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Abstract 

Energy storage based on thermochemical systems is gaining momentum as potential alternative 

to molten salts in Concentrating Solar Power (CSP) plants. Several systems have been proposed 

in the last years, mainly based on hydroxides, organic compounds, carbonates, metal redox, 

hydrides, ammonia or sulfur. This work is a detailed review about the promising integration of a 

CaCO3/CaO based system, the so-called Calcium-Looping (CaL) process, in CSP plants with 

tower technology. The CaL  process relies on low cost, widely available and non-toxic natural 

materials (such as limestone or dolomite), which are necessary conditions for the commercial 

expansion of any energy storage technology at large scale. A comprehensive analysis of the 

advantages of this process and challenges to be faced for it to reach a commercial scale is carried 

out.   The review includes a deep overview of reaction mechanisms and process integration 

schemes proposed in the recent literature. In addition, the technological maturity and potential of 

the process is assessed. The direction towards which future works should be headed is discussed. 

1. Introduction  

 

Concentrated Solar Power (CSP) has a great potential within the future energy scenario [1]. 

Achieving efficient, cheap and environmental friendly energy storage stands however as a main 

challenge to achieve a massive deployment of CSP plants [2–4]. 

Nowadays the installed CSP capacity throughout the world is around 5 GWe (~245 plants), while 

approximately 7 GW are under construction or planned to be commissioned from 2020 [5,6]. 

Currently, over 40% of commercial CSP plants around the world incorporate thermal energy 

storage (TES) systems while this percentage rises up to 83% for those planned and under 

development [5,7]. Energy storage is typically based on a two-tank TES system to use the sensible 

heat stored in molten salts [5]. Despite the full commercial scale reached, molten salts-based 
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systems suffer from several drawbacks that penalize the performance of CSP plants such as salt 

corrosiveness [8,9], limited power cycle efficiency because of the salts maximum working 

temperature (~ 560ºC to avoid salt degradation) [10] and a significant energy consumption to 

keep the molten salts up to ~ 220ºC to avoid salt solidification [11].  

As alternative to molten salts-based systems, other  energy storage systems are being proposed in 

the last years based on: i) sensible thermal energy storage (TES) [10,12,13]; ii) latent heat storage 

using phase change materials (PCMs) [14,15] and iii) thermochemical energy storage (TCES) 

[16,17]. TCES relies on reversible chemical reactions by using the heat provided from CSP (or 

other sources) to carry out the endothermic reaction. The stored energy is then release thought the 

exothermic reaction.  Several reversible reactions have been proposed as TCES, mainly based on 

carbonates [18,19], hydroxides [20], metal redox [21], sulfur [22], hydrides [23], methanol [24] 

or ammonia [25].   

One of the most promising TCES systems relies upon the calcination-carbonation reaction of 

CaCO3-CaO (Eq. (1)). Limestone, which is the second most abundant material on Earth after 

water, can be employed for this purpose. In the so-called Calcium Looping (CaL) process, direct 

solar radiation is used to carry out the endothermic calcination reaction releasing CO2 and CaO 

as products that are stored separately. Storage conditions and time depends on the energy demand 

[26]. When energy is needed, the stored products are brought together to carry out the exothermic 

carbonation reaction which releases the stored energy. 

 𝐶𝑎𝐶𝑂3(𝑠) ⇄ 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2           ∆𝐻𝑟
0 = 178

𝑘𝐽

𝑚𝑜𝑙
 (1) 

The CaL process presents several benefits in comparison with molten salts such a higher energy 

storage density and its feasibility to work at significantly higher power cycle temperatures [18]. 

Moreover, CaO precursors such as limestone or dolomite have a very low cost and are wide 

available and environmental friendly [27–29],  which are necessary conditions for the massive 

deployment on a large scale of any energy storage technology.  

In the last years several reviews have been published regarding the integration of TCES in CSP 

plants. Pardo et al. [17] published a comprehensive review on high-temperature TCES. The 

authors reported a comparison of energy density for many systems as well as the technical 

disciplines involved in the development of TCES systems. Similarly, Prieto et al. [30] and Carrillo 

et al. [31] analyzed the characteristics of a large number of potential TCES systems from both 

technical and environmental criteria including cost, state-of-the-art of the technology, efficiency, 

etc. André et al. [32] also assessed the use of high-temperature TCES systems in CSP plants 

highlighting the importance of the cost of raw materials for large scale applications.  Gil, Medrano 



et al. [12,33] developed an extensive review on TES/TCES including a deep analysis on the 

specific properties of each system as well as a large number of case studies.  Kuravi et al. [4]  

published a more generic review on energy storage for CSP, which addressed a comparison 

between sensible, latent and TCES systems. Mahlia et al. [34] analyzed the state-of-the-art of 

energy storage by thermal, electrical or mechanical energy storage systems. Several metal oxides 

(redox) systems were assessed in [35] where experimental data were reported for redox-based 

TCES. Moreover, a few extensive reviews on CSP plant components and performance can be 

found in the recent literature [36,37]. However, up to the authors knowledge, no extensive review 

on the integration of CaCO3/CaO systems in CSP plants has been yet published.  

2. The Calcium-Looping process for thermochemical energy storage  

 

The CaL process is a promising thermochemical energy storage technology to be used in 

concentrated solar power plants [38–42]. Figure 1 shows a conceptual scheme of the CaL process 

integration in a CSP plant as TCES system. The process starts with the decomposition of CaCO3 

to produce CaO and CO2 according to the endothermic calcination reaction. The kinetics of 

calcination is mainly dependent on the temperature and the CO2 partial pressure in the calciner 

[28,43].  After heat recovery, the CaO and CO2 streams are stored for their use afterwards as a 

function of energy demand. In the power production mode, the reactants are sent to the carbonator 

reactor, where the stored energy is released through the reverse carbonation reaction.    

 

Figure 1: CSP-CaL conceptual scheme. Adapted from [44]. 

 

Energy storage based on the CaL process was conceptually proposed in the late 1970s [38,45,46]. 

A number of studies have been reported since regarding Ca-based materials behavior for TCES 

[8,42,47]. The intrinsic potential of the CaL process for energy storage has been also considered 

to increase the flexibility in non-renewable power plants. The CaL process has been widely 

investigated for post-combustion CO2 capture in fossil fuel power plants using the carbonation 

reaction [48,49]. According to [50–52], the CO2 capture efficiency, and therefore the overall plant 
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performance, could be improved by integrating CaO/CaCO3 vessels for energy storage. As in CSP 

plants, this allows decoupling carbonation for CO2 capture and CaO regeneration by calcination 

of the partially carbonated solids.   

This section analyzes the potential of the CaL process for thermochemical energy storage from 

several chemical, physical and engineering aspects considered in the general criterion proposed 

by Wentworth et al. [53]. First, the CaL process presents the huge advantage of low price, wide 

availability and harmlessness towards the environment of natural CaO precursors such as 

limestone or dolomite [27–29], which is crucial for a massive sustainable development of energy 

storage systems at large scale. Another key advantage of the CaO/CO2 system is its high energy 

density, which allows maximizing the storage capacity. As can be seen in Figure 2, the theoretical 

energy density of the CaO/CO2 system (around 3.2 GJ/m3) is one of the largest among the TCES 

systems considered in literature. An alternative choice with larger energy density based also on a 

calcination/carbonation reaction is the SrO/CO2 system (see Figure 2) [19]. Nevertheless, the too 

high turning temperature of this system and the high cost of the raw material (SrCO3) -$580/tonne 

[54] - as compared to a price around $10/tonne or less for natural limestone [55] hinders the 

practical feasibility of the use of this system in CSP plants.  

 

Figure 2: Theoretical energy density and turning temperature of some thermochemical energy 

storage systems. Adapted from [41]. 

 

There is not a unified consensus in the literature to define the energy density of a TCES system 

in practice. Some works [30,50,56] report values for the energy density of the CaL system in the 

range of 0.9-2 GJ/m3 by considering gas and solids vessels and/or the possibility that carbonation 

is not fully achieved in the carbonator [57]. For the sizing of the solids storage tanks, which 

conditions capital costs of the energy storage system [58], it is necessary to consider the particles 
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porosity and the packing density of solids. To this end, Ortiz et al. [57] proposed a novel 

expression which can be generally applied to gas-solid TCES systems. The solids tank size is 

highly influenced by the CaO conversion. The CO2 tank volume is also a critical factor to account 

for the energy density.  As reference value in the CSP-CaL integration scheme, the CO2 should 

be stored at a pressure higher than 75 bar under ambient temperature (25ºC) at liquid state to 

reduce the vessel size. Hence, the energy density of the system mainly depends on CaO 

conversion and CO2 storage conditions. According to CSP-CaL process simulations under typical 

conditions, a realistic value of the energy density of the entire system is in the range of 0.39-0.9 

GJ/m3 depending on CaO conversion [57]. These values are higher than energy storage density 

of a molten salt system (0.4 GJ/m3) by considering a two-tank configuration [59]. 

Contrary to molten salts-based systems, the CaL process presents the great advantage that 

reactants and products can be stored in the long term at ambient temperature. A main issue may 

be that CaO is highly reactive with ambient H2O to produce calcium hydroxide -Ca(OH)2-, which 

is important issue to consider since the formation of Ca(OH)2 can modify the carbonation 

behavior [60,61].  In fact, Ca(OH)2 shows a higher reactivity towards carbonation as compared to 

CaO.  Thus, the introduction of an intermediate CaO hydroxylation reactor has been proposed to 

enhance CaO reactivity in the application of the CaL process for CO2 capture in fossil fuel power 

plants [60,62]. Importantly, it is required to avoid any presence of CO2 in the CaO storage tank 

to avoid unwanted carbonation of CaO [63], which would reduce the energy release to the power 

cycle. A solution could be to store the CaO under pure N2 atmosphere even though it must be also 

remarked that the kinetics of carbonation at ambient temperature, although thermodynamically 

favorable, would be extremely slow [64]. 

In addition, the CaL process for TCES has the advantage of a high reaction turning temperature. 

The equilibrium temperature when pure CO2 at atmospheric pressure is used in the reactors is 

T~895°C [65]. Moreover, carbonation for generating heat is extremely fast in the range of 650-

1000°C depending on the CO2 partial pressure [66]. This would allow achieving a highly efficient 

generation of electricity and would overcome the current CSP temperature limitation of T~550-

600°C imposed by the degradation of molten salts at higher temperatures [10,13,67]. Higher 

efficiencies could be achieved by increasing the maximum temperature provided by the CSP plant 

[68]. Pressurized carbonation over atmospheric pressure is desirable for increasing the efficiency 

of the power-cycle direct integration as it allows carbonation at higher temperatures and faster 

rates  [7,69].   

The calcination reaction must be fast enough for calcination to be fully achieved in reasonably 

short residence times. Tests on several types of solar calciners have been reported in the literature  

[70–73]. According to thermochemical equilibrium [63],  calcination only occurs fast under a 



pure CO2 atmosphere at temperatures above T~950°C [74]. At this temperature, a high energy 

input is required to increase the solids temperature up to the reaction one.  Alternatively, 

calcination could be carried out in an easily separable gas from CO2, e.g. superheated steam [75]. 

Thus, calcination of MgCO3 under superheated steam is an already available technology [76] at 

the commercial level  (Catalytic Flash Calcination, CFC). The LEILAC project [77] aims at using 

CFC to calcine CaCO3 for cement production with the important benefits that it occurs at a fast 

rate and releases pure CO2 ready for compression and storage after condensation of H2O [17]. 

Calcination temperatures under superheated steam are considerably decreased to ~700-750°C 

[78], which is an important advantage to reduce the receiver radiation losses. Furthermore, the 

reactivity of CaO regenerated by calcination under superheated steam is notably enhanced [79], 

which would serve to boost the efficiency of the CSP-CaL integration.  In addition, superheated 

steam for calcination in the solar reactor would be directly available from in-situ generation of 

superheated steam in solar receivers, which is already a mature technology [36]. On the other 

hand, a higher energy penalty is expected by carrying out calcination under superheated steam 

because of the solar energy consumption to bring the water (after separation) up to the calcination 

temperature. Moreover, lab-scale tests show that calcination under superheated steam reduces the 

mechanical strength of the formed CaO, which may lead to excessive attrition of the particles 

[80]. 

Another possibility to reduce the calcination temperature is by reducing the CO2 partial pressure 

introducing Helium in the calciner. Calcination under He occurs fast at T~725ºC [81] because of 

the He high thermal conductivity and CO2 diffusivity in He. Nevertheless, Helium/CO2 separation 

poses a technological challenge. Finally, carrying out calcination under pure CO2 but below 

atmospheric pressure would lead also to a remarkable decrease of the calcination temperature 

[63].  

While the particle receiver and conveying high-temperature solids are technological challenges 

for the development of the CSP-CaL integration, other components are already developed on an 

industrial scale mainly by the cement and lime industry [82–84]. This is further analyzed in 

section 5.  

One of the main drawbacks of the CaL process is the multicyclic deactivation of the regenerated 

CaO [49,85,86]. CaO conversion is highly dependent on the carbonation-calcination conditions 

as discussed in section 3. 

2.1 CSP-CaL related projects  

Thermochemical energy storage, solar calcination and high-temperature solar receivers are 

increasingly being investigated in many research projects. As mentioned above, the CSP-CaL 

process has a number of advantages which are fully aligned with the goals of current research 



lines on CSP plants, namely: i) increasing the plant efficiency; ii) LCOE reduction; iii) increasing 

dispatchability and iv) improving sustainability and environmental impact [87]. Several projects 

(recently finished or on-going) related to the CSP-CaL integration are summarized in Table 1. 

More information about the projects can be found  

Table 1: Summary of 2.1 CSP-CaL related projects 

Project /Acronym scope Funded by Reference 

SOCRATCES: Solar calcium-looping 

integration for thermo-chemical energy 

storage 

CSP-CaL 

integration 

European Union’s 

Horizon 2020 

[88] 

Carbon Dioxide Shuttling 

Thermochemical Storage Using Strontium 

TCES based on 

SrCO3/ SrO 

ELEMENTS 

(DOE, USA) 

[89] 

Regenerative Carbonate-Based 

Thermochemical Energy Storage System 

for Concentrating Solar Power 

TCES for CSP 

based on carbonate 

and silicate sorbents 

ELEMENTS 

(DOE, USA) 

[90] 

Demonstration of High-Temperature 

Calcium-Based Thermochemical Storage 

System for use with Concentrating Solar 

Power Facilities 

CSP-CaL 

integration 

APOLLO (DOE, 

USA) 

[91] 

SOLPART: High temperature Solar-

Heated Reactors for Industrials Production 

of Reactive Particulates 

Solar calcination  European Union’s 

Horizon 2020 

[92] 

TCSPower: Thermochemical Energy 

Storage for CSP Plants 

TCES for CSP 

based on Ca(OH)2 

European Union’s 

Horizon 2020 

[93] 

CSP2: Concentrated solar power in 

particles 

Particles as HTF in 

CSP plants 

European Union’s 

Horizon 2020 

[94] 

 

3. Materials  

This section discusses in detail physical and chemical key aspects related with materials and 

reactions used in the CaL process, which highly conditions the efficiency of using it for TCES.  

Remarkably, one of the key advantages of the CaL process is the low price, wide availability and 

environmental sustainability of natural CaO precursors. Nevertheless, the reactivity to 

carbonation in short residence times on CaO drops with the number of calcination-carbonation 

cycles, mainly due to CaO sintering and pore-plugging depending on the conditions [40]. Several 

CaO precursors, process conditions and techniques such as thermal  [8,95] or mechanical [96] 

pretreatments are being investigated with the final goal of mitigating CaO deactivation. A 

comprehensive review on the multicyclic stability, conversion enhancement methods  and 

reaction kinetics of CaO-based sorbents was published by Salaudeen et al. [97]. 

Typically, the particle size of CaO precursors considered for the CaL process is in the range 20-

250µm [98,99]. The porous CaO formed upon calcination results in a friable solid [100] and 

therefore attrition of particles with the number of cycles can be a problem that must be properly 

addressed. Alonso et al. [101] analyzed the attrition of limestone derived CaO in a CaL prototype-

scale setup assessing the predominant mechanism (fragmentation, decrepitation or abrasion) 



depending on the particles properties. A review of attrition studies and modelling can be found in 

[100]. The use of fine particles is gaining interest due their the large surface to volume ratio which 

minimizes pore-plugging and as consequence enhance the multicycle CaO conversion [40,98]. 

However, interparticle adhesion forces prevail in fine cohesive powders (𝑑𝑝< 30µm) over 

hydrodynamics and gravitational forces [102], which causes agglomeration, channeling and 

plugging phenomena that hamper flowability [103]. 

The CaL process as post-combustion CO2 capture system [48], where most of the CaL research 

has been focused in recent years, necessarily involves carbonation under low CO2 partial pressure 

(imposed by the low CO2 concentration in the flue gas exiting the power plant) whereas 

calcination must be carried out under high CO2 concentration at temperatures around 950ºC. 

These conditions lead to a severe drop of CaO conversion with the number of cycles due to 

sintering of the regenerated CaO, reaching a residual value  of just around X=0.07-0.08 for 

carbonation residence times of about 5 min [104]. In addition, CaO deactivation is further 

enhanced in the post-combustion application by irreversible CaO sulphation and ashes due to in-

situ coal oxy-combustion  [105,106].  However, CaL conditions for TCES may be different to 

those employed for CO2 capture.  Since the concentration of CO2 entering the carbonator is not 

imposed, carbonation conditions can be chosen to minimize the negative impact of CaO 

deactivation due to sintering while at the same time the thermoelectric efficiency is enhanced. On 

the other hand, pore plugging can be enhanced and CaO reactivity hampered, especially for large 

particles, at carbonation conditions involving high temperatures/high CO2 concentration. 

Regarding reaction kinetics in the CaL process as TCES system, interested readers are referred to 

detailed works reported elsewhere [7,41,66,107].   

3.1 Multicyclic CaO deactivation 

Multicycle CaO deactivation is a major drawback of the CaL process. CaO conversion as the 

number the cycle increases strongly decays up to approach a low residual value typically after 

around 20 cycles [105], mainly due to CaO grain sintering [108] or pore plugging [8] depending 

on calcination/carbonation conditions and the CaO precursor used [109].  

CaO deactivation could be partially compensated by adding periodically a certain amount of fresh 

limestone to the process. Due the low cost of limestone (~10 €/tonne), introducing a make-up 

flow of fresh material seems interesting from a techno-economic point of view [110,111]. In 

addition, the sintered CaO-rich purged stream could be used in the cement industry to increase 

the profitability of the process, improving even the cement properties [112,113].  

CaO conversion plays a fundamental role in the CaL process efficiency [18]. According to the 

review on TCES systems carried out by Prieto et al. [30], the CaL system could be a viable option 

to be integrated in CSP plants though CaO deactivation can be a drawback. An important effect 



of CaO deactivation is that a larger size of equipment is required because of the massive presence 

of non-reacting solids in the system. The lower the CaO conversion the higher the amount of inert 

solids that must be preheated and cooled through the plant, with the consequent loss of thermal 

efficiency. This effect is more critical when considering solids storage at ambient temperature 

(facing long-term storage) due the large temperature changes along the cycle (the reactors would 

operate at T>800ºC and storage would be at ambient temperature). Thus an increase of CaO 

residual conversion from X=0.07 to X=0.5 would enhance the thermoelectric efficiency by more 

than 10% points [18] while by considering high-temperature solids storage the same increment of 

residual conversion would increase the thermoelectric efficiency by just 2-3%points [57]. 

Considering the energy density of the system such increment of the residual CaO conversion  

would result in an energy density enhancement from 0.26 to 0.89 GJ/m3 [57]. Hence, improving 

the CaO multicycle conversion has many advantages, which justifies the focus of researchers on 

this issue during the last years. Table 2 shows residual CaO conversion values reported in the 

literature which were obtained from lab-scale calcination-carbonation tests for several CaO 

precursors tested under different conditions.  

Table 2: Values of residual effective CaO conversion (𝑋𝑟) at different CaL conditions reported in the literature 

for TCES. Effective CaO conversion is defined as the ratio of CaO converted to total mass of sorbent including 

inert solids if existing such as MgO in dolomite.  

Materials Process conditions  

CaO precursor Average 

median 

diameter 

Calcination Carbonation residual 

effective CaO 

conversion (𝑋𝑟) 

Ref.  

Limestone >45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.18 (X20)* [40] 

<45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.41 (X20)* [40] 

3.19 µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.51 [114] 

>160µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.21 (X20)* [115] 

>160µm 950ºC/CO2 

5 min 

850ºC/CO2 

5 min 

0.18 (X20)* [115] 

>200µm 1000ºC/CO2 850ºC/CO2 0.13 (X11)* [116] 

>200µm 1000ºC/CO2 850ºC/CO2 

Pressurized 3 

bar 

0.07 (X11)* [116] 

45–160 μm 725ºC/He 

5 min + 

intermediate step 

300ºC/He/2 min 

850ºC/CO2 

5 min 

0.15 (X50)* [47] 

1-10 μm 725ºC/He 

5 min + 

intermediate step 

150ºC/He/2 min 

850ºC/CO2 

5 min 

0.47 

0.32 

(two samples) 

[8] 

Dolomite >45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.42 (X20)* [40] 

<45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.41 (X20)* [40] 

>160µm 725ºC/He 850ºC/CO2 0.47 (X20)* [115] 



5 min 5 min 

>160µm 950ºC/CO2 

5 min 

850ºC/CO2 

5 min 

0.39 (X20)* [115] 

>200µm 1000ºC/CO2 850ºC/CO2 0.20 (X11)* [116] 

>200µm 1000ºC/CO2 850ºC/CO2 

Pressurized 3 

bar 

0.15 (X11)* [116] 

Marble >45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.16 (X20)* [40] 

<45µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.40 (X20)* [40] 

11.17 µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.27  [114] 

Chalk 7.12 µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.38 [114] 

Ca3Al2O6/CaCO3 >160µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.41 (X20)* [115] 

>160µm 950ºC/CO2 

5 min 

850ºC/CO2 

5 min 

0.18 (X20)* [115] 

ZrO2/CaCO3 >160µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.46 (X20)* [115] 

>160µm 950ºC/CO2 

5 min 

850ºC/CO2 

5 min 

0.37 (X20)* [115] 

>200µm 1000ºC/CO2 850ºC/CO2 0.33 (X11)* [116] 

>200µm 1000ºC/CO2 850ºC/CO2 

Pressurized 3 

bar 

0.22 (X11)* [116] 

Steel Slag <300µm 675ºC/He 

5 min 

850ºC/CO2 

5 min 

0.63 [117] 

<300µm 675ºC/He 

5 min + 

intermediate step 

150ºC/ He/2 min 

850ºC/CO2 

5 min 

0.82 [117] 

CaO/SiO2 

70%/30% 

- 725ºC/He 

5 min + 

intermediate step 

300ºC/He/2 min 

850ºC/CO2 

5 min 

0.25 (X50)* [47] 

CaO/SiO2 

90%/10% 

- 725ºC/He 

5 min + 

intermediate step 

300ºC/He/2 min 

850ºC/CO2 

5 min 

0.23 (X50)* [47] 

CaAc 139µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.56 (X30)* [118] 

CaMgAc 267.6µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.53 (X30)* [118] 

CaMg50Ac 220.9µm 725ºC/He 

5 min 

850ºC/CO2 

5 min 

0.69 (X30)* [118] 

Limestone pre-

treated thermic 

ally under: 

a) superheated 

steam (650ºC) 

b) He (725ºC) 

c) N2 (760ºC) 

d) CO2 (960ºC) 

 

1-10 μm 725ºC/He 

5 min + 

intermediate step 

150ºC/He/2 min 

850ºC/CO2 

5 min 

a) 0.45 

b) 0.49 

c) 0.50 

d) 0.49 

 

[8] 

CaO residual conversion (𝑋𝑟) calculated according to equation proposed in [119] 

* CaO conversion at Yth cycle (XY) which is close to the residual value 

 



Regarding carbonation kinetics it is well-known that carbonation occurs through two consecutive 

well differentiated phases. The first phase takes place on the free surface of the CaO particles by 

nucleation and growth of a CaCO3 layer and it is governed by the kinetics of the reaction between 

CaO and CO2 [120]. The end of the fast phase takes place when a product layer of a certain 

thickness is formed depending on the carbonation temperature [121,122], which makes 

inaccessible a large fraction of CaO in the interior of the particles to direct carbonation [121]. 

Further carbonation is controlled by the solid-state counter-current diffusion of 𝐶𝑂3
2− and  𝑂2− 

ions through the carbonate product layer, which leads to a much slower kinetics [120].  

The particular carbonation  depends on process conditions such as gas pressure, temperature, 

reactors atmosphere and CaO precursor which have an effect on the kinetics of the reaction and 

the formation of the CaCO3 product layer [122] and therefore on CaO conversion at the end of 

the carbonation stage. For instance, as shown in the work by Benitez et al. [40], in which 

carbonation was carried out under pure CO2 and T=850ºC (after calcination at 750ºC under pure 

He) , most of the reaction in these conditions takes place mainly in a fast-initial phase controlled 

by the kinetics of the reaction on the surface of the CaO particles, with a subsequent negligible 

carbonation solid-state diffusion controlled phase (Figure 3). This information is highly  relevant 

for the design of the process at industrial scale to optimize relevant parameters such as the solids 

residence time in the reactors. Data on the multicycle effective CaO conversion (defined as the 

ratio of CaO converted to total mass of sorbent) are shown in Figure 4. 

  

Figure 3: a) Time evolution of temperature and sample weight for the first calcination-carbonation 

cycle under carbonation at high temperature and pure CO2 and limestone samples of different 

particle size. Calcination is carried out under helium atmosphere at 725ºC while carbonation 

occurs under pure CO2 at 850ºC. b) Multicycle effective CaO conversion of limestone and 

dolomite samples of different particle size subjected to CaL cycles. Reproduced with permission 

from [40].  

 

 

In addition to natural limestone, which is almost pure CaCO3, other CaO precursors have been 

proposed to improve the multicyclic CaO conversion. Dolomite [𝑀𝑔𝐶𝑎(𝐶𝑂3)2] is another 

abundant and low-price material which is decomposed into MgO and CaO upon calcination by a 



two-stage process [104]. Despite the presence of MgO as inert material towards carbonation at 

the CaL specific conditions for TCES, which requires a higher energy consumption for solids 

conveying and higher thermal losses, the use of dolomite is a promising alternative to limestone 

due to the improved Cao conversion observed in multicyclic tests, the reduction in the calcination 

temperature to 900ºC in short residence times and the possibility of using relatively large particles 

as pore-plugging is not a concern (see Fig 3b)  [40].  

As can be seen in Figure 3b, there is a rather different behavior in the CaL multicyclic 

performance between CaO precursors and particle size. For limestone, the multicycle conversion 

is strongly hindered for particles larger than 45 µm, reaching a conversion after 20 cycles of 

around 0.18 (Figure 3b). However, for particles smaller than 45µm, the conversion is remarkably 

higher indicating that particle size poses a limitation to calcination/carbonation under these 

conditions [40]. The effect of particle size on the multicycle conversion of CaO is explainable 

from the relative thickness of the CaCO3 layer built upon the CaO surface as compared to the 

size of the pores in the CaO skeleton formed after calcination and the carbonation kinetics in the 

fast reaction-controlled (FR) stage [40]. The thickness of this product layer can be increased over 

~100 nm if the carbonation temperature and CO2 vol concentration are increased as is the case at 

CaL conditions for thermochemical energy storage, leading to pore-plugging for relatively large 

CaO particles [40]. Pore plugging is further reinforced if calcination is carried out under relatively 

low temperatures, which gives rise to a CaO skeleton with small pores susceptible of being 

plugged during carbonation [40]. 

In the case of dolomite as CaO precursor, the conversion is not limited by pore plugging since the 

inert MgO grains provide a path for the CO2 molecules to percolate inside the inner pores of the 

particles [40]. The presence of MgO grains notably mitigates sintering an aggregation of the CaO 

grains which leads to a markedly higher multicyclic performance [40,115]  (see Figure 3b). 

Another possibility is using low price and abundant industrial waste materials such as steel slag 

as CaO precursor [117]. Results show that pore plugging is neither a limiting factor for the CaO 

derived from treated steel slag presumably due to the presence of inert oxides as happens for 

dolomite, which leads to high and stable effective conversion (X=0.63) [117].  

Sarrion et al. [115] analyzed different conditions for the CaL process as TCES system. Both 

calcination and carbonation reactions were performed under a pure CO2 environment at 950ºC 

and 850ºC, respectively using sieved limestone of ~160 µm particle size. Under these conditions, 

the multicycle CaO conversion evolves quite similarly to the case in which calcination was carried 

out under He, reaching a residual value of X~0.2. Presumably, calcination under harsh conditions 

leading to a much larger pore size would serve to mitigate pore plugging, which was a severe 

limiting mechanism for calcination under He in the case of relatively large particles. In 



comparison with calcination under He, using pure CO2 for calcination and carbonation avoids the 

need to separate He from the released CO2 in calcination, which reduces the complexity of the 

overall system. For dolomite, as in other works [40,116], a notably higher effective conversion 

was found with a residual value around X~0.4 [115]. In the same work composite Ca-based 

materials were tested using zirconia and alumina as additives. Figure 4 compares data on the 

multicycle effective CaO conversion for natural limestone, dolomite and the Ca3Al2O6/CaCO3 

and ZrO2/CaCO3 composites. 

   

Figure 4: Multicyclic effective conversion for natural limestone, Ca3Al2O6/ CaCO3 composite, 

ZrO2/CaCO3 composite and dolomite under: a) harsh calcination conditions (pure CO2, 950ºC) 

and b) mild calcination conditions (pure He, 725ºC). Reproduced with permission from [115]. 

As shown in Figure 4, both Ca3Al2O6/CaCO3 and ZrO2/CaCO3 composites show higher 

multicycle effective conversion than natural limestone, especially when tested under mild 

calcination conditions, although it is dolomite in both cases the CaO precursor with the highest 

multicycle effective activity.  As can be seen, limestone behavior is quite similar under both CaL 

conditions while the composites and dolomite show sensible differences. Natural CaCO3 minerals 

as marble and chalk have been also tested as CaO precursors for the CaL process [114] showing 

similar performances to natural limestone. 

Within the DOE-founded project “Regenerative Carbonate-Based Thermochemical Energy 

Storage System for Concentrating Solar Power project”, a synthetic sorbent with an almost 

constant CaO multicycle CaO conversion of  X=0.3 was proposed although the high costs of the 

material could be a severe limitation to the process feasibility [123].  

Benitez et al. [47] assessed the multicyclic performance of inexpensive CaO/SiO2 composites 

synthesized from rice husk. The proposed composites, with 70 and 90% content of CaO, present 

a notably enhanced effective conversion compared with natural limestone particles larger than 45 

μm due the mitigation of pore-plugging, which can be explained from the porous structure and 

uniform CaO/SiO2 dispersion obtained by the biotemplate synthesis method used [47]. In another 

work, Sánchez-Jiménez et al. [118] assessed the performance of acicular calcium and magnesium 



acetate precursors prepared by a simple, cost-effective and easily scalable technique from 

limestone and dolomite treated with acetic acid.  The calcium magnesium acetates (CMA) (which 

consists of a mixture of hydrated calcium acetate and hydrated CMA in different ratios) showed 

a stable porous structure with uniformly dispersed MgO nanoparticles dispersed over the CaO 

grains making them more resistant to pore-plugging and reducing sintering, which leads to a 

highly stable multicyclic effective conversion (see Table 2). 

4. CSP-CaL process schemes  

 

Process integration plays a key role on the adaptation of the CaL technology to a CSP plant. 

Despite that the CaL technology was already conceptualized for solar energy storage in the late 

1970s [53], process integration schemes have not been explored in detail until a few years ago.   

Edwards et al. [124] proposed a CSP-CaL integration scheme in which the heat produced in the 

carbonator reactor is used for power generation through a CO2/air open cycle. Figure 5 shows a 

flow diagram of this configuration. CaCO3 particles are assumed to attain complete 

decomposition in the calciner after which CaO particles and CO2 are passed through a network of 

solid-gas and solid-solid heat exchangers to preheat the solids entering the calciner. CO2 is stored 

under pressure at low temperature while the solids are stored at ambient conditions. In the 

carbonator side, the compressed CO2 is mixed with compressed air (at carbonator pressure) and 

then passed through a preheating process before entering the carbonator, where it reacts with the 

preheated CaO solids. In this scheme, the CO2 entering the carbonator is assumed to react 

completely with the CaO particles according the carbonation reaction. Thus, a pure air stream 

would be released from the carbonator  and carried to a gas turbine for power production after 

which it is released to the atmosphere.  



 

Figure 5: Flow diagram of a CaL-air open Brayton cycle integration for energy storage in CSP 

plants. Reproduced with permission from [124]. 

 

However, the reaction thermodynamic equilibrium [63] poses a critical drawback to this scheme. At 

a given temperature carbonation would occur until the CO2 concentration reaches a threshold value 

for which the reaction reaches thermodynamic equilibrium. Therefore, the effluent gas vented to the 

atmosphere cannot be free of CO2. For example, when a 15% v/v CO2 stream is introduced into the 

carbonator at pressurized conditions (i.e. 6 bar) and T~850ºC, the minimum CO2 concentration 

in the gas stream exiting the carbonator is around 8% (CO2 vol% for the reaction to reach 

thermodynamic equilibrium at 850ºC) [44]. Moreover, ideal equilibrium conditions are not fully 

achievable in practice and the CO2 vol% in the effluent gas would be even higher. Thus, an open 

Brayton cycle is not appropriate for free CO2 emissions in the CSP-CaL plant.  

As alternative to the open Brayton cycle to circumvent this important limitation, a regenerative 

CO2 closed Brayton cycle was proposed by Chacartegui et al. [18,44]. In this configuration 

(Figure 6) a pure CO2 stream enters the carbonator with a molar rate well above the stoichiometric 

needs for carbonation. The excess CO2 that leaves the carbonator is used as heat carrier fluid to 

remove the heat released during carbonation and delivered to a gas turbine for power production. 

After passing the turbine, the CO2 is circulated through the regenerator as a previous step to be 

compressed again for a new cycle. The integrated plant performance was determined as an 

average over a 24h period. A daytime period ∆𝑡𝑠𝑢𝑛 is considered during which the solar thermal 

power entering the calciner is constant. Different operations in “sun” and “night” modes were 



considered and a Solar Multiple (SM) equal to 3 was assumed. Importantly, the plant performance 

does not consider losses in the solar field and receiver. A more realistic value of the solar-to-

electric efficiency should be calculated by considering the solar calciner performance in practice. 

 

Figure 6: CaL-closed Brayton cycle integration for energy storage in a CSP plant [18]. Reproduced 

with permission from [44]. 

 

According to simulation results, a maximum efficiency is reached for a pressure ratio (PR) of the 

carbonator to the turbine outlet PR=3.2 regardless of the value of CaO conversion [18]. Higher 

pressure ratios reduce the temperature at the turbine outlet which is detrimental since the 

temperature of the CaO particles entering the carbonator is decreased. On the other hand, the CO2 

flow rate needed in the power cycle reaches very high values when the pressure ratio is small. 

Therefore, the size of all heat exchangers can be reduced by increasing the pressure ratio. Low 

absolute pressures in the carbonator require high compression power and high expansion power 

in the intermediate turbine (linked to the CO2 storage vessel), which leads to a net reduction of 

power consumption. The higher the carbonator pressures the higher the carbonation temperature 

may be from thermodynamic equilibrium with the consequent efficiency increase. Regarding the 

plant efficiency, first law efficiency of 40-46% and second law efficiency of 43%-48% were 

reported to be achievable by means of an optimized CSP-CaL scheme [18]. 

Three different integration schemes based on the closed Brayton cycle were compared by Alovisio 

et al. [44]:  

- i) a first scheme with the same heat exchangers than in Figure 5 but including the 

necessary adaptations derived from the use of a CO2 closed Brayton. Results shown an 



overall efficiency in the range of 34-35%, mainly depending on the carbonator pressure 

and temperature and the pressure ratio in the CO2 turbine. 

- ii) a modified scheme which includes a gas-gas regenerator in the carbonator side to 

improve energy integration (𝐻𝑋𝐺 in Figure 6). Results for this modified scheme showed 

an efficiency improvement of ~2% points regarding case i). 

- iii) a second modified scheme optimized by a detailed pinch-point analysis (Figure 6). 

For a fixed CaO conversion of 0.2, the global net efficiency is increased by about 5% 

points over case i). The enhancement of heat recovery so achieved yields a relevant 

increase of the cycle performance, which would be further promoted as CaO conversion 

is increased. 

In a more recent work Ortiz et al. [125] have explored other CSP-CaL integration schemes based 

on the scheme shown in Figure 6. The use of alternative indirect cycles was assessed for power 

production such as reheat Rankine cycle (with a calculated efficiency of 35.5%), a recompression 

supercritical CO2 (sCO2) Brayton cycle (calculated efficiency of 32%) and a Combined Cycle, 

which showed the best performance. In the last case the results showed that the cycle performance 

was improved by decreasing the outlet turbine pressure up to reach a maximum value of 40.4% 

for operation under an inlet/outlet turbine pressure ratio of 3.6/1 [125]. Even though a CO2 closed 

cycle direct integration would yield the best efficiency results additional studies regarding techno-

economic feasibility should be pursued to further assess the applicability of these power cycle 

integrations in the CSP-CaL integration [125]. 

Further configuration schemes have been explored by considering high temperature solids storage 

[57]. The power cycle considered in this work was, as in previous cases, a regenerative CO2 

Brayton cycle. As simplified heat integration allows using CSP-CaL schemes provided with state-

of-the-art equipment. The four novel schemes proposed were built with an increasing degree of 

complexity and therefore a higher investment cost but also a higher efficiency. The best one from 

an efficiency perspective is depicted in Figure 7.  



 

Figure 7: CSP-CaL integration scheme with high-temperature solids storage. Reproduced with 

permission from [57]. 

In the calciner side, the main novelty regarding previous schemes (Figure 6) is the removal of the 

solid-solid heat exchanger. CaO solids are directly sent to storage at high temperature while a part 

of the sensible heat of the released CO2 is recovered by a gas-solid preheater (GS-HE1 in Figure 

7) and a heat recovery steam generator (HRSG). On the carbonator side, GS-HE2 and GS-HE3 

solid-gas heat exchangers are used to preheat the CO2 stream. As in the previous scheme, an 

intercooled CO2 compressor (2-stages in this case) was considered to reach the carbonator 

pressure. The scheme shown in Figure 7 could be operated by considering either atmospheric or 

pressurized carbonation without remarkably differences on the overall plant efficiency. By 

considering pressurized carbonation, results show a maximum in the overall efficiency near 40% 

at PR between 4 and 5. In any case,  the optimum carbonation pressure would be dependent on 

technical issues such as the cost of a high-temperature lock hopper system or the sealed 

components for a specific facility [57]. From a sensitivity analysis, it was seen that the increase 

of either CaO conversion or Turbine Inlet Temperature (TIT) enhanced the overall plant 

efficiency by up to 2.7%. Further analysis showed that by increasing a 5% the reference isentropic 

efficiency value for the main CO2 compressor (M-COMP) the overall efficiency was raised up to 

44% [57].  
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Another CSP-CaL scheme was proposed by Karasavvas et al. [126]. For the calcination process, 

the total heat uptake in the calciner could be arguably accomplished by using CO2  as the working 

medium. The high CO2 temperature (above 950oC) could be accomplished in a solar heat 

exchanger previously to be introduced in the calciner. Both the entering CO2 in the calciner and 

surplus produced by the calcination reaction will be at high temperature at the exit of the adiabatic 

calciner and will be used for energy production during the process taking place during sun hours 

in the day.  For the carbonation process using the stored CaO earlier produced in the calciner, a 

parametric analysis considering the incoming stored CaO temperature (200-700 ºC) was 

performed. Global efficiency calculated considering that the calciner worked for 12 hours in the 

day as the carbonator. Electric power was produced in the range of 1-5 MW at night with a global 

efficiency in the range ~28-31%. 

5. Technology assessment and prospective 

 

This section is devoted to gather information on industrial and prototype-scale components to be 

integrated within the CSP-CaL scheme. The analysis is focused on the technologies with the 

greatest risks of scaling up such as solar calcination, heat exchange, material conveying and solid-

gas separation. 

5.1 Solar calcination 

 

Because of the high temperature needed for calcination (above 900ºC), a solar tower configuration 

is the most appropriate to be used in the CSP-CaL integration. Currently, there are in operation 

around 5GWe of CSP, of which a 13% utilizes solar tower technology [127]. However, the trend 

of the CSP technology mix is changing. Among those under construction and under development 

44%  of the plants are solar towers [5]. A detailed study on the main characteristics of solar tower 

plants may be found in [127].  

The solar-to-electric efficiency of the integrated CaL-CSP plant will be highly dependent on the 

solar receiver performance and therefore a proper selection, configuration and sizing of the solar 

calciner is a crucial task that remains unsolved yet.  Even though early calciner designs and 

prototypes were already drawn in the 1980s [45,46] the solar particle receiver technology remains 

immature although its development has been notably intensified in the last years. Heat transfer 

losses is a critical issue for the solar receiver design, especially when high temperatures in the 

receiver are considered as would be the case of solar calcination of CaCO3 under pure CO2, which 

requires temperatures well over 900ºC. Radiation losses are mainly dependent on the receiver 

temperature and should be mitigated by a proper design [128] whereas conduction losses can be 

reduced by improving thermal insulation. Thus, increasing the solar absorptance, decreasing the 



thermal emittance and/or reducing conduction/convective heat losses are necessary to  enhance 

thermal efficiency in the receiver [9].  

Critical issues for the development of solar calcination receivers are: i) the need for enough solids 

residence time to reach the target temperature and allow for reaction completion; ii) choosing an 

adequate particle size for particles conveying, fluidization and separation; iii) proper managing 

of high gas flow-rates that must be used for the transport of the particles (especially in the case of 

fluidized beds); iv) avoiding possible deposition of particles in the optical window that may cause 

damage; v) operating under continue operation mode for scaling-up; vi) minimizing thermal 

gradients which would lead to heterogeneous calcination; and vi) particles attrition and 

agglomeration. Moreover, it must be considered for the reactor design that CaCO3 has a poor solar 

absorptance [45].  

Solids residence time and mass flow are crucial parameters when designing the receiver for solar 

calcination. In the CSP-CaL integration, solar radiation is used to heat the particles up to 

calcination temperature. The particles residence time in the calciner must be long enough to reach 

full calcination. The temperature at which the particles enter the solar receiver depends on the 

CSP-CaL scheme. Since carbonation does not occur completely, typically a mixture of CaCO3 

and CaO solids enters the solar calciner.  Falling particle receivers [9,129,130], centrifugal 

particle receivers [45,131–133] and Fluidized Bed receivers [134,135] can be considered a 

feasible candidates to be used in the CSP-CaL integration. Table 3 compares the main 

characteristics of each of them. In a recent paper, Moumin et al. [133] summarized the solar 

calciners proposed in the literature.  

Table 3: Receiver technology comparison. 

  Particle receiver technology 

  Falling particle  Centrifugal receiver/ 
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Benefits  -High solar irradiance 

- High thermal efficiency  

- Highly tested in the last 

years (MWth scale) 

-Tmax >1000ºC 

- Good scalability 

- Geometry similar than solar 

tower 

- Improved continuous 

operation mode 

- co-current or counter- 

current flow 

-Core technology for calcination in 

cement industry 

-Tmax >1000ºC 

-Well-known preheaters coupling 

-adjustable residence time of 

particles 

- Improved continuous operation 

mode 

-good heat transfers 

- co-current or counter- current flow 

 

- high thermal inertia 

improving the thermal regimen 

under short variations of solar 

radiation 

- Well-known technology at 

industry 

- high transfer coefficients 

- Direct and indirect heating 

configuration 

 

 

Challenges - Window integration 

-Increasing the residence 

time (especially problematic 

for particles >200µm) 

- Particle attrition 

 

- Scalability must be addressed 

because the focalized solar heating  

- Window integration 

-Thermal losses in rotary kiln mainly 

occurs by conduction →improve 

thermal insulation 

-total absorptance of the 

fluidized bed depends on both 

of particle’s emittance and bed 

configuration 

- Beam-down technology 

development 

- Energy consumption for 

fluidization 

-Gas-solid separation 



Restrictions - Low solar absorptance of 

CaCO3 particles for direct 

irradiation 

- Direct heating is not 

possible because avoiding 

CO2 losses 

- Horizontal design which makes 

difficult is integration in solar tower 

at large scale.  

- Geometry incompatibilities 

with solar towers 

Tested for 

calcination 

No [45,46] [131] [132] [73] [133] [45,46] 

 

5.2 Carbonator  

Gas-solid reactors are used in many industrial processes. In particular, fluidized beds (FB) are 

widely employed as they provide a large gas-solid contact surface, which promotes heat/mass 

transfer. FB reactors are found in a large number of applications in the environmental, chemical 

and process industries [136] and can be also potentially considered for the CaL process as TCES. 

In fact, the CaL process in its application for CO2 capture was originally conceived by means of 

a twin FB reactor (calciner and carbonator) [137]. Most of the already constructed CaL pilot plants 

for CO2 capture are based on FB reactors [98] and a large number of FB carbonator models can 

be found in the literature [138–141]. 

Fluidization efficiency is critically determined by particle size. In the case of fine cohesive 

powders (with particle size 𝑑𝑝< 30µm) interparticle adhesion is dominant against hydrodynamics 

and gravitational forces [102], which causes agglomeration, channeling and plugging phenomena 

that impede uniform fluidization [103]. Several methods have been proposed to enhance 

fluidization of fine particles: Mechanical vibrations, application of magnetic, acoustic, electric or 

centrifugal fields, application of gas micro-jets or pulsated gas flow [103]. In addition, the use of 

fine cohesive powders in an industrial-scale process may be challenging due to the difficulty of 

capturing small particles from the effluent gas stream using conventional cyclones [83]. The 

collection efficiency of cyclones is limited for particles smaller than typically 20 µm [82].  

Fine particles provide a large surface to volume ratio, and for the CaL process bring about the 

important advantage of reducing the pore-plugging that hinders the multicycle CaO conversion at 

the conditions to be used for TCES as discussed above [40,98]. Downer (entrained flow) reactors 

are a well-known technology in the cracking industry  [142] and can be an alternative to FBs 

reactors to handle fine particles. In a recent work a 1-D model of entrained flow reactor has been 

proposed for the carbonator reactor to capture CO2 in cement kilns using the CaL process [99].    

 

5.3 Heat exchangers 

Optimizing heat integration in the CSP-CaL integration is crucial to achieve high efficiencies due 

to the high temperature differences between the calciner, the storage vessels and the carbonator. 

Because of the system characteristics, a gas-gas heat exchanger as regenerator would be needed 



by considering a CO2 close-loop for power production [44]. On the other hand, the CO2 exiting 

the calciner at high temperature (>900ºC) must be cooled previously to be compressed and stored. 

Similarly, solid-gas preheaters allow increasing the CO2 temperature entering the carbonator 

(from the storage in which CO2 is at low temperature) using heat from the CaCO3 particles exiting 

the carbonator. Finally, solid-solid heat exchangers would further improve heat integration 

although they are not completely developed at commercial scale.  

Gas–solid heat exchange can be carried out in either the open or close configuration. Direct 

contact within an open configuration is a well-known technology [82]. Solids heating could be 

performed in a suspension preheater where gas and solids enter into contact sequentially in risers 

and are separated by cyclones [57] as commonly used in cement plants for raw material preheating 

[143]. In suspension preheaters raw particles are maintained in suspension by the hot gas from 

the calciner.  

In the case of the CSP-CaL integration in which CaO particles are preheated before entering the 

carbonator with the CO2 exhaust stream [44,124], an indirect gas-solid heat exchanger is needed 

in the carbonator side to avoid direct contact between CaO and CO2, which could lead to undesired 

partial carbonation with the consequent reduction in the carbonation heat transfer to the power 

cycle. Indirect solid-gas heat exchange could be performed by using multiple heat transfer plates 

conveniently spaced to allow the flow of material to be heated inside [144]. An alternative high-

temperature solid-gas heat exchanger was proposed by Al-Ansary et al. [145] in which particles 

circulate on the shell side through an arrangement of tubes while the CO2 passes through the tubes. 

Moving packed-bed heat exchangers implementing shell-and-tube and finned shell-and-tube 

designs were investigated by Ho et al. [146].  Tests showed that the particle-side heat transfer 

coefficient could reach values up to ~100 W/m2-K. Regarding the solid-solid heat exchanger, a 

possible system would use two solid-gas indirect heat exchangers with one intermediate heat-

transfer fluid recirculated within the bulk of both solids. Because of the high temperature needs, 

liquid-metals could be used as fluid transfer to this end. 

5.4 Solids conveying and gas separation 

Transport of the solids can be performed either by mechanical or pneumatic conveying or by 

gravity depending on the available space or the facility geometry [147]. Mechanical systems 

normally have a higher investment cost but a much lower operating cost than pneumatic transport 

[82]. 

Screw conveyors have been considered for CaL applications [148]. At a commercial-scale, with 

large volumes of solids circulating through the calciner side, the solids load will vary due to 

changes in the solar irradiation making the screw conveyors mechanically inefficient [98]. Screw 



conveyors were used in the Carina European project [149,150] to fed CaCO3 into the calciner. 

The flow rate of solids through the calciner was properly controlled by using the screw conveyors 

but the temperature range remains a challenge for this system [149]. As a reference, the 1 MWth 

CaL prototype plant at Darmstadt [150]  uses a screw conveyor to control the solids mass flow 

rate. No difficulties were reported regarding the particles transport despite the small median 

particle diameter (~36 µm) used in the plant. In Arias et al. (2017) [151] screw feeders were also 

used for a particle size of ~50-80 µm). Although Ca-based materials with a particle size below 30 

µm are common in cement plants, instabilities were reported due to blockage of the stand-pipes 

with such fine materials. Particles with average size higher than 70 µm were recommended [151]. 

In a more recent paper [152] the minimum particle size was reduced to 50 µm above which a 

continuous and controlled solids flow was allowed. OLDS elevator, which are a type of vertical 

screw conveyor [153],  employs a circular casing rotating around a stationary screw or helix with 

a small parasitic power consumption [130]. These systems can operate a high temperature (around 

700ºC) [153],  and seems a suitable option for the CSP-CaL integration.   

Since CO2 and CaO are stored separately, solid-gas separation after calcination is fundamental in 

the CSP-CaL integration. The same occurs in the power production side, where CO2 exiting the 

carbonator and headed to the turbine must be free of particles. The most common method to 

separate particles from a gas stream is by cyclones, which are based on centrifugal separation. 

Thus, particles are forced out against the outer wall and then eliminated through an aperture at 

the bottom of the unit. Cyclones allow a high separation efficiency (95-100%), they are robust 

and allow operating under high-temperature with low energy requirement. However, the use of 

cyclones for small size particles [14], typically lower than 20 µm, is not feasible. A post-cyclone 

was proposed by Ray et al. [69] to improve the efficiency when working with fines. The post 

cyclone consists of a cylindrical annular shell located on top of the vortex finder. Both 

experiments and simulations indicate a 50% decrease in emission of <5 µm size particles. 

5.5 Storage system 

 

The storage capacity of the CSP-CaL plant should be properly designed to meet the energy release 

plant criteria as a peaker, intermediate or baseload. Despite that one of the main advantages of 

TCES systems is the possibility of storing energy in the long term, the CSP-CaL plant  could be 

operated under a solar multiple SM, defined as the ratio of the solar thermal power to the power 

block design thermal input, similar to that in current CSP plants (SM~2-3) [154]. By considering 

the higher energy storage density of the CaL system in comparison with molten salts [57], a high-

temperature CaL storage system of similar size could allow storing energy for longer periods, 

even days,  than the current 16 hours storage period in commercial molten salts-based CSP plants 



[5]. Remarkably the CSP-CaL plant can be also considered as a long-term (even seasonal) energy 

storage system.  

According to Purutyan et al. [155], the material’s flow properties have to be considered in the 

design of the particle vessel apart from the bulk density, particle size distribution, angle of repose, 

etc. In the CSP-CaL integration, these properties might change over time after repeated 

calcination-carbonation cycles and as a function of temperature [156]. Among the solids storage 

vessel operating requirements to consider are its capacity, discharge rate and frequency, mixture 

and material uniformity, material friability, pressure and temperature differences, safety and 

environmental concerns, and construction materials [155]. CO2 storage tanks are a well-known at 

the commercial scale.  

6. Economic issues 

This section is devoted to a brief discussion on the cost of the CaL process for TCES, which has 

not been yet studied in detail. Because of the early stage of experimental researches at pilot scale, 

carrying out a sufficiently accurate cost estimation at a commercial scale is not possible. Project 

contingencies at this stage of development can be up to 70% [157]. However, several estimations 

are found in the literature about costs of the CaL process for CO2 capture that may be translated 

to its application for TCES and for solid particles receivers.  

As previously discussed, the CaL process has been widely investigated as post-combustion CO2 

capture system. This includes several techno-economics analyses where the capital and 

operational cost of the CaL process has been assessed. These values can be used as references for 

the CaL-TCES application since the process is essentially the same for both applications (the 

difference resides mainly on the reactors operating conditions). According to Mantripraga et al. 

[158], the carbonator and calciner reactors comprise the highest cost of plant together with the 

cost of solids handling systems. Several authors estimated the capital cost of the calciner and 

carbonator from CFB reactors costs from exponential functions by using volume flow rate of flue 

gas, reactor volume or heat input to the calciner as scaling parameter [158–160].  Hanak et al. 

[55] concluded that specific total capital requirement for the CaL process (retrofitting a coal-based 

power plant) is around 2100-2300 €/kWe. A detailed method foe estimating the cost of the main 

CaL process equipment is provided in [161].  

One of the main advantages of the CaL process is the reduced cost of limestone if used as CaO 

precursor  (~10 $/ton) [55] as compared with the molten-salts costs (~1000 $/ton) [162]. This 

highly influences the variable O&M costs of the plant facing the need of material reposition  

[110]. On the other hand, the system complexity and the auxiliaries consumption for the CaL 

process (mainly the CO2 compression and the solids conveying) makes it difficult the comparison 

with molten salt-based systems.  



Bayon et al. [58] developed a techno-economic analysis comparing a number of 17 gas-solid 

systems for TCES. Eight systems were identified as competitive with molten salts, among which 

was the CaL process. For the comparison, the total storage cost included feedstock, vessels, 

pumps, compressors, particles conveyor and labor. Importantly, it did not include reactors cost. 

The authors indicated that cost of the CaL process was one of the lowest (~54 $/kWht) but the 

carbonate-based systems present a high parasitic energy consumption by auxiliary equipment. 

Thus, for the CaL process, the parasitic energy was calculated as 48.7%. This figure reflects a 

poor integration of the process, which could be highly enhanced by following the schemes 

reviewed in section 4.  

Santosh et al. [123] assessed the cost of the CaL process for TCES by using a highly stable 

synthetic sorbent (X~0.3), estimating a total cost of the system in 47 $/kWht.  Since a main part 

of costs is due to CO2 compression, a series of inexpensive vinyl tanks was considered as 

alternative to storage the CO2 at atmospheric pressure. This solution, which highly penalizes the 

energy density of the system, could be profitable though (the estimated cost was 42.5 $/kWht). 

The authors indicated that a reduction of up to 19.5 $/kWht could be achieved by using specific 

pieces of equipment however commercially unavailable yet.  

It must be noted that the SunShot Initiative (USA) [163] contemplates a target cost of 15 $/kWht 

for storing energy in CSP plants, which is quite below these estimations. Thus, it follows that 

additional research is absolutely needed on the CSP-CaL integration aimed at reducing auxiliaries 

energy consumption to enhance the profitability of the CaL system as compared with molten salts 

because of the reduced cost of the feedstock. 

One major issue when analyzing the CaL-CSP integration is the particle receiver cost. Estimating 

this cost is a complicated task because of the lack of maturity of these systems as discussed in  

section 5.1 of this review.  Ho [9] performed a sizing and cost analysis for a falling particle 

receiver at commercial scale (460 MWth). The calculated total cost of the particle solar receiver 

was 125 $/kWt, of which, the cost of receiver, tower and particle elevators were 44.91 $/kWt, 

57.07 $/kWt and 2.64 $/kWt, respectively. Further efforts are necessary  to better estimate the CaL 

process cost as TCES in CSP plants, especially regarding the solar receiver (calciner). This should 

include a scaling-up analysis from a pilot to commercial scale based on challenges and solutions 

found in prototypes testing. Once the first prototypes at pilot scale are developed a more accurate 

cost estimation should be pursued to properly assess the profitability of the system under several 

CSP technology future scenarios.  



6. Conclusions 

Dispatchability is a major technological challenge of CSP plants. As a possible solution the CaL 

process is a promising thermochemical energy storage system to store solar energy using as raw 

materials natural limestone or dolomite, which are abundant, low cost and non-toxic. These are 

necessary conditions for any large scale energy storage technology to be commercially developed.  

Several international projects are concerned with the CSP-CaL integration. Traditionally, the 

usefulness of the CaL process to store energy has been underrated because of the multicyclic CaO 

deactivation commonly reported in lab-scale tests aimed at investigating the CaL process for CO2 

capture, which has already reached a large pilot-scale demonstration stage. However, recent 

studies are showing that CaO deactivation is highly dependent on the calcination and carbonation 

conditions (pressure, temperature, gas composition) particle size and the type of CaO precursor. 

In contrast to the CaL process for CO2 capture, CaL conditions and particle physical properties 

for energy storage are flexible and may be tuned to optimize multicyclic effective conversion and 

process efficiency in a synergistic way. Thus, CaL conditions involving carbonation under pure 

CO2 at high temperature can be found for which the residual multicycle conversion of limestone 

derived CaO is as high X=0.5 provided that fine particle are employed (particle size < 45um) to 

avoid pore plugging. In addition, the low price of natural CaO precursors would allow replacing 

periodically the solids by fresh materials.  

Several CSP-CaL integration schemes have been proposed in the recent literature where some 

options such as the temperature of the storage tanks and different levels of complexity are 

considered. Remarkably, some of the equipment and systems to be employed in the CSP-CaL 

plant are well-known from the lime and cement industries (reactors, vessels, conveying systems, 

heat exchangers). Global plant efficiencies over 45% have been reported yet without considering 

the efficiency of the solar receiver as calciner which is a critical exclusive component of the 

technology that remains to be developed. Finding an optimized-design of the solar receiver as 

calciner is the main technological challenge of the process since its efficiency is critical for the 

overall performance of the plant. Several specific designed have been proposed in tested without 

finding a final solution that satisfies the main requirements of the equipment: scalability, high 

thermal efficiency and particles residence time long enough to complete the reaction. Advance in 

the solar receiver definition as well as analyze the economic viability of the process remains as 

main tasks to critically evaluate the huge potential of the CaL process as energy storage system 

in CSP plants.  

 

 



Acknowledgements 

 

This work has been supported by the Spanish Government Agency Ministerio de Economia y 

Competitividad (MINECO- FEDER funds) under contracts CTQ2014-52763-C2, CTQ2017- 

83602-C2 (-1-R and -2-R). The research leading to these results has received funding from the 

European Union’s Horizon 2020 research and innovation programme under grant agreement No 

727348, project SOCRATCES.  

 

References 

 

[1] International Energy Agency. Technology Roadmap Solar Thermal Electricity 2014:52. 

doi:10.1007/SpringerReference_7300. 

[2] Panwar NL, Kaushik SC, Kothari S. Role of renewable energy sources in environmental 

protection: A review. Renew Sustain Energy Rev 2011;15:1513–24. 

doi:10.1016/j.rser.2010.11.037. 

[3] Arce P, Medrano M, Gil A, Oró E, Cabeza LF. Overview of thermal energy storage 

(TES) potential energy savings and climate change mitigation in Spain and Europe. Appl 

Energy 2011;88:2764–74. doi:10.1016/j.apenergy.2011.01.067. 

[4] Kuravi S, Trahan J, Goswami DY, Rahman MM, Stefanakos EK. Thermal energy 

storage technologies and systems for concentrating solar power plants. Prog Energy 

Combust Sci 2013;39:285–319. doi:10.1016/j.pecs.2013.02.001. 

[5] National Renewable Energy Laboratory (NREL). Concentrating Solar Power Projects 

2017. https://www.nrel.gov/csp/solarpaces/index.cfm (accessed July 1, 2018). 

[6] International Renewable Energy Agency. Renewable Power Generation Costs in 2017. 

Int Renew Energy Agency 2018. 

[7] Ortiz C, Valverde JM, Chacartegui R, Perez-Maqueda LA. Carbonation of Limestone 

Derived CaO for Thermochemical Energy Storage: From Kinetics to Process Integration 

in Concentrating Solar Plants. ACS Sustain Chem Eng 2018;6:6404–17. 

doi:10.1021/acssuschemeng.8b00199. 

[8] Valverde JM, Barea-López M, Perejón A, Sánchez-Jiménez PE, Pérez-Maqueda LA. 

Effect of Thermal Pretreatment and Nanosilica Addition on Limestone Performance at 

Calcium-Looping Conditions for Thermochemical Energy Storage of Concentrated Solar 

Power. Energy and Fuels 2017;31:4226–36. doi:10.1021/acs.energyfuels.6b03364. 

[9] Ho CK. A review of high-temperature particle receivers for concentrating solar power. 

Appl Therm Eng 2016;109:958–69. doi:10.1016/j.applthermaleng.2016.04.103. 

[10] Kearney D, Kelly B, Herrmann U, Cable R, Pacheco J, Mahoney R, et al. Engineering 

aspects of a molten salt heat transfer fluid in a trough solar field. Energy 2004;29:861–

70. doi:10.1016/S0360-5442(03)00191-9. 

[11] Vignarooban K, Xu X, Arvay A, Hsu K, Kannan AM. Heat transfer fluids for 

concentrating solar power systems - A review. Appl Energy 2015;146:383–96. 

doi:10.1016/j.apenergy.2015.01.125. 

[12] Medrano M, Gil A, Martorell I, Potau X, Cabeza LF. State of the art on high-temperature 



thermal energy storage for power generation. Part 2-Case studies. Renew Sustain Energy 

Rev 2010;14:56–72. doi:10.1016/j.rser.2009.07.036. 

[13] Fernández AG, Ushak S, Galleguillos H, Pérez FJ. Development of new molten salts 

with LiNO3 and Ca(NO3)2 for energy storage in CSP plants. Appl Energy 

2014;119:131–40. doi:10.1016/j.apenergy.2013.12.061. 

[14] Zalba B, Marín JM, Cabeza LF, Mehling H. Review on thermal energy storage with 

phase change: Materials, heat transfer analysis and applications. vol. 23. 2003. 

doi:10.1016/S1359-4311(02)00192-8. 

[15] Nithyanandam K, Pitchumani R. Design of a latent thermal energy storage system with 

embedded heat pipes. Appl Energy 2014;126:266–80. 

doi:10.1016/j.apenergy.2014.03.025. 

[16] Cot-Gores J, Castell A, Cabeza LF. Thermochemical energy storage and conversion: A-

state-of-the-art review of the experimental research under practical conditions. Renew 

Sustain Energy Rev 2012;16:5207–24. doi:10.1016/j.rser.2012.04.007. 

[17] Pardo P, Deydier A, Anxionnaz-Minvielle Z, Rougé S, Cabassud M, Cognet P. A review 

on high temperature thermochemical heat energy storage. Renew Sustain Energy Rev 

2014;32:591–610. doi:10.1016/j.rser.2013.12.014. 

[18] Chacartegui R, Alovisio A, Ortiz C, Valverde JMM, Verda V, Becerra JAA. 

Thermochemical energy storage of concentrated solar power by integration of the 

calcium looping process and a CO2 power cycle. Appl Energy 2016;173:589–605. 

doi:10.1016/j.apenergy.2016.04.053. 

[19] Rhodes NR, Barde A, Randhir K, Li L, Hahn DW, Mei R, et al. Solar Thermochemical 

Energy Storage Through Carbonation Cycles of SrCO3/SrO Supported on SrZrO3. 

ChemSusChem 2015;8:3793–8. doi:10.1002/cssc.201501023. 

[20] Schmidt M, Linder M. Power generation based on the Ca(OH)2/ CaO thermochemical 

storage system – Experimental investigation of discharge operation modes in lab scale 

and corresponding conceptual process design. Appl Energy 2017;203:594–607. 

doi:10.1016/j.apenergy.2017.06.063. 

[21] Singh A, Tescari S, Lantin G, Agrafiotis C, Roeb M, Sattler C. Solar thermochemical 

heat storage via the Co3O4/CoO looping cycle: Storage reactor modelling and 

experimental validation. Sol Energy 2017;144:453–65. 

doi:10.1016/j.solener.2017.01.052. 

[22] Sattler C, Roeb M, Agrafiotis C, Thomey D. Solar hydrogen production via sulphur 

based thermochemical water-splitting. Sol Energy 2017;156:30–47. 

doi:10.1016/j.solener.2017.05.060. 

[23] Qu X, Li Y, Li P, Wan Q, Zhai F. The development of metal hydrides using as 

concentrating solar thermal storage materials. Front Mater Sci 2015;9:317–31. 

doi:10.1007/s11706-015-0311-y. 

[24] Hong H, Jin H, Ji J, Wang Z, Cai R. Solar thermal power cycle with integration of 

methanol decomposition and middle-temperature solar thermal energy. Sol Energy 

2005;78:49–58. doi:10.1016/j.solener.2004.06.019. 

[25] Chen C, Aryafar H, Lovegrove KM, Lavine AS. Modeling of ammonia synthesis to 

produce supercritical steam for solar thermochemical energy storage. Sol Energy 

2017;155:363–71. doi:10.1016/j.solener.2017.06.049. 

[26] N’Tsoukpoe KE, Liu H, Le Pierrès N, Luo L. A review on long-term sorption solar 

energy storage. Renew Sustain Energy Rev 2009;13:2385–96. 



doi:10.1016/j.rser.2009.05.008. 

[27] Romeo LM, Lara Y, Lisbona P, Martínez A. Economical assessment of competitive 

enhanced limestones for CO2 capture cycles in power plants. Fuel Process Technol 

2009;90:803–11. doi:10.1016/j.fuproc.2009.03.014. 

[28] Martínez A, Lara Y, Lisbona P, Romeo LM. Energy penalty reduction in the calcium 

looping cycle. Int J Greenh Gas Control 2012;7:74–81. doi:10.1016/j.ijggc.2011.12.005. 

[29] Cormos C-C. Economic evaluations of coal-based combustion and gasification power 

plants with post-combustion CO 2 capture using calcium looping cycle. Energy 

2014;78:665–73. doi:10.1016/j.energy.2014.10.054. 

[30] Prieto C, Cooper P, Fernández AI, Cabeza LF. Review of technology: Thermochemical 

energy storage for concentrated solar power plants. Renew Sustain Energy Rev 

2016;60:909–29. doi:10.1016/j.rser.2015.12.364. 

[31] Carrillo AJ, Joségonzaíez-Aguilar J, Romero M, Coronado JM. Solar Energy on 

Demand: A Review on High Temperature Thermochemical Heat Storage Systems and 

Materials 2017. doi:10.1021/acs.chemrev.8b00315. 

[32] André L, Abanades S, Flamant G. Screening of thermochemical systems based on solid-

gas reversible reactions for high temperature solar thermal energy storage. Renew 

Sustain Energy Rev 2016;64:703–15. doi:10.1016/j.rser.2016.06.043. 

[33] Gil A, Medrano M, Martorell I, Lázaro A, Dolado P, Zalba B, et al. State of the art on 

high temperature thermal energy storage for power generation. Part 1-Concepts, 

materials and modellization. Renew Sustain Energy Rev 2010;14:31–55. 

doi:10.1016/j.rser.2009.07.035. 

[34] Mahlia TMI, Saktisahdan TJ, Jannifar A, Hasan MH, Matseelar HSC. A review of 

available methods and development on energy storage; Technology update. Renew 

Sustain Energy Rev 2014;33:532–45. doi:10.1016/j.rser.2014.01.068. 

[35] Block T, Schmücker M. Metal oxides for thermochemical energy storage: A comparison 

of several metal oxide systems. Sol Energy 2016;126:195–207. 

doi:10.1016/j.solener.2015.12.032. 

[36] Liu M, Steven Tay NH, Bell S, Belusko M, Jacob R, Will G, et al. Review on 

concentrating solar power plants and new developments in high temperature thermal 

energy storage technologies. Renew Sustain Energy Rev 2016;53:1411–32. 

doi:10.1016/j.rser.2015.09.026. 

[37] Behar O. Solar thermal power plants – A review of configurations and performance 

comparison. Renew Sustain Energy Rev 2018;92:608–27. 

doi:10.1016/j.rser.2018.04.102. 

[38] Barker R. The reactivity of calcium oxide towards carbon dioxide and its use for energy 

storage. J Appl Chem Biotechnol 2007;24:221–7. doi:10.1002/jctb.2720240405. 

[39] Obermeier J, Sakellariou KG, Tsongidis NI, Baciu D, Charalambopoulou G, Steriotis T, 

et al. Material development and assessment of an energy storage concept based on the 

CaO-looping process. Sol Energy 2017;150:298–309. 

doi:10.1016/j.solener.2017.04.058. 

[40] Benitez-Guerrero M, Sarrion B, Perejon A, Sanchez-Jimenez PE, Perez-Maqueda LA, 

Manuel Valverde J. Large-scale high-temperature solar energy storage using natural 

minerals. Sol Energy Mater Sol Cells 2017;168:14–21. 

doi:10.1016/j.solmat.2017.04.013. 



[41] Kyaw K, Matsuda H, Hasatani M. Applicability of carbonation/decarbonation reactions 

to high-temperature thermal energy storage and temperature upgrading. J Chem Eng 

Japan 1996;29:119–25. doi:10.1252/jcej.29.119. 

[42] Sakellariou KG, Karagiannakis G, Criado YA, Konstandopoulos AG. Calcium oxide 

based materials for thermochemical heat storage in concentrated solar power plants. Sol 

Energy 2015;122:215–30. doi:10.1016/j.solener.2015.08.011. 

[43] Rodriguez N, Alonso M, Grasa G, Abanades JC. Heat requirements in a calciner of 

CaCO3 integrated in a CO2 capture system using CaO. Chem Eng J 2008;138:148–54. 

doi:10.1016/j.cej.2007.06.005. 

[44] Alovisio A, Chacartegui R, Ortiz C, Valverde JM, Verda V. Optimizing the CSP-

Calcium Looping integration for Thermochemical Energy Storage. Energy Convers 

Manag 2017;136:85–98. doi:10.1016/j.enconman.2016.12.093. 

[45] Flamant G, Hernandez D, Bonet C, Traverse JP. Experimental aspects of the 

thermochemical conversion of solar energy; Decarbonation of CaCO3. Sol Energy 

1980;24:385–95. doi:10.1016/0038-092X(80)90301-1. 

[46] Badie JM, Bonet C, Faure M, Flamant G, Foro R, Hernandez D. 52 Decarbonation of 

calcite and phosphate rock in solar chemical reactors. Chem Eng Sci 1980;35:413–20. 

doi:10.1016/0009-2509(80)80114-X. 

[47] Benitez-Guerrero M, Valverde JM, Perejon A, Sanchez-Jimenez PE, Perez-Maqueda 

LA. Low-cost Ca-based composites synthesized by biotemplate method for 

thermochemical energy storage of concentrated solar power. Appl Energy 

2018;210:108–16. doi:10.1016/j.apenergy.2017.10.109. 

[48] Shimizu T, Hirama T, Hosoda H, Kitano K, Inagaki M, Tejima K. A twin fluid-bed 

reactor for removal of CO2from combustion processes. Chem Eng Res Des 1999;77:62–

8. doi:10.1205/026387699525882. 

[49] Perejón A, Romeo LM, Lara Y, Lisbona P, Martínez A, Valverde JM, et al. The 

Calcium-Looping technology for CO2 capture: On the important roles of energy 

integration and sorbent behavior. Appl Energy 2016;162:787–807. 

doi:10.1016/j.apenergy.2015.10.121. 

[50] Hanak DP, Biliyok C, Manovic V. Calcium looping with inherent energy storage for 

decarbonisation of coal-fired power plant. Energy Environ Sci 2016;9:971–83. 

doi:10.1039/c5ee02950c. 

[51] Criado YA, Arias B, Abanades JC. Calcium looping CO 2 capture system for back-up 

power plants. Energy Environ Sci 2017;10:1994–2004. doi:10.1039/C7EE01505D. 

[52] Astolfi M, De Lena E, Romano MC. Improved flexibility and economics of Calcium 

Looping power plants by thermochemical energy storage. 14th Int Conf Greenh Gas 

Control Technol GHGT-14 2018;83:140–55. doi:10.1016/j.ijggc.2019.01.023. 

[53] Wentworth WE, Chen E. Simple thermal decomposition reactions for storage of solar 

thermal energy. Sol Energy 1976;18:205–14. doi:10.1016/0038-092X(76)90019-0. 

[54] Jin S, Dong G, Luo J, Ma F, Wang C. Improved photocatalytic NO removal activity of 

SrTiO3by using SrCO3as a new co-catalyst. Appl Catal B Environ 2018;227:24–34. 

doi:10.1016/j.apcatb.2018.01.020. 

[55] Hanak DP, Manovic V. Economic feasibility of calcium looping under uncertainty. Appl 

Energy 2017;208:691–702. doi:10.1016/j.apenergy.2017.09.078. 

[56] Ervin G. Solar heat storage using chemical reactions. J Solid State Chem 1977;22:51–61. 



doi:10.1016/0022-4596(77)90188-8. 

[57] Ortiz C, Romano MC, Valverde JM, Binotti M, Chacartegui R. Process integration of 

Calcium-Looping thermochemical energy storage system in concentrating solar power 

plants. Energy 2018;155:535–51. doi:10.1016/j.energy.2018.04.180. 

[58] Bayon A, Bader R, Jafarian M, Fedunik-Hofman L, Sun Y, Hinkley J, et al. Techno-

economic assessment of solid–gas thermochemical energy storage systems for solar 

thermal power applications. Energy 2018;149:473–84. 

doi:10.1016/j.energy.2017.11.084. 

[59] Ortega-Fernández I, Calvet N, Gil A, Rodríguez-Aseguinolaza J, Faik A, D’Aguanno B. 

Thermophysical characterization of a by-product from the steel industry to be used as a 

sustainable and low-cost thermal energy storage material. Energy 2015;89:601–9. 

doi:10.1016/j.energy.2015.05.153. 

[60] Wang W, Ramkumar S, Wong D, Fan LS. Simulations and process analysis of the 

carbonation-calcination reaction process with intermediate hydration. Fuel 2012;92:94–

106. doi:10.1016/j.fuel.2011.06.059. 

[61] Wang W, Ramkumar S, Li S, Wong D, Iyer M, Sakadjian BB, et al. Subpilot 

demonstration of the carbonation-Calcination reaction (CCR) process: High-temperature 

CO2 and sulfur capture from coal-fired power plants. Ind Eng Chem Res 2010;49:5094–

101. doi:10.1021/ie901509k. 

[62] Phalak N, Wang W, Fan LS. Ca(OH)2-Based Calcium Looping Process Development at 

The Ohio State University. Chem Eng Technol 2013;36:1451–9. 

doi:10.1002/ceat.201200707. 

[63] Barin I. Thermochemical data of pure substances VCH, Weinheim (1989) 1989. 

[64] Erans M, Nabavi SA, Manović V. Pilot-scale calcination of limestone in steam-rich gas 

for direct air capture. Energy Convers Manag X 2019:100007. 

doi:10.1016/j.ecmx.2019.100007. 

[65] Barin I. Thermochemical Data of Pure Substances. Weinheim, Germany, Germany: 

Wiley-VCH Verlag GmbH; 1995. doi:10.1002/9783527619825. 

[66] Kyaw K, Kubota M, Watanabe F, Matsuda H, Hasatani M. Study of Carbonation of CaO 

for High Temperature Thermal Energy Storage. J Chem Eng Japan 1998;31:281–4. 

doi:10.1252/jcej.31.281. 

[67] Peng Q, Yang X, Ding J, Wei X, Yang J. Design of new molten salt thermal energy 

storage material for solar thermal power plant. Appl Energy 2013;112:682–9. 

doi:10.1016/j.apenergy.2012.10.048. 

[68] Ho CK. Advances in central receivers for concentrating solar applications. Sol Energy 

2017;152:38–56. doi:10.1016/j.solener.2017.03.048. 

[69] Yu FC, Fan LS. Kinetic study of high-pressure carbonation reaction of calcium-based 

sorbents in the calcium looping process (CLP). Ind Eng Chem Res 2011;50:11528–36. 

doi:10.1021/ie200914e. 

[70] Fidaros DKK, Baxevanou C a. A, Vlachos NSS. A parametric study of a solar calcinator 

using computational fluid dynamics. Energy Convers Manag 2007;48:2784–91. 

doi:10.1016/j.enconman.2007.07.025. 

[71] Meier A, Bonaldi E, Cella GM, Lipinski W, Wuillemin D. Solar chemical reactor 

technology for industrial production of lime. Sol Energy 2006;80:1355–62. 

doi:10.1016/j.solener.2005.05.017. 



[72] Reich L, Yue L, Bader R, Lipiński W. Towards solar thermochemical carbon dioxide 

capture via calcium oxide looping: A review. Aerosol Air Qual Res 2014;14:500–14. 

doi:10.4209/aaqr.2013.05.0169. 

[73] Abanades S, André L. Design and demonstration of a high temperature solar-heated 

rotary tube reactor for continuous particles calcination. Appl Energy 2018;212:1310–20. 

doi:10.1016/j.apenergy.2018.01.019. 

[74] Valverde JM, Medina S. Crystallographic transformation of limestone during calcination 

under CO2. Phys Chem Chem Phys 2015;17:21912–26. doi:10.1039/C5CP02715B. 

[75] Berger EE. Effect of Steam on the Decomposition of Limestone. Ind Eng Chem 

1927;19:594–6. doi:10.1021/ie50209a026. 

[76] Sceats G, Horley CJ, Richardson P, Sceats MG. System and method for the calcination 

of minerals 2014;2. doi:10.1016/j.(73). 

[77] Hills TP, Sceats M, Rennie D, Fennell P. LEILAC: Low Cost CO2 Capture for the 

Cement and Lime Industries. Energy Procedia 2017;114:6166–70. 

doi:10.1016/j.egypro.2017.03.1753. 

[78] Valverde JM, Medina S. Limestone calcination under calcium-looping conditions for CO 

2 capture and thermochemical energy storage in the presence of H 2 O: an in situ XRD 

analysis. Phys Chem Chem Phys 2017;19:7587–96. doi:10.1039/C7CP00260B. 

[79] Champagne S, Lu DY, MacChi A, Symonds RT, Anthony EJ. Influence of steam 

injection during calcination on the reactivity of CaO-based sorbent for carbon capture. 

Ind Eng Chem Res 2013;52:2241–6. doi:10.1021/ie3012787. 

[80] Valverde JM, Medina S. Limestone calcination under calcium-looping conditions for 

CO2capture and thermochemical energy storage in the presence of H2O: An in situ XRD 

analysis. Phys Chem Chem Phys 2017;19:7587–96. doi:10.1039/c7cp00260b. 

[81] Valverde JM, Medina S. Reduction of Calcination Temperature in the Calcium Looping 

Process for CO2Capture by Using Helium: In Situ XRD Analysis. ACS Sustain Chem 

Eng 2016;4:7090–7. doi:10.1021/acssuschemeng.6b01966. 

[82] Schorcht F, Kourti I, Scalet BM, Roudier S, Sancho LD. Best Available Techniques 

(BAT) Reference Document for the Production of Cement, Lime and Magnesium Oxide. 

2013. doi:10.2788/12850. 

[83] Dean CC, Blamey J, Florin NH, Al-Jeboori MJ, Fennell PS. The calcium looping cycle 

for CO2capture from power generation, cement manufacture and hydrogen production. 

Chem Eng Res Des 2011;89:836–55. doi:10.1016/j.cherd.2010.10.013. 

[84] Dean CC, Dugwell D, Fennell PS. Investigation into potential synergy between power 

generation, cement manufacture and CO2 abatement using the calcium looping cycle. 

Energy Environ Sci 2011;4:2050. doi:10.1039/c1ee01282g. 

[85] Abanades JC, Alvarez D. Conversion limits in the reaction of CO2 with lime. Energy 

and Fuels 2003;17:308–15. doi:10.1021/ef020152a. 

[86] Grasa GS, Abanades JC. CO 2 Capture Capacity of CaO in Long Series of 

Carbonation/Calcination Cycles. Ind Eng Chem Res 2006;45:8846–51. 

doi:10.1021/ie0606946. 

[87] European Solar Thermal Electricity Association (ESTELA). Solar Thermal Electricity 

Strategic research agenda 2020-2025 2012. 

[88] Socratces Project n.d. https://socratces.eu/. 



[89] Carbon Dioxide Shuttling Thermochemical Storage Using Strontium Carbonate n.d. 

https://www.energy.gov/eere/solar/project-profile-carbon-dioxide-shuttling-

thermochemical-storage-using-strontium-carbonate (accessed August 13, 2018). 

[90] Regenerative Carbonate-Based Thermochemical Energy Storage System for 

Concentrating Solar Power n.d. https://www.energy.gov/eere/solar/project-profile-

regenerative-carbonate-based-thermochemical-energy-storage-system. 

[91] Gangwal S, Muto A. Demonstration of High-Temperature Calcium-Based 

Thermochemical Energy Storage System for Use with Concentrating Solar Power 

Facilities. Sunshot Program Summit 2016. U.S. Department of Energy 2016. 

[92] Flamant G, Benoit H, Jenke M, Santos AF, Tescari S, Moumin G, et al. Solar processing 

of reactive particles up to 900°C, the SOLPART project. Proceedings 2018;2033:40015. 

doi:10.1063/1.5067013. 

[93] TCS Power: thermochemical energy storage n.d. http://www.tcs-power.eu/home.html. 

[94] Gilles FLAMANT. CSP2 Report Summary 2014;2:1–20. 

[95] Anthony EJ. Thermal Activation of CaO-Based Sorbent and Self-Reactivation during 

CO2 Capture Looping Cycles-Manovic.pdf 2008;42:4170–4. 

[96] Sayyah M, Lu Y, Masel RI, Suslick KS. Mechanical activation of CaO-based adsorbents 

for CO2capture. ChemSusChem 2013;6:193–8. doi:10.1002/cssc.201200454. 

[97] Salaudeen SA, Acharya B, Dutta A. CaO-based CO2 sorbents: A review on screening, 

enhancement, cyclic stability, regeneration and kinetics modelling. J CO2 Util 

2018;23:179–99. doi:10.1016/j.jcou.2017.11.012. 

[98] Hanak DP, Anthony EJ, Manovic V. A review of developments in pilot-plant testing and 

modelling of calcium looping process for CO 2 capture from power generation systems. 

Energy Environ Sci 2015;8:2199–249. doi:10.1039/C5EE01228G. 

[99] Spinelli M, Martínez I, Romano MC. One-dimensional model of entrained-flow 

carbonator for CO2capture in cement kilns by Calcium looping process. Chem Eng Sci 

2018;191:100–14. doi:10.1016/j.ces.2018.06.051. 

[100] Blamey J, Anthony EJ, Wang J, Fennell PS. The calcium looping cycle for large-scale 

CO2capture. Prog Energy Combust Sci 2010;36:260–79. 

doi:10.1016/j.pecs.2009.10.001. 

[101] Alonso M, Arias B, Fernández JR, Bughin O, Abanades C. Measuring attrition 

properties of calcium looping materials in a 30 kW pilot plant. Powder Technol 

2018;336:273–81. doi:10.1016/j.powtec.2018.06.011. 

[102] Castellanos A, Valverde JM, Pérez AT, Ramos A, Watson PK. Flow regimes in fine 

cohesive powders. Phys Rev Lett 1999;82:1156–9. doi:10.1103/PhysRevLett.82.1156. 

[103] Raganati F, Chirone R, Ammendola P. Gas–solid fluidization of cohesive powders. 

Chem Eng Res Des 2018;133:347–87. doi:10.1016/j.cherd.2018.03.034. 

[104] Valverde JM, Sanchez-Jimenez PE, Perez-Maqueda L. Ca-looping for postcombustion 

CO2 capture: A comparative analysis on the performances of dolomite and limestone. 

Appl Energy 2015;138:202–15. doi:10.1016/j.apenergy.2014.10.087. 

[105] Abanades JC. The maximum capture efficiency of CO2 using a carbonation / calcination 

cycle of CaO / CaCO3. Chem Eng J 2002;90:303–6. doi:10.1016/S1385-8947(02)00126-

2. 

[106] Borgwardt RH. Calcium oxide sintering in atmospheres containing water and carbon 



dioxide. Ind Eng Chem Res 1989;28:493–500. doi:10.1021/ie00088a019. 

[107] Fedunik-Hofman L, Bayon A, Hinkley J, Lipiński W, Donne SW. Friedman method 

kinetic analysis of CaO-based sorbent for high-temperature thermochemical energy 

storage. Chem Eng Sci 2019. doi:10.1016/j.ces.2019.02.003. 

[108] H. Borgwardt R. Sintering of nascent calcium oxide. Chem Eng Sci 1989;44:53–60. 

doi:10.1016/0009-2509(89)85232-7. 

[109] Valverde JM, Sanchez-Jimenez PE, Perez-Maqueda L. Role of precalcination and 

regeneration conditions on postcombustion CO 2 capture in the Ca-looping technology. 

Appl Energy 2014;136:347–56. doi:10.1016/j.apenergy.2014.09.052. 

[110] Romeo LM, Lara Y, Lisbona P, Escosa JM. Optimizing make-up flow in a CO2capture 

system using CaO. Chem Eng J 2009;147:252–8. doi:10.1016/j.cej.2008.07.010. 

[111] Romeo LM, Lara Y, Lisbona P, Martínez A. Economical assessment of competitive 

enhanced limestones for CO2capture cycles in power plants. Fuel Process Technol 

2009;90:803–11. doi:10.1016/j.fuproc.2009.03.014. 

[112] Spinelli M, Martínez I, De Lena E, Cinti G, Hornberger M, Spörl R, et al. Integration of 

Ca-Looping Systems for CO2Capture in Cement Plants. Energy Procedia 

2017;114:6206–14. doi:10.1016/j.egypro.2017.03.1758. 

[113] Telesca A, Calabrese D, Marroccoli M, Tomasulo M, Valenti GL, Duelli G, et al. Spent 

limestone sorbent from calcium looping cycle as a raw material for the cement industry. 

Fuel 2014;118:202–5. doi:10.1016/j.fuel.2013.10.060. 

[114] Benitez-Guerrero M, Valverde JM, Sanchez-Jimenez PE, Perejon A, Perez-Maqueda 

LA. Multicycle activity of natural CaCO3minerals for thermochemical energy storage in 

Concentrated Solar Power plants. Sol Energy 2017;153:188–99. 

doi:10.1016/j.solener.2017.05.068. 

[115] Sarrión B, Perejón A, Sánchez-Jiménez PE, Pérez-Maqueda LA, Valverde JM. Role of 

calcium looping conditions on the performance of natural and synthetic Ca-based 

materials for energy storage. J CO2 Util 2018;28:374–84. 

doi:10.1016/j.jcou.2018.10.018. 

[116] Sarrion B, Sanchez-Jimenez PE, Perejón A, Pérez-Maqueda LA, Valverde JM. Pressure 

effect on the multicycle activity of natural carbonates and a Ca/Zr composite for energy 

storage of Concentrated Solar Power. ACS Sustain Chem Eng 2018. 

doi:10.1021/acssuschemeng.8b00981. 

[117] Perejón A, Valverde JM, Miranda-Pizarro J, Sánchez-Jiménez PE, Pérez-Maqueda LA. 

Large-Scale Storage of Concentrated Solar Power from Industrial Waste. ACS Sustain 

Chem Eng 2017;5:2265–72. doi:10.1021/acssuschemeng.6b02576. 

[118] Sánchez Jiménez PE, Perejón A, Benítez Guerrero M, Valverde JM, Ortiz C, Pérez 

Maqueda LA. High-performance and low-cost macroporous calcium oxide based 

materials for thermochemical energy storage in concentrated solar power plants. Appl 

Energy 2019;235:543–52. doi:10.1016/j.apenergy.2018.10.131. 

[119] Valverde JM. A model on the CaO multicyclic conversion in the Ca-looping process. 

Chem Eng J 2013;228:1195–206. doi:10.1016/j.cej.2013.05.023. 

[120] Ortiz C, Chacartegui R, Valverde JM, Becerra JA, Perez-Maqueda LA. A new model of 

the carbonator reactor in the calcium looping technology for post-combustion CO2 

capture. Fuel 2015;160:328–38. doi:10.1016/j.fuel.2015.07.095. 

[121] Alvarez D, Abanades JC. Determination of the critical product layer thickness in the 



reaction of CaO with CO2. Ind Eng Chem Res 2005;44:5608–15. 

doi:10.1021/ie050305s. 

[122] Li Z, Fang F, Tang X, Cai N. Effect of Temperature on the Carbonation Reaction of CaO 

with CO2. Energy & Fuels 2012;26:2473–82. doi:10.1021/ef201543n. 

[123] Santosh K. G. Final Technical Report Project- Regenerative Carbonate-Based 

Thermochemical Energy Storage System for Concentrating Solar Power. 2016. 

[124] Edwards SEB, Materić V. Calcium looping in solar power generation plants. Sol Energy 

2012;86:2494–503. doi:10.1016/j.solener.2012.05.019. 

[125] Ortiz C, Chacartegui R, Valverde JMM, Alovisio A, Becerra JAA. Power cycles 

integration in concentrated solar power plants with energy storage based on calcium 

looping. Energy Convers Manag 2017;149:815–29. 

doi:10.1016/j.enconman.2017.03.029. 

[126] Karasavvas E, Panopoulos KD, Papadopoulou S. Design of an Integrated CSP-Calcium 

Looping for Uninterrupted Power Production Through Energy Storage 2018;70:2131–6. 

doi:10.3303/CET1870356. 

[127] Islam MT, Huda N, Abdullah AB, Saidur R. A comprehensive review of state-of-the-art 

concentrating solar power (CSP) technologies: Current status and research trends. Renew 

Sustain Energy Rev 2018;91:987–1018. doi:10.1016/j.rser.2018.04.097. 

[128] Reich L, Melmoth L, Yue L, Bader R, Gresham R, Simon T, et al. A Solar Reactor 

Design for Research on Calcium Oxide-Based Carbon Dioxide Capture. J Sol Energy 

Eng 2017;139:054501. doi:10.1115/1.4037089. 

[129] Siegel NP, Ho CK, Khalsa SS, Kolb GJ. Development and Evaluation of a Prototype 

Solid Particle Receiver: On-Sun Testing and Model Validation. J Sol Energy Eng 

2010;132:021008. doi:10.1115/1.4001146. 

[130] Ho C, Christian J, Gill D, Moya A, Jeter S, Abdel-Khalik S, et al. Technology 

advancements for next generation falling particle receivers. Energy Procedia 

2013;49:398–407. doi:10.1016/j.egypro.2014.03.043. 

[131] Meier A, Bonaldi E, Cella GM, Lipinski W, Wuillemin D, Palumbo R. Design and 

experimental investigation of a horizontal rotary reactor for the solar thermal production 

of lime. Energy 2004;29:811–21. doi:10.1016/S0360-5442(03)00187-7. 

[132] Meier A, Bonaldi E, Cella GM, Lipinski W. Multitube Rotary Kiln for the Industrial 

Solar Production of Lime. J Sol Energy Eng 2005;127:386. doi:10.1115/1.1979517. 

[133] Moumin G, Tescari S, Sundarraj P, de Oliveira L, Roeb M, Sattler C. Solar treatment of 

cohesive particles in a directly irradiated rotary kiln. Sol Energy 2019;182:480–90. 

doi:10.1016/j.solener.2019.01.093. 

[134] Salatino P, Ammendola P, Bareschino P, Chirone R, Solimene R. Improving the thermal 

performance of fluidized beds for concentrated solar power and thermal energy storage. 

Powder Technol 2016;290:97–101. doi:10.1016/j.powtec.2015.07.036. 

[135] Chirone R, Salatino P, Ammendola P, Solimene R, Magaldi M, Sorrenti R, et al. 

Development of a Novel Concept of Solar Receiver/Thermal Energy Storage System 

Based on Compartmented Dense Gas Fluidized Beds. 14th Int Conf Fluid 2013. 

[136] Winter F, Schratzer B. Applications of fluidized bed technology in processes other than 

combustion and gasification. Fluid Bed Technol Near-Zero Emiss Combust Gasif 

2013:1005–33. doi:10.1533/9780857098801.5.1005. 

[137] Shimizu T, Hirama T, Hosoda H, Kitano K, Inagaki M, Tejima K. A Twin Fluid-Bed 



Reactor for Removal of CO2 from Combustion Processes. Chem Eng Res Des 

1999;77:62–8. doi:10.1205/026387699525882. 

[138] Romano MC. Modeling the carbonator of a Ca-looping process for CO2capture from 

power plant flue gas. Chem Eng Sci 2012;69:257–69. doi:10.1016/j.ces.2011.10.041. 

[139] Lisbona P, Martínez A, Romeo LM. Hydrodynamical model and experimental results of 

a calcium looping cycle for CO2 capture. Appl Energy 2013;101:317–22. 

doi:10.1016/j.apenergy.2011.11.067. 

[140] Lasheras A, Ströhle J, Galloy A, Epple B. Carbonate looping process simulation using a 

1D fluidized bed model for the carbonator. Int J Greenh Gas Control 2011;5:686–93. 

doi:10.1016/j.ijggc.2011.01.005. 

[141] Ylätalo J, Ritvanen J, Arias B, Tynjälä T, Hyppänen T. 1-Dimensional modelling and 

simulation of the calcium looping process. Int J Greenh Gas Control 2012;9:130–5. 

doi:10.1016/j.ijggc.2012.03.008. 

[142] Chuachuensuk A, Paengjuntuek W, Kheawhom S, Arpornwichanop A. A systematic 

model-based analysis of a downer regenerator in fluid catalytic cracking processes. 

Comput Chem Eng 2013;49:136–45. doi:10.1016/j.compchemeng.2012.10.003. 

[143] Romano MC, Spinelli M, Campanari S, Consonni S, Marchi M, Pimpinelli N, et al. The 

Calcium looping process for low CO2 emission cement plants. Energy Procedia 

2014;61:500–3. doi:10.1016/j.egypro.2014.11.1158. 

[144] Jordison N, Rozendaal NA, Huang PXD. Indirect-heat thermal processing of particulate 

material, 2007. 

[145] Al-Ansary H, El-Leathy A, Al-Suhaibani Z, Jeter S, Sadowski D, Alrished A, et al. 

Experimental Study of a Sand–Air Heat Exchanger for Use With a High-Temperature 

Solar Gas Turbine System. J Sol Energy Eng 2012;134:041017. doi:10.1115/1.4007585. 

[146] Ho CK, Christian J, Yellowhair J, Jeter S, Golob M, Nguyen C, et al. Highlights of the 

high-temperature falling particle receiver project: 2012 - 2016. AIP Conf. Proc., vol. 

1850, 2017. doi:10.1063/1.4984370. 

[147] Flamant G, Gauthier D, Benoit H, Sans JL, Garcia R, Boissière B, et al. Dense 

suspension of solid particles as a new heat transfer fluid for concentrated solar thermal 

plants: On-sun proof of concept. Chem Eng Sci 2013;102:567–76. 

doi:10.1016/j.ces.2013.08.051. 

[148] Zhao M, Minett AI, Harris AT. A review of techno-economic models for the retrofitting 

of conventional pulverised-coal power plants for post-combustion capture (PCC) of 

CO2. Energy Environ Sci 2013;6:25–40. doi:10.1039/c2ee22890d. 

[149] EUROPEAN COMMISSION. Carbon capture by means of indirectly heated carbonate 

looping process. vol. 9424. 2014. 

[150] Hilz J, Helbig M, Haaf M, Daikeler A, Ströhle J, Epple B. Long-term pilot testing of the 

carbonate looping process in 1 MWthscale. Fuel 2017;210:892–9. 

doi:10.1016/j.fuel.2017.08.105. 

[151] Arias B, Alonso M, Abanades C. CO2 Capture by Calcium Looping at Relevant 

Conditions for Cement Plants: Experimental Testing in a 30 kW th Pilot Plant. Ind Eng 

Chem Res 2017;56:2634–40. doi:10.1021/acs.iecr.6b04617. 

[152] Turrado S, Arias B, Fernandez JR, Abanades C. Carbonation of fine CaO particles in a 

drop tube reactor. Ind Eng Chem Res 2018:acs.iecr.8b02918. 

doi:10.1021/acs.iecr.8b02918. 



[153] U.S. Department of Energy. Falling Particles: Concept Definition and Capital Cost 

Estimate. 2016. 

[154] Casati E, Casella F, Colonna P. Design of CSP plants with optimally operated thermal 

storage. Sol Energy 2015;116:371–87. doi:10.1016/j.solener.2015.03.048. 

[155] Purutyan H, Pittenger BH, Carson JW. Six Steps to Designing a Storage Vessel That 

Really Works. Powder Bulk Eng 1999;13:56–68. 

[156] Espin MJ, Quintanilla MAS, Valverde JM. Effect of temperature on flow properties of 

magnetofluidized beds at low consolidations. Chem Eng J 2019;361:50–9. 

doi:10.1016/j.cej.2018.11.232. 

[157] Rubin ES, Short C, Booras G, Davison J, Ekstrom C, Matuszewski M, et al. A proposed 

methodology for CO2 capture and storage cost estimates. Int J Greenh Gas Control 

2013;17:488–503. doi:10.1016/j.ijggc.2013.06.004. 

[158] Mantripragada HC, Rubin ES. Calcium looping cycle for CO2 capture: Performance, 

cost and feasibility analysis. Energy Procedia 2014;63:2199–206. 

doi:10.1016/j.egypro.2014.11.239. 

[159] Romano MC, Spinelli M, Campanari S, Consonni S, Cinti G, Marchi M, et al. The 

calcium looping process for low CO2 emission cement and power. Energy Procedia 

2013;37:7091–9. doi:10.1016/j.egypro.2013.06.645. 

[160] Cormos CC. Economic evaluations of coal-based combustion and gasification power 

plants with post-combustion CO2capture using calcium looping cycle. Energy 

2014;78:665–73. doi:10.1016/j.energy.2014.10.054. 

[161] Michalski S, Hanak DP, Manovic V. Techno-economic feasibility assessment of calcium 

looping combustion using commercial technology appraisal tools. J Clean Prod 

2019;219:540–51. doi:10.1016/j.jclepro.2019.02.049. 

[162] Parrado C, Marzo A, Fuentealba E, Fernández AG. 2050 LCOE improvement using new 

molten salts for thermal energy storage in CSP plants. Renew Sustain Energy Rev 

2016;57:505–14. doi:10.1016/j.rser.2015.12.148. 

[163] U.S. Departement of Energy. 2014 SunShot Initiative Portfolio 2014:232. 

 


