time of interaction between the solid and the gas is limited to the residence time of the solid in 

the carbonator. For those flows with Reynolds lower than 2 and small size particles, the following 

(3) may be applied for the downward velocity of single particles, 𝑣𝑠, (concentration of particles is 

assumed diluted) [12]: 

𝑣𝑠 = 𝑣𝑠,𝑖 · 𝑒−𝑏𝑡𝑠 + (𝑣𝑔 + 𝑣𝑡) · (1 − 𝑒−𝑏𝑡𝑠)   (3) 

where 𝑣𝑠,𝑖 is the initial velocity of the solid, 𝑣𝑔 is the velocity of the gas phase, and 𝑣𝑡 is the 

terminal settling velocity of the particle in a static fluid. The parameter 𝑏, and the velocity 𝑣𝑡 are 

given by (4) and (5):  

𝑏 =
18𝜇

𝜌𝑠𝑑𝑝
2

   (4) 

𝑣𝑡 =
(𝜌𝑠 + 𝜌𝑔)𝑑𝑝

2𝑔

18𝜇
   (5) 

where 𝜇 is the viscosity of the gas, 𝜌𝑠 is the density of the solid, 𝜌𝑔 is the density of the gas, 𝑑𝑝
  is 

the diameter of the solid particles, and 𝑔 the gravity. 

The integration of (3) provides the relationship between the carbonator length and the residence 

time of the solids (6). 

𝐿 = ∫ 𝑣𝑠𝑑𝑡𝑠

𝑡𝑠,𝐿

0

=
𝑣𝑠,𝑖

𝑏
(1 − 𝑒−𝑏𝑡𝑠) + (𝑣𝑔 + 𝑣𝑡) · (𝑡𝑠 −

1 − 𝑒−𝑏𝑡𝑠

𝑏
)   (6) 

It can be assumed that 𝑣𝑔 and 𝜇 are constants in the interval of integration for the case of study. 

Thus, this can be directly solved by the EES software to compute the residence time of the solid as a 

function of the length, what will allow determining the mole flows along the reactor as a function of 

the distance from the entrance. 

3.3. Plug flow model (1D) for the gas phase 

The residence time of the gas is given by (7): 

𝑡𝑔 = ∫
𝜋𝑟𝑖𝑛

2

�̇�
𝑑𝐿

𝑉𝑐

0

   (7) 

where 𝑟𝑖𝑛
  is the inner radius of the carbonator, �̇� is the volumetric flow rate, and 𝑉𝐶 the carbonator 

volume. Moreover, �̇� is the product of the gas velocity multiplied by the cross-sectional area of the 

reactor, which must be corrected by subtracting the area occupied by the solids. The variation in the 

effective cross-sectional area along the reactor may be neglected as CaCO3 is produced when CaO 

is consumed. 

Besides, it is assumed that the pressure inside the reactor remains constant at 1.7 bar. Hence, the 

volumetric flow rate is given by (8), according to the ideal gas law:  



�̇�𝐿2 =
(1 − 𝑋𝐿2) · 𝑇𝐿2

𝑇𝐿1
 �̇�𝐿1   (8) 

The residence time of the gas, through a length 𝐿𝑖 in which �̇�𝐿𝑖 can be considered constant will be 

𝑡𝑔(𝐿1) = 𝐿𝑖 · 𝑆𝑒𝑓𝑓/�̇�𝐿𝑖. 

3.4. Heat transfer model 

The carbonator is covered with helical coiled heat exchangers acting as cooling jacket. The 

following steps are taken to compute the heat transfer from the cloud of gas and particles to the 

cooling fluid. First, an energy balance inside the reactor is computed for each slice of reactor (from 

length 𝐿𝑖−1 to length 𝐿𝑖) by (9): 

∑ 𝐶𝑝 𝑗 · �̇� 𝑗,𝐿𝑖

 

𝑗

· (𝑇𝐿𝑖
− 𝑇𝐿𝑖−1

) = −∆𝐻𝑟 · (�̇�𝐶𝑎𝐶𝑂3,𝐿𝑖
− �̇�𝐶𝑎𝐶𝑂3,𝐿𝑖−1

) − �̇�𝐿𝑖

′ · (𝐿𝑖 − 𝐿𝑖−1)   (9) 

where 𝐶𝑝 𝑗 and �̇� 𝑗, are the specific heat and mole flow of component 𝑗, respectively, 𝑇 is the 

temperature of the cloud of gas and particles (which is assumed homogeneous inside the 

carbonator), ∆𝐻𝑟 is the enthalpy of reaction (-178 kJ/mol), and �̇�𝐿𝑖

′  is the heat flow throughout the 

inside wall of the carbonator per unit of length. The latter accounts for radiation and convection, in 

the form of (10): 

�̇�𝐿𝑖

′ = �̇�𝑟𝑎𝑑,𝐿𝑖

′ + �̇�𝑐𝑜𝑛𝑣,𝐿𝑖

′   (10) 

�̇�𝑟𝑎𝑑,𝐿𝑖

′ =
𝜀𝑤

𝛼𝑔+𝑝 + 𝜀𝑤 − 𝛼𝑔+𝑝 · 𝜀𝑤
· 𝜎 · (𝜀𝑔+𝑝 · 𝑇 𝐿𝑖

4 − 𝛼𝑔+𝑝 · 𝑇𝑖𝑤,𝐿𝑖

4 ) · 2𝜋𝑟  (11) 

�̇�𝑐𝑜𝑛𝑣,𝐿𝑖

′ = ℎ𝑔,𝐿𝑖
· (𝑇𝐿𝑖

 − 𝑇𝑖𝑤,𝐿𝑖

 ) · 2𝜋𝑟  (12) 

Where 𝛼𝑔+𝑝 and 𝜀𝑔+𝑝 are the absorptivity and emissivity of the gas-particle mixture, 𝜀𝑤 the 

emissivity of the carbonator wall, 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑖𝑤
  is the temperature of the 

inner wall of the carbonator, 𝑟 the inner radius of the carbonator, and ℎ𝑔 the convective coefficient.  

The model for the calculation of the absorptivity and emissivity of the gas-particle mixture is borne 

out of the VDI Heat Atlas, Part K [13]. The total emissivity of a gas-particle mixture can be 

described as 

𝜀𝑔+𝑝 = (1 − 𝛽) (
1 − exp(−Φ𝑒𝑚𝑖,𝑔+𝑝)

1 + 𝛽 exp(−Φ𝑒𝑚𝑖,𝑔+𝑝)
)   (13) 

Where 

𝛾 = √1 +
2�̅�𝑏𝑠𝑐

�̅�𝑎𝑏𝑠

  (14) 



𝛽 =
𝛾 − 1

𝛾 + 1
  

(15) 

Φ𝑒𝑚𝑖,𝑔+𝑝 = (�̅�𝑎𝑏𝑠𝐴𝐿𝑝 + 𝐾𝑒𝑚𝑖,𝑔)𝑙𝑚𝑏𝛾  (16) 

In a similar manner the absorptivity can be calculated: 

𝛼𝑔+𝑝 = (1 − 𝛽) (
1 − exp(−Φ𝑎𝑏𝑠,𝑔+𝑝)

1 + 𝛽 exp(−Φ𝑎𝑏𝑠,𝑔+𝑝)
)   (17) 

Where 

Φ𝑎𝑏𝑠,𝑔+𝑝 = (�̅�𝑎𝑏𝑠𝐴𝐿𝑝 + 𝐾𝑎𝑏𝑠,𝑔)𝑙𝑚𝑏𝛾   (18) 

𝐿𝑝 is the particle loading, in kg/m
3
. The parameter 𝑙𝑚𝑏 is the mean beam length of radiation within 

the relevant geometry. 𝐴 is the specific surface area of the particles. 

The determination of particle absorption and scattering coefficients �̅�𝑎𝑏𝑠 and �̅�𝑏𝑠𝑐 is performed 

graphically, and limestone is included on the graph in the Heat Atlas. The mean particle diameter 

𝑑𝑝 is measured experimentally, or can be calculated from the surface area and density of the 

particles by 

𝑑𝑝 =
3

2𝜌𝑝𝐴
   (19) 

The gas absorption and scattering coefficients are defined as 

𝐾𝑒𝑚𝑖,𝑔 = −
ln(1 − 𝜀𝑔)

𝑙𝑚𝑏
   (20) 

𝐾𝑎𝑏𝑠,𝑔 = −
ln(1 − 𝐴𝜈)

𝑙𝑚𝑏
   

(21) 

Where 𝜀𝑔 is the emissivity of the gas and 𝐴𝜈 is the absorptance. The value of 𝜀𝑔 varies with 

pressure, optical thickness and temperature. It is found using a graph in the Heat Atlas [13]. The 

absorptance 𝐴𝜈 is a function of the wall and gas temperatures and the emissivity of the gas: 

𝐴𝜈 = 𝑓𝑝,𝐶𝑂2
(

𝑇𝑔

𝑇𝑤
)

0.65

𝜀𝑔   (22) 

The parameter 𝑓𝑝,𝐶𝑂2
 is a pressure correction factor that at 1.0 bar total pressure is equal to 1.000, 

and at 1.7 bar is equal to 1.018. 

Besides, the model for the calculation of the convective coefficient is borne out of ‘Heat Transfer’ 

by Nellis G and Klein S [14], and follows (23) to (27): 

ℎ𝑔,𝐿𝑖
=

𝑁𝑢𝐿𝑖 · 𝑘𝐿𝑖

2𝑟
   (23) 



𝑁𝑢𝐿𝑖
= 3.66 +

(0.049 +
0.020

𝑃𝑟𝐿𝑖 
) · 𝐺𝑧𝐿𝑖

1.12

1 + 0.065 · 𝐺𝑧𝐿𝑖
0.7    

(24) 

𝑃𝑟𝐿𝑖 =
𝐶𝑝𝐿𝑖 · 𝜇𝐿𝑖

𝑘𝐿𝑖
   

(25) 

𝐺𝑧𝐿𝑖 =
𝑅𝑒𝐿𝑖 · 𝑃𝑟𝐿𝑖

𝐿/2𝑟 
   

(26) 

𝑅𝑒𝐿𝑖 =
4 · �̇�𝐿𝑖

𝜋 · 2𝑟 · 𝜇𝐿𝑖
   

(27) 

where 𝑁𝑢 is the Nusselt number, 𝑘 the thermal conductivity, 𝑃𝑟 the Prandtl number, 𝐺𝑧 the Graetz 

number, 𝜇 the viscosity, 𝑅𝑒 the Reynolds number, and �̇� the mass flow. 

The temperature of the outer wall of the carbonator, 𝑇𝑜𝑤
 , is computed by the formula of heat 

conduction through a tube wall (28): 

�̇�𝐿𝑖

′ =
𝑇𝑖𝑤,𝐿𝑖

 − 𝑇𝑜𝑤,𝐿𝑖

 

𝑅𝑡𝑢𝑏𝑒
 · 𝐿𝑖

   (28) 

𝑅𝑡𝑢𝑏𝑒
 =

ln (
𝑟𝑜𝑢𝑡

𝑟
)

2𝜋 · 𝑘𝑡𝑢𝑏𝑒 · 𝐿𝑖
   

(29) 

where 𝑅𝑡𝑢𝑏𝑒
  is the thermal resistance of the carbonator tube, 𝑟𝑜𝑢𝑡 the outer radius of the carbonator, 

and 𝑘𝑡𝑢𝑏𝑒 the thermal conductivity of the carbonator tube (0.025 kW/m·K). 

Then, it is assumed that the temperature of the carbonator’s outer wall is equal to the temperature of 

the cooling fluid inside the helical pipe, since the convective coefficient inside the helical pipe is 

several orders of magnitude greater than inside the carbonator. Thus, the following energy balance 

on the cooling fluid is computed (30):  

𝐶𝑝𝑐𝑓 · �̇�𝑐𝑓 · (𝑇𝑜𝑤,𝐿𝑖−1 − 𝑇𝑜𝑤,𝐿𝑖
) = �̇�𝐿𝑖

′ · (𝐿𝑖 − 𝐿𝑖−1)   (30) 

Where 𝐶𝑝𝑐𝑓 and �̇�𝑐𝑓 are the specific heat and the mole flow of the cooling fluid. It should be noted 

that (30) is valid for those heat exchangers in which the cooling fluid flows from bottom to top 

(counter-current), and therefore it is heated from position 𝐿𝑖 to 𝐿𝑖−1, with the heat produced inside 

the carbonator from position 𝐿𝑖−1 to 𝐿𝑖. In case of evaluating a co-current heat exchanger, the 

energy balance is given by (31), where the cooling fluid flows from top to bottom.  

𝐶𝑝𝑐𝑓 · �̇�𝑐𝑓 · (𝑇𝑜𝑤,𝐿𝑖
− 𝑇𝑜𝑤,𝐿𝑖−1) = �̇�𝐿𝑖

′ · (𝐿𝑖 − 𝐿𝑖−1)  (31) 

Thus, the temperature along the carbonator can be computed by knowing the initial temperature of 

the cooling fluid. 



4. Results 
Due to the scale of the studied system (100 MWth net solar input), the length required in the 

carbonator to achieve conversions above 12% varies between 37 m and 56 m, for diameters 

between 7 m and 4 m, respectively (Fig. 2). To increase conversion from 12% to about 13.2% (i.e., 

close to the maximum), increments of length of 15 – 17 m are required. Thus, for 7 m diameters, a 

length of 52 m would be needed. 

        

Figure 2. Final conversion vs. reactor’s length and radius dimensions. 

The exothermal power produced in the carbonation reaction is about 28.4 MW for 12% 

conversions. In the case of the 7 m in diameter and 52 in length carbonator with 13.2% final 

conversion, the thermal power released during carbonation is 31.1 MW (Fig. 3). 

  

Figure 3. Total exothermal power vs reactor’s length and radius dimensions. 

The total heat removal by the cooling fluids (i.e., by the pressurized water for the Rankine cycle) is 

presented in Fig. 4. For those lengths described above that were set for 12% conversions, the 

thermal power removal is in the range 10.0 MW – 10.4 MW, which represents the 35.2% – 36.6% 

of the heat released during the reaction. In the case of a 7 m in diameter and 52 m in length reactor 

(13.2% conversion), the thermal power removal is about 14.0 MW, which accounts for the 45.0% of 

the exothermal energy from carbonation. 



   

Figure 4. Total removed thermal power by cooling fluid vs. reactor’s length and radius dimensions. 

The remaining thermal power, which cannot be evacuated, heats the reactants and products inside 

the reactor up to the equilibrium temperature. As can be seen in Fig. 5, this situation takes place in 

the first meters of the carbonator. From here onwards, the conversion slowly increases as the heat is 

removed. In the depicted case in Fig. 5 (52 m in length and 7 m in diameter), the mass flows of 

cooling fluids c1, c2, c3 and c4 are 1.85 kg/s, 1.97 kg/s, 1.94 kg/s and 1.96 kg/s. 

  

Figure 5. Temperatures and conversion profiles vs. axial position (L=52m, r=3.5m). 

The carbonator’s outlet gas-solid mixture can be cooled in order to recover more thermal power. In 

the case of the gas, it is separated from the solids, cooled down to 800 ºC, and recirculated to the 

carbonator’s inlet. Thus, the available thermal power to be recovered from the gaseous CO2 is 

presented in Fig. 6. It ranges from 8.0 MW to 8.2 MW for the 12% conversion configurations, thus 

accounting for about the 28% of the exothermal heat coming from the reaction. In the case of a 

reactor with 52 m in length and 7 m in diameter, this thermal power is 7.55 MW, what represents 

the 24% of the exothermal power. 

 

Figure 6. Available thermal power from CO2 vs. reactor’s length and radius dimensions. 



The solids mixture is assumed to be cooled to 450 ºC, thus using this thermal power to heat more 

pressurized water. The available thermal power is presented in Fig. 7. In the case of 12% 

conversion configurations, it amounts between 37.7 MW and 38.3 MW. For the selected reactor of 

52 m in length and 7 m in diameter, this available thermal power is 38.1 MW.  

 

Figure 7. Available thermal power from solids vs. reactor’s length and radius dimensions. 

In total, if all the available thermal power is used, it amounts to 59.6 MW for the case of 13.2% 

conversion that is presented in Fig. 5. This represents the 59.6% of the total input solar power in the 

calciner. Thus, assuming a Ranking cycle efficiency of the 45%, the final round trip efficiency of 

the energy storage in terms of solar power to electricity production would be 26.8%. 

5. Conclusions 
In this work, the modelling of a future commercial-scale carbonator is described, in the frame of a 

new solar-based energy storage plant. The carbonator is a co-current entrained flow reactor covered 

with four helical coiled heat exchangers. The CaO and CO2 inlet mass flow rates are 73.41 kg/s and 

57.62 kg/s, respectively, which correspond to solar thermal powers of 100 MWth inside the 

calciner. Different lengths and diameters for the carbonator are analysed, as well as the 

corresponding heat released. The cooling fluid is pressurized water that enters the heat exchangers 

at 300 bar and 350 ºC and exits at 280 bar and 600 ºC. 

The methodology takes geometry, heat transfer and calcination kinetics into account, thus obtaining 

the temperature profiles along the carbonator under non-isothermal conditions. The model is in 

steady-state, and the selected discretization divides the total length in 100 slices. 

Results show that most of the exothermal heat from carbonation cannot be properly evacuated. 

Thus, most of the released thermal power rapidly heats the reactants and products inside the reactor 

up to the equilibrium temperature. This situation takes place in the first meters of the carbonator. 

From here onwards, the conversion slowly increases as the heat is removed. For a selected 

configuration of 52 m in length and 7 m in diameter, the final conversion is 13.2%, and the 

recovered thermal power from the four helical coiled heat exchangers amounts to 14 MW. The 

required mass flows of pressurized water are 1.85 kg/s, 1.97 kg/s, 1.94 kg/s and 1.96 kg/s. 

Moreover, if the carbonator’s outlet gas-solid mixture is cooled down, it can be recovered 7.5 MW 

from the gaseous CO2 and 38.1 MW from the solids mixture. Thus, the total thermal power finally 

used for the production of hot water is 59.6 MW, what represents a 59.6% of the inlet net solar 

power in the calciner. 
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Nomenclature 
Variables: 

 𝑎2 pre-exponential factor, 1/s
 

 𝒶 fitting parameter for the  

                   equilibrium pressure, K
 

 𝐴 specific projection area of the  

                   dispersed particles, m
2
/kg

 

 𝐴𝜈 geometry-dependent absorptance  

                   of the gas body, -
 

 𝒜 pre-exponential factor, atm
 

 𝑏 calculation parameter, 1/s
 

 𝐶𝑝 specific heat, kJ/(kmol·K)
 

 𝑑 diameter, m
 

 𝐸2 carbonation activation energy,  

                   kJ/mol
 

 𝑓𝑝 pressure correction factor, -
 

 𝑔 gravity, m/s
2 

 𝐺𝑧 Graetz number, -
 

 ℎ convective heat transfer  

                   coefficient, kW/(m
2
·K)

 

 𝑘 thermal conductivity, kW/(m·K)
 

 𝐾 emission or absorption  

                   coefficient of the gas phase, 1/m
 

 𝑙𝑚𝑏 mean beam length, m
 

 𝐿 length, m
 

 𝐿𝑝 particle load at operation  

                   conditions, kg/m
3 

 �̇� mass flow rate, kg/s
 

 �̇� mole flow rate, kmol/s
 

 𝑁𝑢 Nusselt number, -
 

 𝑃 pressure, bar
 

 𝑃𝑟 Prandtl number, -
 

 �̇�′ heat flow per unit of length,  

                   kW/m
 

 �̅�  mean relative absorption or  

                   backscattering efficiency of a  

                   particle, -
 

 𝘳 reaction rate, 1/s 

 𝑟 radius, m 

 𝑅 thermal resistance, K/kW 

 𝑅𝑒 Reynolds number, - 

 ℛ ideal gas constant, kJ/(kmol·K) 

 𝑆𝑒𝑓𝑓 effective cross-sectional area of  

                   reactor, m
2
 

 𝑡 reacting time or residence time, s 

 𝑡0 time to reach half of residual  

                   conversion, s 

 𝑇 temperature, K 

 𝑣 velocity, m/s 

 𝑉 volume, m
3
 

 �̇� volumetric flow rate, m
3
/s 

 𝑋 conversion, - 

 𝑋𝑘 residual conversion, - 

 ∆𝑆2
0 carbonation entropy change,  

                   J/(mol·K) 

 ∆𝐻2
0 standard enthalpy change of  

                   carbonation, kJ/mol
 

 ∆𝐻𝑟
  enthalpy of carbonation, kJ/kmol

 

Greek symbols 

 𝛼 absorptivity, - 

 𝛽 calculation parameter, - 

 𝛾 calculation parameter, - 

 𝜀 emissivity, - 

 𝜇 viscosity, kg/(m·s) 

 𝜌  density, kg/m
3
 

 𝜎 Stefan-Boltzmann constant,  

                   kW/(m
2
·K

4
) 

 Φ  optical thickness for the gas  

                   solid dispersion, - 

Subscripts and superscripts 

 𝑎𝑏𝑠 absorption 

 𝑏𝑠𝑐 backscattering 

 𝑐 carbonator 

 𝑐𝑓 cooling fluid 

 𝑐𝑜𝑛𝑣 convection 

 𝑒𝑚𝑖 emission 

 𝑒𝑞 equilibrium 

 𝑔 gas 

 𝑖 initial value or discretization  

                   index for axial position 

 𝑖𝑛 inner 

 𝑖𝑤 inner wall 



 𝑗 component j 

 𝐿 covered length 

 𝑜𝑢𝑡 outer radius or diameter 

 𝑜𝑤 outer wall 

 𝑝 particle 

 𝑟𝑎𝑑 radiation 

 𝑠 solid 

 𝑡 terminal velocity 

 𝑡𝑢𝑏𝑒 carbonator’s tube 

 𝑤 wall 
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