
1 
 

Kinetic investigation and numerical modelling of CaCO3/Al2O3 reactor for 

high-temperature thermal energy storage application. 

Arun Mathew a,∗, Nima Nadim a, Tilak. T. Chandratilleke a,  

Mark Paskevicius b, Terry D. Humphries b, Craig E. Buckley b 

a School of Civil and Mechanical Engineering, Curtin University                                                    

Curtin University, GPO Box U1987, Perth, WA 6845, Australia 

b Department of Physics and Astronomy, Curtin University, GPO Box U1987, Perth, WA 6845, 

Australia 

Abstract 

This study conducts kinetic analyses of the carbonation reaction of CaCO3 (doped with Al2O3) 

as well as parametric analyses of the performance of a thermochemical reactor, which can act 

as a thermal battery. Kinetic measurements of CO2 release and absorption were carried out 

using thermogravimetric analysis (TGA) at 815, 830 and 845 °C on a CaCO3/Al2O3 sample 

that had been previously cycled over 500 times. The rapid reaction kinetics revealed that the 

Avrami nucleation growth model with exponent 3 fits well to explain the carbonation reaction. 

The numerical study considered a cylindrical reactor with a height and diameter of 100 mm. 

According to numerical analysis, at an applied CO2 pressure of 1 bar, increasing the thermal 

conductivity of the reactor bed from 1.33 to 5 W/m.K increases the rate of carbonation reaction 

by 74 %. When the applied CO2 pressure is increased from 1 to 2 bar, the performance of the 

reactor bed with thermal conductivity of 1.33 W/m.K improves by 42%; however, when the 

applied CO2 pressure is increased from 2 to 3 bar, the performance improves by only 18%. 

Additionally, when the boundary temperature of the reactor was lowered by 30 °C, 

performance was enhanced by 43% at an applied CO2 pressure of 1 bar.  This study also 

examined the effect of using a graphite fin as a heat extraction system. The graphite fin allowed 

for more rapid heat extraction and increased the carbonation reaction by 44% in the reactor bed 

with poor thermal conductivity (1.33 W/m.K) but had no effect in the reactor with modest 

thermal conductivity of (5 W/m.K) due to its ability to already transfer heat effectively to the 
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reactor shell. The study demonstrates some of the limitations of poor thermal transport in a 

thermochemical battery. 

 

 

 

 

 

 

 

Nomenclature 

Symbols  

CP specific heat capacity, J/kg.K t time, s 

Ea activation energy, J/mol ρ density, kg/m3 

ΔH molar enthalpy of reaction, J/mol ε porosity 

k kinetic coefficient, 1/s dx/dt carbonation velocity, 1/s 

k0 pre-exponential factor, 1/s λ thermal conductivity, W/m.K 

M molar mass of CO2, kg/mol Subscript 

𝑄̇𝑄 heat source, W/m3 s Solid reactant 

P CO2 pressure, Pa eq equilibrium 

ΔS reaction entropy, J/ mol. K gas gas, CO2 

R universal gas constant, J/mol. K e effective 

T temperature, K ref reference 

λ thermal conductivity, W/m.K ini initial 

wt maximum mass content of CO2, % app applied 
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Introduction 

The transition of energy harnessing from non-renewable to renewable energy is inexorable in 

the coming decades due to the environmental impact and limited availability of fossil fuels. A 

great technological challenge surrounds the storage of energy that can be generated by the raft 

of emerging renewables to provide base-load power. A thermal energy storage (TES) system 

integrated with concentrated solar plants (CSP) can effectively counter the intermittency issue 

and provide a continuous energy supply. Compared to energy storage in batteries, the low cost 

and ease of integration of TES into large facilities are significant advantages of CSP over other 

technologies [1, 2]. According to the energy storage technique used, TES can be classified as 

sensible, latent, or thermochemical. Among the three options, thermochemical energy storage's 

superior characteristics such as higher energy density, the potential to be a low-cost system, 

and theoretically infinite energy storage duration have made it an appealing option [3, 4]. 

However, thermochemical energy storage remains a laboratory-scale endeavour due to the 

complexities associated with its more complicated reactions and overall system complexity [5, 

6]. 

One of the critical requirements for developing a successful thermochemical energy storage 

system is the development of an appropriate energy storage material. A prospective storage 

material should possess the necessary chemical, thermophysical, and economic properties. 

Numerous materials have been considered in these aspects, including metal hydrides, 

hydroxides, oxides and carbonates [7]. Among the energy storage materials available, calcium 

carbonate (CaCO3) is an attractive option due to its high energy storage density (1790 kJ/kg), 

abundant supply of limestone, low cost (10 €/ton), non toxicity, and high operating temperature 

(near 900 °C) [8]. 

Using CaCO3 as a TES material is reminiscent of its use in the calcium-looping (CaL) process 

for carbon sequestration [9]. The CaL technology utilises the carbonation reaction of calcium 

oxide (CaO) and the calcination reaction of CaCO3 to store and reject carbon dioxide (CO2), 

effectively concentrating it for carbon capture and sequestration purposes. The same concept 

can be applied to thermochemical energy storage due to the highly endothermic and exothermic 

reactions involved with CO2 release and absorption, respectively. In CaL applications, the CaO 

and CaCO3 powders are often moved between the calciner and carbonator reactors, while in 

this TES application the powers would be contained in a single packed bed reactor [10, 11]. In 

periods of excess energy generation, i.e. during the daytime, CaCO3 absorbs thermal energy, 
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undergoing an endothermic reaction, and the material decomposes into CaO and CO2 gas. This 

process is called calcination. During hours of energy demand, the previously stored CO2 gas is 

fed back into the reactor, where the solid CaO reacts with CO2 and dissipates heat equal to the 

enthalpy of the carbonation reaction. This reversible exothermic reaction is called carbonation 

and can be expressed by [12]: 

  CaCO3 ↔ CaO + CO2  (𝛥𝛥𝛥𝛥900°𝐶𝐶  =  165.5 kJ/mol)    (1) 

Utilising CaCO3-based thermochemical reactions for heat storage has gained momentum in 

recent years, although Baker et al. [13] introduced the concept in the 1970s. Recently, process 

engineering studies of integrating CaCO3 reactors for TES were conducted, and it was 

determined that the system possesses the necessary characteristics for commercial energy 

storage applications. Chacartegui et al. [14] investigated the application of CaL technology to 

TES in conjunction with a closed CO2 power cycle for energy generation. When the pressure 

ratio of the carbonator to the turbine outlet was 3:1 and the recyclability of CaCO3 was greater 

than 0.5 at 875 °C, the proposed model achieved a 45% of global plant efficiency. Additionally, 

this study discovered that the global plant efficiency can decline significantly when the 

reversibility of CaCO3 falls below 0.2, of which it frequently does after multiple 

calcination/carbonation cycles [15]. 

Despite the favourable characteristics of CaCO3, the decay in cyclic CO2 storage capacity of 

the material has previously precluded it from becoming a suitable TES material. A TES system 

is expected to undergo thousands of absorption/desorption cycles without significant loss in 

energy storage capacity to become commercially viable. The storage capacity of pure CaCO3 

drops considerably after each carbonation/calcination reaction and reaches 25% of its initial 

capacity after 10 cycles and ~8% after 500 cycles [10, 16, 17]. The drop in multicyclic activity 

of CaCO3 is due to sintering (pore-plugging) phenomena under the high temperatures used 

during thermochemical reactions [8, 14, 18-21]. 

Investigations have been conducted to improve the multicycle activity of the CaCO3, with most 

of the focus being on reducing the sintering issue of CaO-based sorbents [8]. The addition of 

foreign elements (such as MgO, TiO2, SiO2, CuO, CaZrO3) to CaCO3 can cause chemical and 

morphological changes, limiting the particle size and controlling the microstructure of CaCO3 

[10, 22-33]. Wu et al. [34] found that a nano-sized CaO/Al2O3 composite showed cyclic 

stability of 68.3% after 50 cycles when cycling between 650 °C and 800 °C carbonation and 

calcination temperatures. The sintering issue was more recently addressed at 900 °C using 
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CaCO3/Al2O3 composites that formed Ca5Al6O14, which acted as a barrier to sintering, but also 

an ion conductor to promote reaction kinetics [10]. The study revealed that CaCO3 doped with 

20 wt% Al2O3 maintained cyclic stability of ~80-90% over 500 cycles. During cycling, the Ca-

Al-O materials merely catalyse the sorption reactions and do not contribute to the 

thermodynamics of the reaction. As such, the temperatures and pressures at which the reactions 

occur at are not altered [10, 11, 35]. This incomparable cyclic stability addresses many issues 

seen in CaL studies and demonstrates great potential for TES applications.  

Numerous modelling studies of high-temperature thermochemical reactors, including those 

using metal hydrides, metal oxides, and metal hydroxides, are already underway. However, 

there have been just a few numerical studies of calcium carbonate reactors for thermochemical 

energy storage, most of which have been conducted recently [14, 36, 37]. The lack of research 

on CaCO3 reactors for TES applications is mostly owing to the recyclability issue associated 

with CaCO3 material, which is unfavourable for TES applications. Recent research, however, 

has shown techniques for greatly enhancing CaCO3's multicyclic activity. The recent 

experimental and numerical studies of the carbonation process for TES have mostly used 

fluidised bed and rotary kiln reactors [36, 38-40]. However, the operation and numerical 

investigations of the carbonation reaction in fluidised or rotary kiln CaCO3 reactors differ from 

those in the packed bed reactor used in the current work. 

In the current study, initially, the reaction kinetics of ball-milled CaCO3/Al2O3 were measured. 

The calculation of the reaction kinetics of the material enables the numerical investigation of 

the CaCO3/Al2O3 reactor under various operating conditions. Furthermore, the kinetic model 

is used to conduct the numerical investigation of the packed bed reactor for TES application. 

The operating temperature, thermal conductivity of the composite bed, CO2 applied pressure, 

and bed porosity are all parametrically analysed. This investigation provides optimisation of 

operating conditions for large-scale TES operating conditions. 
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Experimental Analysis 

 

Figure 1. Reaction kinetics of CaCO3 + 20 wt% Al2O3 data measured by TGA. Black line represents 

the mass loss/gain of the sample during absorption and desorption of CO2. The red line is the 

isothermal temperature stages. The blue dashed line is the calculated equilibrium pressure of the 

material determined from thermodynamic measurements, and the purple line is the CO2 partial 

pressure during the experiment. It is noted that no mass gain was measured at 845 °C and 0.5 bar CO2 

pressure as it is below the equilibrium gas pressure. 

 

CaCO3 (≥99 %, Sigma-Aldrich) was ball milled with 20 wt% Al2O3 (≥ 98 %, Sigma-Aldrich) 

and CO2 cycled 500 times at 900 °C according to a previous study by Møller et al. [10]. This 

material was used for reaction kinetic analysis. Thermogravimetric analysis (TGA) was 

performed on a Netzsch (STA 449 F3 Jupiter). The sample (13.74 mg) was measured using an 

Al2O3 crucible with a lid possessing a pin-hole to allow gas exchange. The sample was cycled, 

starting from a semi-desorbed state, under varying CO2 partial pressures (0.5, 0.6, 0.7, 0.8 bar) 

under three isothermal conditions (815, 830 and 845 °C), see Figure 1. The CO2 partial 

pressures were attained by varying a mixture of Ar and CO2 flow rates in the purge gas. In 

general, the program consisted of a ramp-up to 815 °C under a pure Ar flow to ensure 
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decomposition of the starting material. An Ar/CO2 mixture was then flowed over the sample 

under isothermal conditions for 1 h, after which a pure argon flow was again passed over the 

sample for 30 mins to decompose the sample again. The material was then cycled under varying 

gas concentrations and temperatures using identical parameters. The temperature and 

sensitivity of the DSC were calibrated using In, Zn, Al, Ag and Au reference materials, 

resulting in a temperature accuracy of ± 0.2 °C, while the balance has an accuracy of ± 20 µg.  

Results and Discussion 

Reaction Kinetics of CaCO3/Al2O3 

The reaction kinetics of pure CaCO3 were previously studied for CO2 storage applications, 

where the carbonation kinetics of CaO with CO2 were found to be a two-stage process [41-43]. 

The initial phase of the carbonation is a rapid and kinetically controlled surface reaction, where 

the later stage is relatively sluggish and controlled by the diffusion of CO2 through the as-

formed CaCO3 [9]. Inconsistencies in kinetic measurements have caused discrepancies in the 

kinetic models due to the type of material used (e.g. limestones, calcite crystals, precipitated 

CaCO3), experimental apparatus used for absorption/desorption measurement (e.g. 

thermogravimetric analysers, flow reactors), the operating conditions for 

carbonation/calcination reaction (temperature, pressure of CO2) and sample size of CaCO3 [44-

46]. As such, a new kinetic model is required for CaCO3/Al2O3. 

It was revealed from previous investigations that the CaCO3/20% Al2O3 composite degrades 

to ≈ 80-90% of the initial CO2 storage capacity over 500 cycles and maintains the same capacity 

for extended cycles [10]. As such, this cycled material was used to determine the typical kinetic 

parameters for CaCO3 during absorption of CO2 under typical reaction conditions. It is also 

important to note that the capacity retention is completely a function of CO2 pressure, 

temperature and time. The CO2 pressure and temperature in the current study are different from 

previous work, a capacity retention of 70% is observed after 500 cycles in the current study[10]. 

Also, the gravimetric CO2 storage capacity is calculated based on the 70% of capacity retention. 

The reaction thermodynamics of the CaO/CaCO3/CO2 system are such that the mixture will be 

at chemical equilibrium (no CO2 release or absorption) at 900°C under 1 bar CO2 pressure [12]. 

For absorption of CO2 to occur under 1 bar (the pressure limits of the TGA instrument), the 

temperature must be below 900 °C. As such the absorption kinetics study was conducted at 

three different CO2 pressures (0.6, 0.7, 0.8 bar) and temperatures (815, 830, and 845 °C). The 

TGA apparatus measurement shows that the carbonation reaction in CaCO3/Al2O3 occurs 
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rapidly (Figure 1). The majority of the reaction (90%) was completed in less than 60 seconds, 

which is much faster than the previously published result of pure CaCO3 carbonation reaction 

kinetics for TES applications [47].  

The reaction rate equation for any solid-gas reaction  is generally expressed as follows [48]: 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑘𝑘(𝑥𝑥) (2) 

where x is the reacted fraction of the solid, k is the kinetic coefficient, which is a function of 

temperature (T) and pressure (P), and f(x) is a function determining the mechanism of the 

reaction, and t is the reaction time. 

Using the Arrhenius equation, the kinetic coefficient, k, can be expressed as [49] 

 𝑘𝑘 = 𝑘𝑘0  ∗ 𝑓𝑓(𝑃𝑃) ∗  𝑒𝑒−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 (3) 

where ko is a pre-exponential factor, f(P) is a pressure-dependent term, Ea is the activation 

energy, and R is the universal gas constant. After separating the variables and integrating 

Equation 2, the integral form of the reaction rate law, (g(x)), is obtained. 

 𝑔𝑔(𝑥𝑥) = �
𝑑𝑑𝑑𝑑
𝑓𝑓(𝑥𝑥) = 𝑘𝑘𝑘𝑘 (4) 

Numerous kinetic functions representing chemical reactions, diffusion, nucleation, and nuclei 

growth mechanisms are currently available for gas-solid absorption systems [50, 51]. The 

volume of CO2 absorption measured at three temperatures and pressures is fitted using known 

kinetic models. Model fitting approaches are based on fitting experimental data to a number of 

well-known solid-state reaction models listed in table 1 in order to obtain the Ea and ko [49, 50, 

52].  
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Table 1: Mechanism function of the various solid-gas reaction models 

Model Differential form 
f(x) 

Integral form 
g(x) 

Exponent 
r 

Avrami-nucleation and 

growth 
(1/r)(1‒x)[‒ln(1‒x)]1‒r [‒ln(1‒x)]r 

1/4, 1/3, 2/5, 
1/2, 2/3, 3/4, 
1, 3/2, 2, 3, 4 

Power law (1/r)x1‒r xr 1/4, 1/3, 1/2, 
1, 3/2, 2 

Exponential (1/r)x ln xr 1, 2 

Branching nucleation x(1‒x) ln[x/(1‒x)] 
 

Phase boundary reaction (1‒x)r/(1‒r) 1‒(1‒x)1‒r 1/2, 2/3 

Chemical reaction (1/r)(1‒x)r 1‒(1‒x)r 1/2, 2, 3, 4, 
1/4, 1/3 

1-D diffusion (1/2)x‒1 x2 
 

2-D diffusion [− ln(1 − x)]−1 x+(1−x)ln(1−x) 
 

2-D diffusion (1 − x)1/2[1 − (1 − x)1/2]−1 [1− (1 − x)1/2]2 
 

2-D diffusion 4(1 −x)1/2[1 − (1 −x)1/2]1/2 [1−(1−x)1/2]1/2 
 

3-D diffusion (3/2)(1−x)2/3[1−(1−x)1/3]−1 [1−(1 −x)1/3]2 
 

3-D diffusion (3/2)[(1−x)−1/3− 1]−1 1− 2x/3−(1−x)2/3 
 

 

The integral forms (g(x)) of the various kinetic models listed in table 1 are plotted against the 

time taken for the carbonation reaction at a CO2 pressure of 0.8 bar and temperature of 845 °C 

as depicted in Figure 2. According to the kinetic fitting analysis, the Avrami-nucleation and 

growth model[‒ln(1‒x)]r with exponent r = 3,  provides the best linear match for the majority 

of carbonation processes. 
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Figure 2. Comparison of the degree of fit of integral form of different kinetic models (g(x)) vs the 

time for carbonation (t) at 0.8 bar CO2 pressure and temperature of 845 °C. 

The effect of pressure, f(P) in Equation 3, on the reaction kinetics of carbonation is also 

investigated. Figure 3 shows that the kinetic coefficient, k, exhibits a linear relationship with 
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((P‒Peq)/Peq) at different temperatures.  The term Peq refers to the equilibrium pressure, which 

is determined by van't Hoff law as   

 
𝑃𝑃𝑒𝑒𝑒𝑒
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑒𝑒𝑒𝑒𝑒𝑒�
∆𝐻𝐻
𝑅𝑅𝑅𝑅−

∆𝑆𝑆
𝑅𝑅 � (5) 

where the reference pressure, 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1 bar. ΔH, ΔS, R, T are carbonation enthalpy, entropy, 

universal gas constant and temperature, respectively. As a result, the pressure function, f(P), of 

the carbonation reaction is represented by 

 𝑓𝑓(𝑃𝑃) = �
𝑃𝑃 − 𝑃𝑃𝑒𝑒𝑒𝑒
𝑃𝑃𝑒𝑒𝑒𝑒

� (6) 

 

Figure 3. Plot of pressure function ((P‒Peq)/Peq) on the reaction vs kinetic coefficient (k) at CO2 

pressure of 0.8 bar and different temperatures. 

By substituting the pressure function, f(P), into equation (3) yields 

 𝑘𝑘 = 𝑘𝑘0 ∗ �
𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

� ∗ 𝑒𝑒−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 (7) 

By taking the logarithm of both sides and combining with Equation 6, it can be rewritten in the 

form of a general equation of a line (y = mx + c) as 

 𝑙𝑙𝑙𝑙 (𝑘𝑘) − 𝑙𝑙𝑙𝑙 �
𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

� = −
𝐸𝐸𝐸𝐸
𝑅𝑅

1
𝑇𝑇

+ 𝑙𝑙𝑙𝑙𝑘𝑘0 (8) 
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Plotting (ln (k) ‒ln ((P−Peq)/Peq)) against (1/T) for various CO2 pressures gives a straight line 

with slope (‒Ea/R) and intercept on the y axis (ln k0). The value of activation energy (Ea) and 

pre-exponential factor (k0) calculated from the slope and intercept values at CO2 pressure of 

0.6, 0.7 and 0.8 bar are listed in Table 2.  

Table 2. Values of activation energy (Ea) and pre-exponential factor (k0) of carbonation reaction at 

different pressures. 

Pressure (bar) Ea (kJ/mol CO2) k0  (s−1) 

0.6 215.21 1.44 x 1010 

0.7 217.61 1.52 x 1010 

0.8 219.16 1.63 x 1010 

 

Similarly, substituting the integral form of the kinetic model, g(x), and the pressure-dependent 

function, f(P), into Equation 4 and rearranging the terms results in the reaction rate expression 

as 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘0 ∗
(1 − 𝑥𝑥)

3 ∗ [−𝑙𝑙𝑙𝑙(1 − 𝑥𝑥)]2
∗ �

𝑃𝑃 − 𝑃𝑃𝑒𝑒𝑒𝑒
𝑃𝑃𝑒𝑒𝑒𝑒

� ∗ 𝑒𝑒
−𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅  (9) 

 

Numerical Analysis 

Physical model of the reactor 

The physical model of the CaCO3 reactor considered in the present work is shown in Figure 4. 

A cylindrical reactor with a length and diameter of 100 mm is considered for parametric 

investigations. It is assumed that the bottom and top faces of the cylinder are perfectly 

insulated. A constant temperature boundary condition is assumed at the outer wall of the 

cylinder. It is analogous to a rector, with the heat transfer fluid flowing through the outer wall 

of the cylinder at a constant temperature. This could be accomplished by using either a high 

heat transfer fluid flow rate or boiling heat transfer fluid flow, the latter of which was 

numerically explored in our previous study [53]. 
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Figure 4.  Schematic of the reactor bed for numerical modelling. 

The following assumptions are made to simplify the simulations: 

1. CO2 is considered as an ideal gas; 

2. Local thermal equilibrium is valid between CO2 and powder particles; 

3. Thermophysical properties of reactor bed are constant and homogenous; 

4. CO2 flow is neglected; 

5. The volumetric expansion of the reactor bed during carbonation is neglected. 

 

Governing Equations 

The energy equation for CaCO3 bed is given by [54]: 

 (𝜌𝜌𝜌𝜌𝑃𝑃)𝑒𝑒
𝜕𝜕𝜕𝜕𝑚𝑚
𝜕𝜕𝜕𝜕

= 𝛻𝛻. (𝜆𝜆𝑒𝑒𝛻𝛻𝛻𝛻𝑠𝑠) + 𝑄̇𝑄 (10) 

where ρ is the density, Cp is specific heat, T is the temperature, t is time, λ is the thermal 

conductivity and 𝑄̇𝑄 is the heat source term which is expressed as: 

 𝑄̇𝑄 = (1 − 𝜀𝜀)𝜌𝜌𝑠𝑠𝑤𝑤𝑤𝑤
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
∆𝐻𝐻
𝑀𝑀

 (11) 

where ε is the porosity of the bed, wt is the maximum mass content of CO2, dx/dt is the reaction 

rate, ΔH is the enthalpy of reaction, and M is the molar mass of CO2. 

The effective volumetric heat capacity is expressed as: 
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 (𝜌𝜌𝐶𝐶𝑃𝑃)𝑒𝑒 = (𝜀𝜀𝜀𝜀𝐶𝐶𝑃𝑃)𝑔𝑔𝑔𝑔𝑔𝑔 + �(1 − 𝜀𝜀)𝜌𝜌𝐶𝐶𝑃𝑃�𝑠𝑠 (12) 

The subscript, gas, represents the gas phase, while the subscript, s, denotes the solid phase. 

The effective thermal conductivity is expressed as: 

 𝜆𝜆𝑒𝑒 = 𝜀𝜀𝜀𝜀𝑔𝑔 + (1 − 𝜀𝜀)𝜆𝜆𝑠𝑠 (13) 

Table 3. Thermo-physical properties used in the numerical model [10, 55, 56] 

Enthalpy of absorption (J/mol. CO2) ΔH −165500 

Entropy of absorption (J/K/mol. CO2) ΔS −143 

Density of CaCO3 bed (kg/m3) 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 1850 

Density of the Al2O3 (kg/m3) 𝜌𝜌𝐴𝐴𝐴𝐴2𝑂𝑂3 3800 

Density of the reactor bed (80% CaCO3/20% Al2O3) (kg/m3) 𝜌𝜌𝑠𝑠 2240 

Specific heat capacity of CaCO3 (J/kg.K) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 910 

Specific heat capacity of Al2O3 (J/kg.K) 𝐶𝐶𝐴𝐴𝐴𝐴2𝑂𝑂3 775 

Specific heat of the reactor bed (80% CaCO3/20% Al2O3) 𝐶𝐶𝑃𝑃𝑠𝑠 883 

Porosity 𝜀𝜀 0.66 

Gravimetric CO2 storage capacity (wt%) 𝑤𝑤𝑤𝑤 25 

Specific heat capacity of CO2 (J/kg.K) 𝐶𝐶𝑃𝑃 1257 

Molecular weight of CO2 (kg/mol) M 0.044 

Gas constant (J/mol K) R 8.314 

Thermal conductivity of CaCO3 bed (W/m.K) 𝜆𝜆𝑚𝑚 1.33 

 

Solution procedure 

The CFD modelling of the CaCO3 reactor was performed using a commercial finite volume 

software package, ANSYS Version 2020 R1. The computational domain was generated using 

the Design Modeler and ANSYS Meshing used for mesh generation. The user-defined 

functions (UDF) have been incorporated into the CFD model to actively estimate the reaction 

rate of the carbonation process and equilibrium pressure. The energy equation was solved using 

the QUICK differencing scheme. Previously, the computational modelling of a high-
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temperature thermochemical reactor for TES application was validated. The kinetic study and 

numerical modelling of a thermochemical reactor with helical coil heat exchanger and 

convective heat loss conditions were accurately simulated, and the results were found to be in 

good agreement with the experimental data [57].  

Numerical results 

Effect of CO2 supply pressure 

The influence of applied CO2 pressure on the carbonation reaction in the reactor bed was 

investigated by evaluating the averaged carbonation reacted fraction, averaged bed 

temperature, and rate of heat absorption from the reactor. The CO2 supply pressure of 1, 2, and 

3 bar were considered for the study. A constant temperature of 815 °C was maintained at the 

outer wall of the reactor. The initial reacted fraction and temperature of the bed were considered 

as 0.01 and 815 °C, respectively. 

 

 

Figure 5. Effect of carbon dioxide supply pressure on average reacted fraction of CaCO3 during 

carbonation. 

 

Figure 5 depicts the effect of supply pressure on the averaged reacted fraction. An increase in 
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0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 3000 6000 9000 12000 15000

Re
ac

te
d 

fr
ac

tio
n

Time (s)

 P = 1 bar

 P = 2 bar

 P = 3 bar



16 
 

required to complete the reaction is ~ 12875, ~7530, and ~6160 s when the applied CO2 

pressure of 1, 2, and 3 bar, respectively. It is discovered that increasing the applied pressure 

from 1 bar to 2 bar results in a 42% faster reaction but increasing the pressure from 2 bar to 3 

bar results in only a 18% improvement. This variation in the performance improvement of the 

reactor with pressure is due to the change in kinetic parameters as the pressure increases. 

Figure 6 shows the effect of applied CO2 pressure on the temperature of the reactor bed. The 

bed temperature rapidly increases in the initial phase of the reaction in all three pressure 

scenarios. The sudden temperature rise is due to a large pressure gradient between applied 

pressure and equilibrium pressure. As a result, the maximum temperature of the bed reaches 

~965 °C in the 3 bar scenario, while it reaches only ~887 °C under 1 bar CO2 pressure. As the 

reaction progresses, the bed temperature decreases due to heat exchange to the outer wall of 

the reactor.  

 

 

Figure 6. Effect of carbon dioxide supply pressure on temperature of the reactor bed with thermal 

conductivity of 1.33 W/m.K. 

Figure 7 shows the variation in the heat transfer rate under varied pressures. Due to the large 

temperature gradient between the reactor bed and outer wall, the heat transfer rate is much 

higher during the initial phase of the reaction. Therefore, the maximum heat transfer rate under 

3 bar CO2 pressure exceeds 4100 W/m2, but it is less than 2100W/m2 under 1 bar CO2 in the 
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initial reaction phase. However, as the reaction progresses, there is a significant drop in the 

heat transfer rate due to a drop in the temperature of the reactor bed. The heat transfer rate falls 

below 200 W/m2 in all cases within 500 s of reaction.  

The abrupt decrease in the heat transfer rate is caused by the characteristics of the reaction that 

occurs in the reactor. During the initial phase of the reaction, the reactor bed closest to the 

exterior wall has a faster reaction rate due to increased heat transfer to the outer wall, causing 

the reaction to complete more quickly. However, a large portion of the powder bed in the centre 

of the reactor remains unreacted. As time progresses, the fully finished reacted bed region 

adjacent to the reactor's outer wall restricts heat transfer from the reactor's core to the outer 

wall. 

 

 

 

Figure 7. Effect of carbon dioxide supply pressure on heat transfer rate from the reactor bed. 
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Effect of thermal conductivity 

A parametric investigation of thermal conductivity of the reactor bed was numerically studied 

using the values of 1.33, 3, and 5 W/m.K. The boundary wall temperature and initial 

temperature were maintained at 815 °C. A constant pressure of 1 bar CO2 was applied for this 

study. Figure 8 shows that an increase in thermal conductivity has a profound effect on reactor 

performance. An increase in thermal conductivity of the bed from 1.33 to 5 W/m.K reduces the 

overall time to complete the carbonation reaction from ~12875 to ~3382 s. The improved 

performance due to the thermal conductivity enhancement is marginal until the reacted fraction 

reaches 0.2. However, as the reaction progresses, the effect propagates. The enhanced reaction 

rate in the later stages of the reaction in the high thermal conductivity scenario is owing to the 

faster heat transfer across the fully reacted reactor bed adjacent to the outer wall. 

 

 

Figure 8. Effect of thermal conductivity of reactor bed on the reacted fraction at CO2 pressure of 1 

bar. 
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Figure 9. Effect of thermal conductivity of the bed on reactor temperature at CO2 pressure of 1 bar. 

Figure 9 shows the averaged temperature of the reactor bed at various thermal conductivity 

values. It can be seen from the plot that the thermal conductivity augmentation has a negligible 

effect on the maximum temperature of the reactor bed. The maximum temperature of the 

reactor bed reaches ~ 886°C for all cases resulting in a similar performance of the reactor in 

the initial phase of the reaction. The bed with a higher thermal conductivity cools down faster 

as the reaction progresses due to more effective heat exchange to the outer wall of the reactor 

bed. As such, for a thermal conductivity of 5 W/m.K it takes 3382 s for the bed temperature to 

reach 830 °C, while it requires 12615 s for a thermal conductivity of 1.33 W/m.K. 

The influence of thermal conductivity on the heat transfer rate is depicted in Figure 10. Unlike 

the average temperature profile of the reactor bed, the total heat transfer rate is much higher 

when thermal conductivity is increased. For example, the maximum heat transfer rate reaches 

~7565 W/m2 in the 5 W/m.K case, whereas it reaches ~2050 W/m2 when thermal conductivity 

is 1.33 W/m.K. Furthermore, the elevated heat transfer rate is only visible for a few seconds 

before dropping below 610 W/m2 in all scenarios within 100 seconds. 
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Figure 10. Effect of thermal conductivity of bed on heat transfer rate at CO2 pressure of 1 bar. 

 

Boundary temperature 

The influence of boundary temperature of the reactor bed was investigated by maintaining 

boundary temperatures of 815, 830, 845 °C under constant CO2 pressure of 1 bar. The effect 

of the boundary wall temperature on the reactor performance is depicted in Figure 11. The rise 

in the boundary temperature increases the time required to complete the carbonation reaction.  

This effect is minor until the reacted fraction reaches 0.3 but becomes more noticeable as the 

reaction process. The time taken to complete the reaction is ~12875, ~16415, ~22520 s, when 

the boundary temperatures are  815, 830, 845 °C, respectively. Therefore, a decrease in wall 

temperature by 30 °C decreases the reaction completion time by ~43%. Increased heat transfer 

from the reactor bed results in a faster reaction at low-temperature boundary conditions. The 

higher heat transfer from the reactor bed contributes to a faster reaction in the low-temperature 

boundary cases. 

The temperature variation of the exterior wall of the reactor can be interpreted as the 

temperature of the heat transfer fluid flowing through the real-world application. When a 

single-phase heat transfer fluid flow is supplied to the reactor's outer wall, the results indicate 

how increasing the temperature of the heat transfer fluid as it passes through the reactor affects 

reactor performance. 
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Figure 11. Effect of reactor's boundary temperature on the reacted fraction at CO2 pressure of 1 bar. 

Figure 12 shows the temperature variation of the reacted fraction at different boundary wall 

temperatures. Similar to the previous parametric investigations in this study, the temperature 

of the bed rises rapidly in the initial few seconds. The study suggests that the boundary 

temperature does not effectively influence the maximum temperature of the bed, as for all cases 

the highest temperature of the bed reaches ~886 °C within a few seconds of reaction initiation. 

Due to faster heat exchange to the outer wall of the reactor, the temperature of the bed drops 

faster when the boundary wall is at a minimum (815 °C). 

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 4000 8000 12000 16000 20000 24000

Re
ac

te
d 

fr
ac

tio
n

Time (s)

 T = 815 °C

 T = 830 °C

 T = 845 °C



22 
 

 

Figure 12. Effect of boundary temperature of the reactor temperature at CO2 pressure of 1 bar. 

 

 

 

Figure 13. Effect of boundary temperature on the heat transfer rate at CO2 pressure of 1 bar. 

 

815

825

835

845

855

865

875

885

895

0 4000 8000 12000 16000 20000 24000

Te
m

pe
ra

tu
re

 (°
C)

Time (s)

 T = 815 °C

 T = 830 °C

 T = 845 °C

1

10

100

1000

10000

0 4000 8000 12000 16000 20000 24000

H
ea

t t
ra

ns
fe

r r
at

e 
(W

/m
2 )

Time (s)

 T = 815 °C

 T = 830 °C

 T = 845 °C



23 
 

Figure 13 illustrates the impact of the boundary temperature of the reactor on the heat transfer 

rate from the reactor. The heat transfer rate is highest when the temperature is 815 °C due to 

the more significant temperature gradient between the reactor bed and outer wall. The 

maximum heat transfer rate is  ~2050, ~1695 and ~1294 W/m2 when the boundary temperature 

is  815, 830, 845 °C, respectively. For all scenarios, the higher heat transfer rate is observed 

only in the initial phase of the reaction before quickly dropping to below 470 W/m2 within 50 

s.  

Study of calcium carbonate reactor with graphite fin 

Previous research has demonstrated that integrating an extended surface fin into a 

thermochemical reactor improves the reactor's heat transfer rate and performance. Therefore, a 

study was carried out to ascertain whether improved performance of a carbonate TES reactor 

would be improved with a graphite fin inserted into the centre of the reactor, as illustrated in 

Figure 14. To compare the performance of the reactor with and without the fin, the reactor bed 

thickness and height were kept constant at 100 mm (see Figure 4). The graphite fin has an 

outside diameter of 15.9 mm (5/8 inch) and a total length of 200 mm, of which 100 mm extends 

beyond the reactor bed. The thermophysical properties of the graphite fin provided by Toyo 

Tanso Co.Ltd were used in this investigation [58].  

A constant boundary temperature of 800 °C was applied at the outer wall of the reactor bed. 

The extended graphite fin was assumed to undergo natural convective heat loss to the ambient. 

The ambient temperature was set to 25 °C, and a heat transfer coefficient of 10 W/m2.K 

(average value for natural convection for a vertical fin) was assumed. The initial temperature 

of both the reactor bed and the graphite fin was 800 °C, while a constant CO2 supply pressure 

of 1 bar was applied. The investigations were performed under assumed thermal conductivity 

conditions of 1.33 and 5 W/m.K for the carbonate bed. 
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Figure 14. Schematic of carbonate reactor bed with graphite fin for numerical modelling. 

Figures 15 and 16 depict the contours of temperature and reacted fraction in the reactor bed 

over time intervals of 100, 500, 1000, and 2000 s. The temperature contour plots demonstrate 

that during the initial stages of the reaction, the temperature inside the reactor bed approaches 

~ 900 °C for the two thermal conductivity values. The temperature of the reactor decreases 

over time as a result of heat absorption from the reactor bed. Due to the increased heat transfer, 

a faster temperature drops occur in the 5 W/m.K case than in the 1.33 W/m.K case. As a result, 

in the 5 W/m.K scenario, the carbonation process advances more rapidly. The reacted fraction 

contour indicates that most reactor materials are carbonated at 2000 s when the thermal 

conductivity of the bed was 5 W/m.K, whereas a significant amount of materials remain 

unreacted at 1.33 W/m.K. In addition, the reacted fraction contour demonstrates that the 

material at the outer boundary of the reactor and near the graphite fin carbonates more rapidly 

at higher thermal conductivity values. This is because these locations experience a significantly 

increased heat transfer coefficient, as such the reaction rate is increased when the thermal 

conductivity is higher.  
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Time = 100 s Time = 500 s Time = 1000 s Time = 2000 s  

Figure 15. Distribution of the reactor's temperature (top rows) and reacted fraction (bottom rows) at 

various time intervals at a thermal conductivity of 1.33 W/m.K. 
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Time = 100 s Time = 500 s Time = 1000 s Time = 2000 s  

Figure 16. Distribution of the reactor's temperature (top rows) and reacted fraction (bottom rows) at 

various time intervals at a thermal conductivity of 5 W/m.K. 
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Figure 17 compares the averaged reacted fraction of the reactor with and without a fin at the 

two thermal conductivity values studied. With a thermal conductivity of 1.33 /m.K, it is evident 

that the scenario with the graphite fin shows that the reactor bed has greatly enhanced 

performance. The reacted fraction remains identical among the both designs until it reaches 

0.4, at which point the carbonation reaction accelerates in the reactor with the fin and the 

reaction takes ~5910 s to complete, whereas the process extends and completes at ~10580 s in 

a rector without a fin.  Interestingly, using a graphite fin when the thermal conductivity of the 

bed is 5 W/m.K has negligible effect on the reactor's performance.  

 

 

Figure 17  Comparison of averaged reacted fraction of reactor with and without the graphite fin at a 

thermal conductivity of 1.33 and 5 W/m.K. 

The absence of increased performance under higher thermal conductivity conditions is due to 

the reduced rate of heat transfer across the extended fins surface. The heat is transferred from 

the reactor bed in two ways: through the outer wall of the reactor and the extended graphite fin. 

Among these two methods, the major share of heat energy is removed from the reactor bed 

through the outer wall of the reactor. As the thermal conductivity of the reactor bed increases, 

the amount of heat energy transferred through the outer wall increases and the percentage of 

heat energy transferred through the outer wall further increases (or reduces the percentage of 

heat transfer through the extended fin). Additionally, due to the higher level of heat transport, 
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the reaction is finished significantly faster in the high thermal conductivity condition. In 

contrast,  the reaction takes a long time to complete in the low thermal conductivity case and a 

considerable amount of heat energy is transferred through the fin. This results in improved 

performance in the 1.33 W/m.K scenario and negligible performance gain in the 5 W/m. K 

case. 

The results from this study emphasise the ability to have enhanced performance in future 

CaCO3 TES reactors. Performance can be improved by raising the thermal conductivity of the 

powder bed and/or increasing the heat transfer area by introducing an extended fin into the 

reactor. Both of these strategies, however, add complexity to the reactor's construction and 

incur additional costs. Furthermore, once the thermal conductivity of the bed is increased the 

addition of the fin may not improve the reactor's performance any further. Overall, these 

additional changes to the reactor architecture may not be required if fast discharge of the battery 

is not required and energy is required at a slow but steady rate. 

 

Conclusions 

A mixture of CaCO3 + 20 wt% Al2O3 has previously been shown to be a potential thermal 

energy storage material due to its operating temperature and ability to reversibly absorb CO2 

over more than 500 cycles. To date, numerical studies on this system have not been undertaken 

due to the requirement to determine the kinetic model for the CO2 absorption process. TGA 

was used to measure the data and a kinetic model was obtained, and a numerical investigation 

of the cylindrical CaCO3 reactor was conducted. The supply pressure of CO2, the reactor bed's 

thermal conductivity, and the reactor wall's boundary temperature were considered for the 

parametric investigations. The conclusions can be drawn as follows: 

• The kinetic study reveals that the carbonation reaction in the CaCO3/Al2O3 takes place 

rapidly. The carbonation reaction follows the Avrami nucleation growth model with an 

exponent 3 reaction model. 

• The time to complete the reaction reduces by ~ 42% when the applied pressure increases 

from 1 to 2 bar CO2. However, as the applied pressure increases from 2 to 3 bar CO2, 

only a 18% reduction in the time to complete the reaction is visible. The maximum 

temperature of the reactor bed increases from ~ 887 to ~ 965 °C when the applied CO2 

pressure rises from 1 to 3 bar. 
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• The carbonation reaction is ~ 74% faster when the thermal conductivity of the bed 

increases from 1.33 to 5 W/m.K. The maximum temperature of the reactor is 

independent of the thermal conductivity of the bed and the wall temperature of the 

reactor. 

• A 43% performance improvement is shown in the reactor when the boundary wall 

temperature is reduced by 30 °C. 

• The carbonation reaction is enhanced by ~ 44% when a graphite fin is added to a reactor 

with thermal conductivity of 1.33 W/m.K is, while the effect of adding a graphite fin to 

a reactor with thermal conductivity of 5 W/m.K is negligible. 
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