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Abstract: Due to the inconsistency and intermittence of solar energy, concentrated solar power (CSP)
cannot stably transmit energy to the grid. Heat storage can maximize the availability of CSP plants.
Especially, thermochemical heat storage (TCHS) based on CaO/CaCO3 cycles has broad application
prospects due to many advantages, such as high heat storage density, high exothermic temperature,
low energy loss, low material price, and good coupling with CSP plants. This paper provided a
comprehensive outlook on the integrated system of CaO/CaCO3 heat storage, advanced reactor
design, heat storage conditions, as well as the performance of CaO-based materials. The challenges
and opportunities faced by current research were discussed, and suggestions for future research and
development directions of CaO/CaCO3 heat storage were briefly put forward.

Keywords: thermochemical heat storage; CaO/CaCO3 cycles; solar energy; CaO-based material

1. Introduction

In recent years, to deal with global warming and an increasing energy demand, the
utilization of renewable resources, such as solar, hydrogen, biofuel, wind energy, and
tidal energy, has made strides around the world [1]. Indeed, all countries have reached
an agreement to control the temperature rise to 1.5 ◦C or below [2]. In addition, it has
been reported that renewable energy power generation will account for 30% of the total
global power generation, surpassing coal-fired power generation for the first time, by
2040 [3]. Nowadays, solar energy is extensively considered to be one of the most promising
renewable resources due to its inexhaustibility, safety, and non-pollution. In particular,
concentrated solar power (CSP) plants not only have the potential to be integrated into the
grid for dispatching power generation [4,5], but have also seen a significant increase in
deployment worldwide in recent years [6,7]. However, power production is unstable in
the CSP plants due to the intermittent and inconsistent solar energy, which cannot reliably
transmit energy to the grid [8,9]. Owing to this, heat storage has become worthy of attention
and research that is obligatory, affordable, and efficient [10]. Thermal energy storage (TES)
can store heat under sunshine during the day and release heat when there is no solar
irradiation. To make solar energy available, it is generally believed that the integration of
CSP and TES is a promising and effective option to overcome its limitations [11,12].

There are three forms of TES systems based on different heat storage principles:
sensible heat storage (SHS), latent heat storage (LHS), and thermochemical heat storage
(TCHS) [13]. SHS takes advantage of the temperature change of the heat storage material to
store heat, which is the most mature for industrial applications. The heat storage capacity
of SHS depends on the physical properties of the material itself. In addition, SHS materials
commonly used in the CSP field mainly include heat transfer oil, molten salts, ceramic,
and concrete [14]. LHS is a technology that uses the phase-change process of heat storage
materials to store and release heat, so it is also called phase-change heat storage. LHS
possesses constant charge/discharge temperature and large heat storage density. Phase
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change materials (PCMs) mainly include organic, inorganic, and eutectic based on the
chemical nature of the materials [15]. However, the traditional PCMs have some problems,
such as low thermal conductivity and high energy loss [16]. Thus, the further industrial
operation of CSP plants using LHS has been hindered.

In order to improve heat storage efficiency, it is necessary to research and develop
new heat storage media with a higher heat storage temperature other than SHS and LHS.
Moreover, TCHS absorbs heat through the decomposition of various chemical materials,
which store heat energy in the form of chemical energy, and vice versa [17]. TCHS not only
achieves a high heat storage density as well as small heat storage volume [12], but can also
store energy for a long time at around room temperature [18]. Among the three systems
as mentioned above, the special feature of TCHS is that it can store and transmit energy
without loss of energy [19]. Therefore, TCHS is considered one of the most promising CSP
heat storage technologies [20]. The main characteristics of the abovementioned three heat
storage methods are summarized in Table 1 [21].

Table 1. The main characteristics of the three heat storage methods [19–21].

SHS LHS TCHS

Heat storage density Low ~0.2 GJ/m3 Medium ~0.3–0.5 GJ/m3 High ~0.5–3 GJ/m3

Working temperature Low Low or medium Medium or high

Advantages
Mature technology

Low price
Long service life

Small heat storage volume
Simple system

High heat storage density
Small thermal losses

Long-distance transportation

Disadvantages High thermal losses
Low heat storage density

Poor thermal conductivity
Material corrosion

High thermal losses

Complex technology
High cost

The different materials used in TCHS systems have been proven feasible, including
carbonates [22,23], hydroxides [24,25], metal hydrides [26], metal oxides [27], ammonia [28],
methanol [29], and sulfides [30]. Although the current TCHS technology is still immature
and remains at the conceptual level, it is becoming an active research field. The common
heat storage materials for TCHS are summarized in Figure 1 [31].

Figure 1. The common heat storage materials for TCHS [31].
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Among various TCHS systems, high-temperature thermochemical heat storage based
on the carbonation/calcination reaction of CaO/CaCO3 (as exhibited in Equation (1)) is
considered to be one of the promising CSP heat storage technologies [32]. CaO/CaCO3 is
one of the systems with the highest heat storage density (approximately 3.2 GJ/m3) [33]
and the working temperature is relatively high [34], which is conducive to the realization
of large-scale sustainable power generation. The equilibrium temperature of the reaction at
atmospheric pressure under pure CO2 is 895 ◦C [35]. The reaction equilibrium temperature
is determined by the CO2 partial pressure, as shown in Equation (2) [36].

CaCO3(s) + 178 kJ/mol � CaCO(s) + CO2(g) (1)

Peq = 4.137 × 107 exp
(
−20474

T

)
(2)

where Peq is the CO2 partial pressure, bar; T is the equilibrium temperature, K. By chang-
ing the CO2 partial pressure, the carbonator can proceed in the range of 600–900 ◦C [37].
Additionally, it takes advantage of abundant raw materials and low prices due to natu-
ral calcium-based minerals (limestone or dolomite) as the precursors, which can realize
efficient heat storage [38].

Recently, many review articles related to TCHS have been published [39,40]. Among
them, most of the reviews mainly studied the materials and prospects of a variety of
TCHS systems [31,41], and a few focused on CaO/CaCO3 heat storage systems. Hence,
this paper reviews and summarizes the research progress of CaO/CaCO3 heat storage in
system integration, reaction conditions, and material properties, covering the most valuable
aspects of such research.

2. CaO/CaCO3 TCHS

System design represents a major contribution to the application of CaO/CaCO3 heat
storage in CSP plants. The concept of calcium looping (CaL) TCHS can be traced back to
the 1970s [42], but most of the subsequent CaL research has focused on CO2 capture [43].
Only with the increasing demand for heat storage in recent years has the application of
CaL in TCHS been extensively studied. Although the CaO/CaCO3 heat storage technology
and the CO2 capture technology have the same chemical reaction principle [44], they
have remarkable differences in factors, such as reaction conditions and applications [45].
When the CaL process is utilized for CO2 capture from the flue gas of coal-fired power
plants, the carbonation stage of CaO occurs in a carbonator with the flue gas containing
about 15 vol% CO2 to form CaCO3 at the optimal temperature of 600–700 ◦C [46,47]. The
calcination stage of CaCO3 occurs in a calciner at above 900 ◦C under a high concentration
of CO2 (>90 vol%) for CO2 enrichment, where the required heat is provided by fuel oxygen-
enriched combustion [48]. When CaL heat storage is implemented in CSP stations, its
carbonation and calcination conditions are more flexible. The carbonation reaction is
carried out under pure CO2 for high temperature and power generation efficiency in the
exothermic stage. Gases with different concentrations of CO2 are fed into the carbonator as
required, so the exothermic temperature of 600–900 ◦C can be reached [37]. Increasing the
carbonation pressure can improve the limited temperature of the carbonation reaction [49].

In the solar calciner, the reactants generally cannot stay for a long time, so the calcina-
tion reaction in the CaO/CaCO3 system needs to be accomplished as soon as possible [32].
Longer reaction time and higher temperature result in more severe sintering of CaO in
the calcination stage, which is not beneficial for the carbonation of CaO [50]. Thus, a
shorter time and lower temperature lead to a higher carbonation of CaO due to the slight
sintering [51,52]. In addition, the solar calciner at low temperature needs fewer solar
reflectors, so the cost is also reduced [53,54]. The calcination kinetics depends not only on
the calcination temperature, but also on the calcination atmosphere [55]. The different calci-
nation atmospheres for CaO/CaCO3 heat storage were investigated, including CO2 [55,56],
steam [57], and inert gases [52]. For the calcination under pure CO2 at atmospheric pres-
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sure, CaCO3 can only be quickly decomposed at a temperature around 930–950 ◦C due to
the limitation of thermodynamic equilibrium calculated by Equation (2) [52,55]. If the CO2
partial pressure is higher than the equilibrium pressure, the calcination reaction cannot
occur. The utilization of superheated steam (SHS) can reduce the calcination temperature to
as low as 680 ◦C to save energy, and the calcined CaO has strong heat storage activity [57].
Nevertheless, the separation of vapor and CO2 needs energy consumption. That is because
the heat for cooling vapor is difficult to utilize. CO2 after separation and purification is eas-
ier to use and store [58]. The calcination temperature of CaCO3 can be noticeably reduced
by using inert gases, such as helium (He) or nitrogen (N2). Compared with pure N2, the
calcination rate under pure He is faster due to the high diffusivity of CO2 in He and the
high thermal conductivity of He, and the calcination temperature is as low as 725 ◦C [52].
However, a further issue that needs to be considered is the separation of CO2 and He. The
content related to the reaction conditions will be discussed in detail in the next section. Re-
cently, scholars have conducted lots of research on CaO/CaCO3 heat storage, continuously
optimizing the integrated process of CaO/CaCO3 heat storage and CSP power generation
to improve efficiency [59,60]. Furthermore, reducing the deactivation of CaO during heat
storage and improving the heat storage stability have been widely studied.

2.1. CSP-CaL Schemes

The integration of CaL-CSP has attracted much attention due to the unique advantages
of the CaO/CaCO3 heat storage system. The system coupling CaO/CaCO3 heat storage and
CSP integrated power generation is developing rapidly, and its basic process is exhibited
in Figure 2 [61]. The sunlight is converged on the solar calciner where CaCO3 decomposes
into CaO and CO2 at a high temperature (~725–950 ◦C [52,61]). The generated CaO is stored
at atmospheric pressure, and the released CO2 is stored after the compression. According
to the needs of power generation, CaO and CO2 are fed into the carbonator (~850 ◦C or
higher [52]). The heat released during the carbonation means the excess CO2 is heated
to a high temperature, and then CO2 enters a turbine to achieve power output. Adding
heat exchange systems after the heat storage and heat release process can improve the heat
utilization rate.

Figure 2. The integrated system of CaO/CaCO3 heat storage and CSP [61].

Edwards et al. [62] proposed an open CO2/air Brayton cycle CaO/CaCO3 heat storage
system, including a pressurized fluidized bed carbonator and a solar calciner, as shown
in Figure 3. In the carbonation stage, the compressed CO2 and high-pressure air entered
the reactor together. It assumed that CO2 was completely consumed in the carbonator,
and then only high-temperature and high-pressure air was sent to the turbine to do
work. Finally, the air experienced the Brayton cycle was discharged into the atmosphere.
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The simulation results showed that when the material conversion rate was 20–40%, the
carbonation temperature was 875 ◦C and the pressure was 6.7 bar. Moreover, the power
generation efficiency of the system was maximum, up to 39.9–43.7%. It is worth noting
that the complete consumption of CO2 in the carbonator is an ideal situation. In fact, due
to the thermodynamic balance of the reaction, CO2 cannot completely react with CaO, so
eventually the exhaust gas contains a large amount of CO2.

Figure 3. An open CO2/air Brayton cycle CSP-CaL system [62].

Chacartegui et al. [63] explored the CO2 closed-loop Brayton cycle CSP-CaL system,
as demonstrated in Figure 4. The excess CO2 was sent to the carbonator, and the unreacted
CO2 was used as a heat carrier fluid to enter the CO2 turbine for power generation. The
exhausting CO2 was compressed and stored to start the next cycle. It was also identified
that calcium-based materials with high activity, high carbonation temperature, and high
inlet pressure of CO2 turbine were the substantial factors to guarantee high efficiency of
the closed heat storage system. The calculation classified that the system efficiency could
reach 46% when the ratio of CO2 pressure to turbine outlet pressure was 3.2. Alovisio
et al. [64] utilized the pinch-analysis methodology to optimize the heat transfer design in
detail based on the closed CO2 Brayton system, and the overall efficiency increased by 5%
on the original basis.

Karasavvas et al. [65] integrated the Rankine cycle with the CO2 Brayton cycle heat
storage system and designed a scheme of continuous power generation with an efficiency
of 31.5%. Tesio et al. [66] optimized the indirect integration of the steam Rankine cycle in
CaL-CSP from both energy and economic aspects, which determined the size and operating
conditions of the main components. Ortiz et al. [67] conducted an energy and sensitivity
analysis on the closed system, and the results showed that various methods could be
used to improve the system efficiency by adding gas-solid heat exchangers at both ends
of the calciner and carbonator, increasing the turbine inlet temperature, and raising CaO
conversion. Karasavvas et al. [68] also studied an exergy analysis on the system and found
that most of the exergy loss occurred in the solar receiver (about 36.6%), the calcination
section (i.e., 25.8%), and the steam Rankine cycle (about 20.6%). On the contrary, the exergy
loss that occurred in the carbonation section was relatively small, about 4.8%. Cannone
et al. [69] also used the pinch analysis method to study the integrated system and found that
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when the conventional Rankine cycle was integrated with CSP equipment, the electrical
efficiency increased by about 4%, and its total thermoelectric efficiency reached 51.5%. Ortiz
et al. [36] also investigated the integration scheme of a CaO/CaCO3 heat storage system
with other power cycles, including subcritical Rankine cycle (efficiency 35.5%), supercritical
CO2 Brayton cycle (efficiency 32%), and combined cycle (efficiency 40.4%). The research
results showed that the closed CO2 Brayton cycle possessed the highest system efficiency,
which could reach 44–45% under ideal conditions.

Figure 4. A closed CO2 Brayton cycle CSP-CaL system [63].

Wu et al. [70] proposed a CSP-CaL system combined with CaCl2 (>80 mol%) phase
change heat storage, in which the reactants were molten during the process from charging
to discharging, as exhibited in Figure 5. In the heat storage process, the solid CaCO3-
CaCl2 particles from a cold tank were transported into the calciner through pneumatic
conveying. The solid CaCO3-CaCl2 was heated in the calciner and then decomposed into
CO2 gas and molten CaO-CaCl2, where the required heat was provided by concentrated
solar energy. Then, the generated molten CaO-CaCl2 was stored in a hot tank, and the
sensible heat of generated CO2 was used to preheat the solid CaCO3-CaCl2. The cooled
CO2 was compressed in multiple stages to high pressure of about 75 bar and stored in a
CO2 tank. In the exothermic process, the stored energy was released through carbonation
and solidification of molten CaO-CaCl2, in which the released energy was transferred to
the CO2 Brayton cycle to fulfill power generation. The modeling results demonstrated
that the overall efficiency of the system could be improved, reaching up to 49% when
increasing the molar ratio of CaCl2, but at the same time reducing the heat storage density.
In addition, Habibi et al. [71] integrated the phase change CaO/CaCO3-CaCl2 heat storage
system with the Mg-Cl hydrogen production cycle, so that solar energy was not only used
for heat storage, but also utilized for hydrogen production. The simulation results showed
that the annual system efficiency of the system could reach up to 63.74%. Chen et al. [72]
analyzed the impact of heat utilization on the efficiency of heat storage systems, making
full use of the sensible heat of the system could raise the heat storage, energy release, and
system efficiency by 45.1%, 32.1%, and 61.59%, respectively. Pascual et al. [73] focused on
different operating points in the simulation system to determine and optimize the different
discharge/charge ratios of the mass balance during operation, including CaCO3, CaO, and
CO2 storage tanks. Peng et al. [74] also simulated the model of CSP-CaL in different seasons
and studied its performance. Obermeier et al. [75] pointed out that the preheating process
of reactants rising from ambient temperature to reaction temperature had a significant
influence on system efficiency, in which high sensible heat recovery and high conversion of
reactants were key to achieving high system efficiency. Some pilot-scale CSP-CaL systems
are already under construction [65,76], which is also a crucial step for the development of
CSP-CaL power generation systems.
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Figure 5. A phase change CSP-CaL system based on CaO/CaCO3-CaCl2 [70].

2.2. CSP-CaL Equipment

The main equipment of the CSP-CaL system includes reactors, heat exchangers, stor-
age systems, and conveying systems, which have been extensively studied in other indus-
trial applications such as the cement industry [58]. The reactor of the CSP-CaL system
is mainly used for the solid-gas reaction process, including the solar calciner and the
carbonator. Among them, the carbonator has the same basic requirements as the existing
CaL-CO2 capture reactor, which is relatively mature technology [77]. The technology of
solar calciner is still immature, although the calciner has been studied since the 1980s [78].
In addition, the solar calciner is the most critical equipment in the CSP-CaL system, and its
overall design, especially the heat collection capacity, is sensitive to the efficiency of the
system. According to the heat collection method, it can be divided into the surface type
and volumetric type whose principles are shown in Figure 6 [79]. Figure 6a exhibits the
surface type heat collection, where the sunlight is first absorbed by the surface coating
of the reactor, and then the heat is transferred to the tube wall through heat conduction.
Finally, the heat of the tube wall is transferred to the reactants in the form of thermal
radiation and convection [80]. Figure 6b demonstrates the volumetric heat collection, in
which the solar energy is directly radiated to the reactant, thereby eliminating the process
for a large amount of heat transfer in the middle, but the ability of the reactant to receive
solar radiation is higher [81]. For the surface heat collection, the high-temperature surface
coating radiates a large amount of heat to the outside, causing serious heat loss [76]. The
thermal resistance between the surface coating and the reactant is large, and the reactant
may stick to the tube wall on account of sintering [82]. Thus, it is not suitable for the
high-temperature CaO/CaCO3 heat storage system. The volumetric heat collection in
which the reactant directly receives radiant energy is more suitable for this system.
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Figure 6. Two heat collection methods of solar calciner [79]: (a) surface type; (b) volumetric type.

Ortiz et al. [32] described in detail the principles that should be followed in the design
of the calciner, such as solid residence time, particle size, temperature gradient and so
on. Lisbona et al. [83] designed a multi-stage solar calciner that could limit the peak
temperatures for the reactors, alleviate the sintering of materials, and achieve the highest
heat storage efficiency. In addition, due to the low solar optical absorption capacity of
CaCO3, it should also be considered in the design of the calciner [78].

The tiny solid particles are used in the solar calciner (particle receiver) to directly
absorb the solar energy reflected by the heliostat, so as to rise to a very high temperature
(~900 ◦C [62]). The heat can be stored in the tank or exchanged with the working medium.
The temperature distribution in the receiver is related to the particle size and reaction time.
Currently, there are many researches on the direct system of particle receivers as shown
in Figure 7, mainly including falling particle receivers, fluidized bed receivers, rotary kiln
receivers, etc.

Figure 7. Solar calciner: (a) fluidized bed [78]; (b) rotary kiln [84].

The falling particle receiver is the most basic type of particle receiver, which receives
solar radiation by letting solid particles fall directly. The thermal efficiency and outlet
temperature of the working medium have a decisive relationship with the mass flow of
particles and the residence time in the heated region [85]. In addition, in order to increase
the outlet temperature of the working medium, one way is to increase the residence time
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of particles, e.g., by setting the particles in the receiver to circulate multiple times [86].
Compared with the falling particle receiver, the solid particles in the fluidized bed receiver
are blown by gas and in a suspended state, which is irradiated by concentrated sunlight.
At this time, the solid particles are in full contact with the gas, which can effectively
promote heat and mass transfer. Tregambi et al. [87] designed and used the CaCO3 carbon-
ation/calcination reaction in a fluidized bed reactor with direct radiation to maximize solar
energy collection. The study found that CaO/CaCO3 TCHS could be applied to fluidized
bed receivers, whose heat storage density reached 1000 J/m3 in a quarter of the 12 cycles.
However, due to uneven radiation, the bed layer was locally overheated, which aggravated
the sintering of particles.

The principle of the rotary kiln receiver is to feed particles into the rotary kiln, and
a light transmission window is set at one end of the receiver to concentrate sunlight.
The centrifugal force of the rotary kiln receiver makes the particles rotate and fall along
the wall of the receiver, and then the sunlight is injected through the light transmission
window to heat the particles attached to the wall. At present, the rotary kiln has been
widely used in the chemical and cement industry and is mostly used for calcination and
decomposition reactions [88]. Therefore, it can be used as a solar calciner in a CaO/CaCO3
TCHS system. Moumin et al. [89] designed a high-temperature solar rotary kiln that was
used for limestone calcination. An insulating layer was arranged between the reactor
and the shell, and a quartz glass window was arranged to receive solar radiation. The
experimental results showed that the total efficiency of the rotary kiln was 19–40%. The
advantages and disadvantages of the different solar calciners are summarized in Table 2.

Table 2. Comparison in different solar calciners.

Advantages Disadvantages

Falling particle Simple structure design
Low energy consumption

Poor heat transfer
Uneven solar radiation distribution

Fluidized bed High heat and mass transfer efficiency
Mature industrial technology

Difficulty in gas-solid separation at high temperature
Serious particle wear

High requirements for flow rate control

Rotary kiln
Low particle wear

Great heat and mass transfer
Suitable for materials with large particle size

Difficult to integrate design with the solar system
High equipment maintenance cost under high

temperature

Furthermore, the description, schemes, and related issues of the reactor have been
elaborated in detail in the literature [90]. Remarkably, the current research on solar calciner
is still in its infancy. The structural design, light transmission window, and control system
still need further research [91].

2.3. CSP-CaL Techno-Economics

At present, the research on the pilot-scale of CSP-CaL is still in its infancy [65,76], so
only a rough discussion will cover its techno-economic analysis. When the CaL process is
utilized for CO2 capture from the flue gas of coal-fired power plants, the research on techno-
economic analysis is relatively extensive, which can be used as the reference for CSP-CaL.
Hanak et al. [92] assessed the economic cost of retrofitting a 580 MW coal-fired power plant
through CaL technology, which may be between 2100–2300 €/kW. Michalski et al. [93]
thoroughly evaluated the economic investment of a power plant based on CaL technology
by using the break-even electricity price method, and its capital cost was 2573.5 €/kW.
Bayon et al. [94] conducted a techno-economic assessment of 17 solid-gas TCES systems.
It was found that the cost of raw materials and the energy consumption of auxiliary
equipment had the greatest impact on the capital cost of the system. The CaL process was
determined to be competitive with molten salt at the lowest cost. Unfortunately, the energy
consumption of auxiliary equipment based on carbonate systems was very high, especially
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the high energy required to compress CO2. Tesio et al. [95] conducted an economic analysis
on the CaL indirect integrated CSP plant, including the supercritical CO2 Brayton cycle and
steam Rankine cycle. It was found that the calciner and the solar energy sides accounted
for 86% of the total investment capital. In addition, not only was the investment cost of
each component estimated, but also the economic optimization of the calcination reaction
device, including the optimal size of the calciner and compressor components. The results
of the economic analysis showed that the supercritical CO2 Brayton cycle was the optimal
choice for indirect integration. Muto et al. [96] studied the heat exchange reactor for waste
heat recovery and the reactant transportation method, then optimized and economically
analyzed the CaO/CaCO3 heat storage system. It is estimated that the expected investment
cost per kW·h of heat energy stored in a commercial-scale system, including equipment
and installation, emergency, heat storage materials, land, and other expenses, is about
47 $/(kW·h).

In the techno-economic analysis of CSP-CaL, the CaL process has advantages due to
the low cost of materials (calcium-based precursors such as limestone). The disadvantage
of the CaL process is the high energy consumption of auxiliary equipment (including CO2
compression). Therefore, more effective integration of the CSP-CaL scheme is needed,
including storage systems, solids transportation, and gas separation.

3. Effect of Reaction Conditions on Performance of CaO-Based Materials in
CaO/CaCO3 TCHS

For the CaO/CaCO3 TCHS system, whether the CaO-based material can maintain
high carbonation performance and cyclic stability are key to heat storage. A number of
studies have shown that temperature [97], pressure [98,99], atmosphere [100], and particle
size [101] have crucial effects on the sintering rate of CaO-based materials. Therefore, it is
necessary to study the reaction conditions in the stages of calcination and carbonation.

The heat storage performances of CaO-based materials are evaluated by the effective
conversion [97] and heat storage density [98], respectively. The effective conversion denotes
the ratio of the mass of CaO reacted during each carbonation cycle to the total mass of the
sample before the carbonation, which is defined by Equation (3):

Xef,N =
mcar,N − mcal,N−1

m0
· MCaO

MCO2

(3)

where N denotes the number of TCHS cycles; Xef, N is the effective conversion of CaO-based
materials after N TCHS cycles; mcar, N and mcal, N−1 denote the mass of the sample after the
Nth carbonation and the N-1th calcination, respectively, g; m0 represents the original mass
of the sample, g; MCaO and MCO2 represent the molar masses of CaO and CO2, respectively,
g/mol.

Heat storage density represents the maximum heat that can be released per unit mass
of CaO-based materials during each carbonation reaction, which is defined by Equation (4):

Eg,N = Xef,N · 1000∆H0

MCaO
(4)

where Eg, N is the heat storage density of CaO-based materials, kJ/kg; ∆H0 denotes the
standard reaction heat (178 kJ/mol for 0 ◦C; 165.5 kJ/mol for 900 ◦C).

3.1. Effect of Calcination Conditions

Calcination conditions, including harsh and mild calcination conditions, usually
play an important role in the heat storage properties of CaO-based materials. Valverde
et al. [61] found that the thermal pretreatment of limestone could improve heat storage
performance. The effective conversion of limestone thermally pretreated for 1 h under N2
at 760 ◦C was 0.58 after 20 cycles, which was 90% higher than that of limestone without
thermal pretreatment. Sarrión et al. [102] studied the influence of calcination conditions
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on the heat storage performance of the limestone and the Ca/Al composites. It was
found that the effective conversion of the limestone calcined under pure He at 725 ◦C
decreased from 0.70 to 0.21 after 20 cycles. However, when the limestone was calcined
under pure CO2 at 950 ◦C, its effective conversion dropped from 0.69 to 0.18 after 20 cycles.
This was because the calcination at high temperatures under high concentrations of CO2
aggravated the sintering of CaO, which was more obvious in the study of limestone Ca/Al
composites. When the Ca/Al composites were calcined under pure CO2 at 950 ◦C, the
effective conversion decreased from 0.60 to 0.18 after 20 cycles. However, under pure
He at 725 ◦C, its effective conversion dropped from 0.74 to 0.41 after 20 cycles. This
may be because the Tammann temperature (~771 ◦C) of Ca3Al2O6 was lower than the
calcination temperature used in the test (950 ◦C). When the reaction temperature of solid
particles reaches a certain temperature, each atom in the crystal lattice begins to show a
significant diffusion effect, and the chemical reaction properties become stronger, which is
the Tammann temperature [103]. The Tammann temperature is a crucial factor affecting
sintering. Valverde et al. [104] demonstrated the effect of SHS in the calcination atmosphere
on the heat storage performance of limestone. When 0.03 vol% steam was added into the
three calcination atmospheres, i.e., N2, He, and CO2, respectively, the calcination rates
of limestone were all obviously accelerated. The limestone was completely calcined at
700 ◦C under wet N2, while under wet He, the calcination temperature could be reduced to
680 ◦C. The calcination rate of limestone under wet CO2 was nearly three times higher than
that under dry CO2, and the calcination temperature could be reduced to 925 ◦C. Sarrion
et al. [105] proposed a new method to calcine limestone under CO2 at low pressure. When
the CO2 pressure was 0.01 bar, the decomposition of limestone occurred at 765 ◦C, and the
thermal storage stability of limestone was also noticeably improved. However, it should
be noted that to maintain the low pressure of the calciner, more energy consumption
would be needed. It is difficult to ensure the flowability of the heat storage material
under negative pressure, which may be hardly possible to realize large-scale industrial
applications. Champagne et al. [106] pointed out that the presence of high concentration of
steam remarkably promoted the cyclic heat storage stability during the calcination stage in
a thermogravimetric analyzer (TGA). However, the structure of the generated CaO was
changed negatively, suggesting a decrease in the mechanical strength of CaO. It may cause
severe particle fragmentation, so the smaller particles easily escape from the reactor, which
is not conducive to its application in the fluidized bed reactor [107]. He et al. [47] used
density functional theory to study the catalytic effect of steam on the decomposition of
CaCO3 and its mechanism at the molecular level. Obermeier et al. [108] found that the
hydration treatment of calcium-based materials during energy storage could reactivate
low-activity CaO. After five heat storage cycles, CaO was hydrated in steam at 250 ◦C, and
the heat storage performance of limestone was improved by 39%.

3.2. Effect of Carbonation Conditions

At present, the carbonation of CaO/CaCO3 heat storage research is mostly carried
out under atmospheric pressure. Compared with carbonation at atmospheric pressure,
CaO/CaCO3 TCHS benefits from carbonation at increased pressure. Sarrion et al. [109]
studied the heat storage performance of limestone and dolomite at the carbonation pres-
sure of 3 bar (calcination under CO2 at 1000 ◦C, carbonation under CO2 at 850 ◦C). The
effective conversion of calcium-based material was lower than that under 1 bar carbonation
as the increase of pressure intensified the sintering of CaO. In addition, Sun et al. [98]
performed heat storage experiments with limestone in a pressurized fixed bed and found
that increasing the carbonation pressure could make carbonation occur at a temperature
of 950 ◦C or higher. At the same time, increasing the carbonation pressure from 0.1 to
1.3 MPa, the heat storage capacity of limestone was also drastically enhanced, as exhibited
in Figure 8. After 30 cycles, the effective conversion and energy density of limestone under
1.3 MPa were 0.61 and 1939 kJ/kg, respectively, which were 1.44 times as high as those
under 0.1 MPa.
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Figure 8. Influence of carbonation pressure on cyclic heat storage performance of limestone (calcina-
tion under pure N2 at 850 ◦C for 10 min, carbonation under pure CO2 at 850 ◦C for 5 min) [98].

Li et al. [110] studied the heat storage properties of CaO pellets under pressurized
carbonation (1.3 MPa) and harsh calcination conditions (950 ◦C, pure CO2). They found
that the energy density of CaO pellets carbonated after 10 cycles was 1423 kJ/kg, which
was lower than that of limestone powder, but the compressive strength and wear resistance
of CaO pellets during the cycles were higher. Furthermore, increasing the pressure and
temperature of carbonation was more suitable for practical industrial application condi-
tions. Pressurized carbonation as the reaction condition is used in process simulation [62].
Therefore, the heat storage performance of calcium-based materials under high carbonation
pressure is worthy of attention and research.

3.3. Effect of Particle Size

Benitez-Guerrero et al. [97] studied the heat storage performances of two kinds of
limestone with different particle sizes (<45 µm and >45 µm) and found that the effective
conversion of limestone particles (>45 µm) decreased significantly, and its effective conver-
sion dropped from 0.76 to 0.16 in 20 heat storage cycles. However, the effective conversion
of the limestone particles (<45 µm) decreased from 0.8 to 0.42, which showed that the
particle size of limestone had a significant impact on heat storage. This was because the
larger CaO particles were rapidly deactivated due to pore plugging, which limited the
carbonation/calcination of the heat storage process. Durán-Martín et al. [111] examined the
effect of particle size on the heat storage performance of limestone calcined in pure helium
and found that limestone with a smaller particle size (<15 µm) had a higher multicyclic
activity in the heat storage cycles. Ma et al. [107] studied the heat storage performance of
limestone under bubbling fluidization. They found that with increasing the fluidization
velocity from 0.04 to 0.06 m/s, the heat storage capacity of limestone increased by 12%, but
the attrition rate was accordingly improved by 96%. When the CO2 concentration increased
from 80% to 100%, the heat storage performance of limestone rose by 11%. Compared with
the limestone with a particle size of 0.18–0.25 mm, the limestone with the relatively smaller
particle size of 0.125–0.18 mm exhibited slightly higher heat storage capacity. This was
because the relatively smaller limestone particles in the fluidization state showed better
mass and heat transfer performances, resulting in higher CaO reactivity for heat storage.

4. Performance of CaO-Based Materials in CaO/CaCO3 TCHS

It has been a consensus that the effective conversion of CaO plays a decisive role in
the CaO/CaCO3 cycles heat storage. Prieto et al. [112] pointed out that the inactivation
of CaO was a major defect for the CSP-CaL system. As the number of CaO/CaCO3 heat
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storage cycles increases, the activity of CaO decreases rapidly, and usually reaches a lower
conversion over 20 cycles [113]. On the one hand, the carbonation occurs rapidly under
high CO2 pressure at high temperature, so the generated CaCO3 layer blocks pores of the
unreacted CaO [61]. On the other hand, due to the low Tammann temperature of calcium-
based materials, CaO grains are sintered under harsh calcination conditions during multiple
CaO/CaCO3 heat storage cycles [50]. The deactivation characteristics of CaO in the heat
storage cycles are mainly related to the CaO precursor and the calcination/carbonation
conditions. Calcium-based materials include a variety of natural ores, such as limestone,
dolomite, and calcium-rich industrial waste such as carbide slag, steel slag, and fly ash [114].

4.1. Natural CaO-Based Materials

Benitez-Guerrero et al. [97] compared the cyclic heat storage performance of natural
calcium-based materials, such as limestone and dolomite. After the 20 heat storage cycles,
the effective conversion of limestone (<45 µm) dropped from 0.8 to 0.42. The cyclic effective
conversion of dolomite was more stable, which decreased by 28% after 20 cycles. This was
because that the MgO in dolomite could relieve the sintering and pore plugging of CaO.
However, the initial effective conversion of dolomite was not high, about 0.6.

In addition, Benitez-Guerrero et al. [115] also compared the cyclic heat storage perfor-
mance of natural calcium carbonate minerals such as limestone, chalk, and marble, and
their thermograms were shown in Figure 9. The initial reaction kinetics and conversion
rates of the three calcium-based materials were very similar, as presented in Figure 9a.
The carbonation reaction of CaO derived from calcium carbonate minerals was almost
completely carried out in the chemical reaction-controlled stage, while that in the diffusion-
controlled stage could be ignored. This provided a crucial reference for the optimization
of reactor design. However, as demonstrated in Figure 9b, the inactivation degree of the
CaO derived from three calcium carbonate minerals was significantly deference in their
crystallinities and sizes of the CaO grains. Limestone had the higher effective conversion
(0.51) while marble had the lowest conversion (0.27). Durán-Martín et al. [111] tested the
heat storage performance of limestone particles with different particle size distributions
in multiple cycles and studied the effect of particle size on the deactivation mechanism of
limestone. It was found that when calcined under He at low temperature, the utilization of
small particles of limestone was more beneficial for heat storage, but this promotion was
only effective for limestone particles below 15 µm.

Figure 9. The temperature and weight of three samples vs. reaction time [115]: (a) the first cycle; (b) the last cycle.

4.2. Waste CaO-Based Materials

Besides natural calcium-based materials, such as limestone and dolomite, another
type of industrial waste with high calcium content can also be applied for heat storage
through the CaL process [116]. Among them, steel slag is a common industrial waste, most
of which is used to pave roads and produce concrete. Carbide slag is a waste produced by
polyvinyl chloride and chlor-alkali whose main component is Ca(OH)2. A large amount
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of carbide slag is directly piled-up or buried nearby, resulting in serious environmental
damage and waste of resources. The application of calcium-based industrial waste residues
for CaO/CaCO3 heat storage not only saves calcium sources, but also realizes the resource
utilization of waste residues. Perejon et al. [117] studied the cyclic heat storage performance
of industrial waste steel slag. They found that the treated steel slag with acetic acid achieved
an effective conversion rate of 0.8 after 20 heat storage cycles. Thus, the treated steel slag is
an ideal heat storage material for CaL-CSP. Valverde et al. [118] compared the heat storage
performances of blast furnace slag and calcium-rich steel slag. After acetic acid treatment,
the heat storage performances of steel slag and blast furnace slag became more stable,
but the maximum effective conversion rate was only about 0.30, which was lower than
that of limestone. Although Al and Mg oxides in the waste slag improved its cyclic heat
storage stability, the low contents of CaO in the waste slag limited the maximum heat
storage capacity. In the abovementioned acetic acid treatment process, a filtration step was
added to remove silicon impurities, which could increase the effective conversion of the
waste residue after treatment to about 0.60. Bai et al. [119] also reported the influence of
different acidification parameters, such as acid concentration, acidification temperature,
and acidification time on the heat storage of calcium-based composites derived from steel
slag. Among them, after the steel slag was acidified with acetic acid, the contents of Ca and
Mg increased, while the contents of Si and Fe decreased, which improved its cyclic stability.
Sun et al. [98] examined the cyclic heat storage performance of carbide slag and found
that the presence of chlorine resulted in a rapid drop in the heat storage performance in
the first two cycles, whereby it remained stable during 30 cycles. Consequently, carbide
slag is a promising calcium-based heat storage material. Jahromy et al. [120] studied the
heat storage potential of fly ash by using X-ray fluorescence (XRF) spectroscopy, scanning
electron microscopy (SEM), and so on. Furthermore, they confirmed that the content of CaO
in fly ash was 27%, indicating that it was promising as a heat storage material. However,
more experimental studies were still required for the industrial application. Similarly,
Maaten et al. [121] also explored the possibility of oil shale ash heat storage through the
use of XRF, elemental analysis, and thermal analysis. Troya et al. [122] examined the heat
storage properties of CaO derived from biomineralized CaCO3, such as snail shells and
eggshells. They found that after 20 cycles, the conversion rate was equivalent to that of
limestone, indicating that this type of food waste was feasible for heat storage. Utilizing
CaO-based waste as heat storage material in CaO/CaCO3 TCHS can not only save a lot
of limestone resources, but also make full use of waste, which greatly solves the practical
problem of waste accumulation. Table 3 summarizes the heat storage properties of several
common natural and waste CaO-based materials reported in the literature.

Table 3. Comparison of heat storage properties of natural and waste CaO-based materials reported in the literatures.

Cao-Based
Materials Particle Size Calcination

Conditions
Carbonation
Conditions Cycles Effective

Conversion Reference

Limestone

<45 µm 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.41 [97]
>45 µm 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.18 [97]

>160 µm 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.21 [102]
>160 µm 950 ◦C/CO2/5 min 850 ◦C/CO2/5 min 20 0.18 [102]

100–400 µm 1000 ◦C/CO2 850 ◦C/CO2/1 bar 11 0.13 [109]
100–400 µm 1000 ◦C/CO2 850 ◦C/CO2/3 bar 11 0.07 [109]

- 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.51 [115]
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Table 3. Cont.

Cao-Based
Materials Particle Size Calcination

Conditions
Carbonation
Conditions Cycles Effective

Conversion Reference

Dolomite

<45 µm 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.41 [97]
>45 µm 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.42 [97]

100–400 µm 1000 ◦C/CO2 850 ◦C/CO2/1 bar 11 0.20 [109]
100–400 µm 1000 ◦C/CO2 850 ◦C/CO2/3 bar 11 0.15 [109]

Marble - 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.27 [115]
Chalk - 725 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.38 [115]

Steel Slag - 675 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.63 [117]
Steel Slag - 650 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.50 [118]

Blast Furnace
Slag - 650 ◦C/He/5 min 850 ◦C/CO2/5 min 20 0.29 [118]

Carbide Slag <125 µm 850 ◦C/N2/10 min 850 ◦C/CO2/
5 min/13 bar 30 0.51 [98]

Snail Shell 20 µm 750 ◦C/N2/5 min 850 ◦C/CO2/5 min 20 0.24 [122]
Eggshell 20 µm 750 ◦C/N2/5 min 850 ◦C/CO2/5 min 20 0.19 [122]

5. Improvement on Cyclic Thermal Storage Stability of CaO-Based Materials in
CaO/CaCO3 TCHS

The heat storage performance of natural calcium-based materials, such as limestone
and dolomite, declines rapidly with the number of heat storage cycles, which has an
adverse effect on the CaO/CaCO3 TCHS. The lower the performance of CaO, the higher
the inert solid content of the heat storage system for transportation, preheating, and
cooling, resulting in a large amount of energy loss [67]. Studies have shown that the overall
efficiency of CSP-CaL power plants increased by more than 10%, as the effective conversion
of calcium-based materials increased from 0.07 to 0.5 [63]. Thus, it is beneficial to improve
the cyclic heat storage performance of calcium-based materials and prepare calcium-based
heat storage materials with high efficiency and stable performance, which have become the
focus of attention of researchers. Adding a dopant with a high Tammann temperature to
calcium-based materials is one of the most common methods to slow down the sintering of
CaO-based materials. The supporter dispersed between the CaO grains plays a supporting
role, which prevents the agglomeration of the CaO grains at high temperatures to a certain
extent and enhances the sintering resistance of the CaO-based material [123].

5.1. CaO/SiO2 Composites

SiO2 is one of the reliable supporters with a wide range of sources and good application
prospects. Studies have found that molecular sieves and nano-structured SiO2 can be
used to improve the structural dispersion of CaO particles and reduce sintering [124,125].
Benitez-Guerrero et al. [126] synthesized cheap porous CaO/SiO2 composites using the
biotemplate (rice husk) method. The heat storage performance of the composite material
(70% content of CaO) was significantly better than that of limestone. After 20 cycles,
the effective conversion of CaO was about 0.5. In addition, its heat storage density was
about 40% higher than that of limestone after 50 cycles. This was because the composite
material had a porous structure, in which the evenly dispersed SiO2 alleviated the sintering
and pore plugging of CaO. Chen et al. [127] doped SiO2 into CaCO3 by the mechanical
mixing method and studied its kinetics, thermodynamics, and cycling stability in TGA.
The composite material supplemented with 5 wt.% SiO2 possessed the best heat storage
performance. After the addition of 5 wt.% SiO2, the cyclic stability of CaCO3 was enhanced
by 28% and the attenuation rate reached 0.85% per cycle. However, the addition of SiO2
led to a decrease in the calcination conversion rates of calcium-based materials. The
heat release of the CaO/SiO2 composite was still higher than that of CaO because the
specific heat capacity of the composites increased by 20%. This may be because the thermal
conductivity of SiO2 (10.2 W/m·K) was higher than that of CaCO3 (2.259 W/m·K [128]).



Energies 2021, 14, 6847 16 of 26

Khosa et al. [129] prepared the composite by wet mixing method with CaCO3 and nano-
SiO2 (the molar ratio of Ca to Si = 1:1). It was found that the heat storage capacity of the
doped sample decreased by 43% after 20 cycles, while that of CaCO3 dropped by 56%.
In addition, due to the high thermal conductivity of SiO2, CaO could reach the reaction
temperature faster. Therefore, SiO2 enabled the composite materials to be completely
calcined at a lower calcination temperature. For instance, the decarbonation temperature
of CaCO3 could be reduced from 750 ◦C to 700 ◦C due to SiO2 under Ar. Møller et al. [130]
studied the influence of 11 different additives such as SiO2, Fe2O3, BaCO3, ZnO, etc. on the
heat storage performance of limestone. Among them, the most ideal additives were Al2O3
(20 wt%) and ZrO2 (40 wt%), which could better resist the attenuation of CaCO3, so that
the capacity degradation rate after 500 cycles was only 20%.

5.2. CaO/Al2O3 Composites

Obermeier et al. [109] examined CaO/Al2O3 composites prepared from calcium ac-
etate and aluminum nitrate and found that the heat storage density of the composite with
the molar ratio of Ca/Al = 95:5 after 20 cycles was 3.5 times that of the unmodified CaO.
Benitez-Guerrero et al. [131] utilized a mechanical mixing method to prepare CaO/Al2O3
composite materials. It was found that Ca4Al6O13 was formed in the mild calcination
stage of CaO and Al2O3, which could alleviate the high-temperature sintering of CaO
and improve the heat storage stability of the composite. The effective conversion of the
sample with the 5 wt% Al2O3 was 0.55 after 20 cycles. Fedunik-Hofman et al. [132] used
Ca(NO3)2, Al(NO3)3, and (NH4)2HPO4 as precursors to prepare a Ca/Al/P composite
by using the Pechini method. It was found that for the calcination under pure CO2 at
1000 ◦C, the composite still had an effective conversion of 0.67 after 20 heat storage cycles,
while that of limestone was only 0.10. It was noted that the apatite was formed during
the preparation process, and its melting point was 1650 ◦C, which effectively alleviated
the high-temperature sintering of CaO. In addition, the apatite precursors were cheaper
than calcium aluminate precursors, which could be used as a substitute for calcium alumi-
nate to improve the thermal storage stability of calcium-based materials. Han et al. [133]
compared the promotion effects of Al2O3, SiO2, and TiO2 on the heat storage performance
of calcium-based materials, and found that, among the three additives, Al2O3 had the
best influence on enhancing the heat storage stability of the samples. After 50 cycles,
the heat storage density of the composite with 5 mol% Al was 1500 kJ/kg, which was
equivalent to 87% of the theoretical maximum. Sun et al. [134] studied composite heat
storage materials prepared from limestone (as calcium precursor), calcium aluminate (as
supporter), and CeO2 (as catalyst). They found that CeO2 could generate oxygen vacancies
on the surface of calcium-based materials to promote the transfer of O2−, which improved
the heat storage performance of calcium-based materials. Under the synergistic effect of
CeO2 and Ca12Al14O33, the composite achieved the maximum heat storage capacity when
the addition amount of both Al2O3 and CeO2 was 5 wt%. After 30 heat storage cycles, the
effective conversion and heat storage density of the composite were as high as 0.79 and
2500 kJ/kg, respectively. In addition, Sun et al. [135] further used absorbent paper as a
template to prepare a Ca/Al/Ce composite heat storage material with a porous hollow
tube structure. They found that the optimal addition amounts of Al2O3 and CeO2 were
2.5 wt% and 1 wt%, respectively. The effective conversion and heat storage density of
the Ca/Al/Ce composite with hollow tube after 30 cycles retained 0.92 and 2924 kJ/kg,
respectively. Møller et al. [136] studied the energy storage performance and material physi-
cal properties of a calcium-based thermochemical energy storage system using a packed
bed reactor under three operation scenarios, equipped with 3.2 kg of composite material
(0.82 kWh thermal energy) by hand-mixing CaCO3 and Al2O3 (16.7 wt%). It was found
that under the thermodynamic driving force and the pressure driving force scenarios, the
energy capacity of the system was maintained at 64% after 10 cycles. The decrease in
capacity may be partly attributable to the excessive heating in the reactor bed leading to
the massive formation of Ca12Al14O33.
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5.3. Other CaO-Based Composites

Lu et al. [137] loaded Li2SO4 onto nano-CaCO3 by the wet impregnation method.
The results showed that after 11 cycles, the CaO conversion of the composite loaded with
5 wt% Li2SO4 was 51%, which was 87% higher than that of pure nano-CaO material.
Additionally, both the carbonation and calcination reaction rates were improved, and the
decomposition temperature was reduced by at least 15 ◦C. Sarrion et al. [109] prepared
CaO/ZrO2 composites by the mechanical mixing method. However, the improvement of
ZrO2 on the heat storage performance of the doped sample was not obvious. The effective
conversion of CaO/ZrO2 composites with 5% ZrO2 dropped to below 0.25 after 10 cycles.
Khosa et al. [138] doped ZnO into CaCO3 by the mechanical mixing method and found
that the heat storage material with 5 wt.% ZnO showed the highest heat storage capacity of
1478.8 kJ/kg. As the cycle number increased from 20 to 100, the heat storage density did not
decrease, and the specific heat capacity of the sample doped with ZnO increased by 68%.
They also studied the kinetics of the calcination reaction and found that the incorporation of
ZnO could increase the rate of the calcination reaction. Xu et al. [139] prepared CaO/TiO2
composites by the stirring and mixing method and examined heat storage capacities of the
composites in a synchronous thermal analyzer (STA) and a fixed-bed reactor. They found
that the heat storage density of the composite containing 2.5 mol% TiO2 was 798.37 kJ/kg
after 30 cycles, which was 2.26 times as high as that of the pure CaCO3 sample. This
indicated that CaO/TiO2 composite had better sintering resistance.

5.4. Organic Acid-Treated CaO-Based Composites

Pretreatment of natural calcium-based materials with organic acids can improve the
pore structures of the materials, which enhances heat storage performance. Sánchez-
Jiménez et al. [140] treated a mixture of limestone and dolomite with acetic acid to prepare
calcium magnesium acetate (CaMgAc) material. CaMgAc possessed a stable porous
structure, and nano-MgO grains were uniformly dispersed around CaO, which improved
the sintering resistance of CaO. The effects of the acetic acid treatment on the heat storage
characteristics of limestone are exhibited in Figure 10a. After 30 energy storage cycles, the
effective conversion of natural limestone was only 0.38, while that of modified limestone
with acetic acid was as high as 0.56. In addition, the effective conversion of CaMg50Ac after
30 cycles was 0.70, which was much higher than that of limestone, as shown in Figure 10b.

Figure 10. Cyclic effective conversions of CaO-based materials [140]: (a) limestone, CaAc;
(b) dolomite, CaMgAc, and CaMg50Ac.

Wang et al. [34] used citric acid, with stronger acidity and of lower price, to treat
limestone and dolomite to prepare CaO/MgO composite materials. When the molar ratio
of Ca2+/citric acid/Mg2+ was 8:7:1, the composite exhibited higher storage cyclic stability
in the heat storage cycles. Thermal storage density of the composite achieved 2450 kJ/kg
after 20 cycles. Han et al. [141] prepared Ca/Al composite heat storage materials with
four different calcium-based precursors (calcium formate, calcium acetate, calcium lactate,
calcium gluconate), aluminum acetylacetonate, and citric acid. They found that the Ca/Al
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composite with the molar ratio of Ca to Al = 9:1 exhibited the largest volumetric heat
storage density of 2.35 GJ/m3, which only dropped by 12% after 20 cycles.

6. Improvement on Optical and Thermal Properties of CaO-Based Materials in
CaO/CaCO3 TCHS

The Tammann temperature of calcium-based materials is relatively low, so CaO grains
agglomerate and grow up during cyclic heat storage process at high temperature, leading
to the blockage of the pore structure, which is manifested as a gradual decline in heat
storage performance [43,123]. A large number of researches have focused on slowing down
the sintering speed of calcium-based heat storage materials to improve cyclic stability. As
mentioned in Section 3.2, the volumetric heat collection is more suitable for CaO/CaCO3
heat storage system, which requires calcium-based materials with great optical and thermal
properties. However, natural calcium-based materials usually have poor optical absorption
capacities and thermal conductivity. In recent years, the optical absorption capacity and
thermal conductivity of natural calcium-based materials have been given more attention
and represent a valuable research direction.

Han et al. [142] prepared composite materials by impregnating in H3BO3 solution with
CaCO3 and adding expanded graphite with high thermal conductivity for heat storage.
They found that the thermal conductivity of the composite materials increased by 60%
when 3 wt% expanded graphite was added. The expanded graphite exhibited strong
sintering resistance. The heat storage density of the composite material was 1313 kJ/kg
after 50 cycles, while that of limestone was only 452 kJ/kg. On this basis, Han et al. [143]
also studied an effective compression method to make graphite nanosheets better support
the pore structure of CaO-based materials, so the obtained composites possessed a higher
volumetric energy density. However, it is worth noting that CO2 attaches to graphite at
high temperatures to form CO gas. More consideration should be given when choosing
graphite as an additive. Da et al. [79] put forward a new idea to increase the blackness of
calcium-based materials to achieve the direct absorption of solar energy in a CaO/CaCO3
heat storage system. Their experiments showed that adding black FeMnO3 and Fe2O3 to
CaO by the sol-gel method improved the optical absorption properties of the materials.
When the molar ratio of Ca/Mn/Fe was 100:4:8, the solar absorption of the composite
reached 89.81% as exhibited in Figure 11. In addition, the existence of FeMnO3 and Fe2O3
also enhanced the sintering resistance of CaO. The effective conversion of Ca/Fe/Mn
composites remained as high as 0.8 after 20 cycles.

Figure 11. Optical absorption properties of CaO-based composites [79]: (a) Spectrum; (b) Absorption.

Moreover, Teng et al. [82] optimized the structure of the Ca/Fe/Mn composite by
using calcium gluconate as the precursor to prepare a porous Ca/Fe/Mn composite with
an optical absorption rate of 90%. The heat storage capacity of the Ca/Fe/Mn composite
decreased by 3.31% in 60 cycles. The average heat storage density of the composite after
60 cycles was 1450 kJ/kg, which was 1.76 times as high as that of CaCO3, indicating that
it had higher cyclic stability. Song et al. [144] used aluminum nitrate and iron nitrate as
precursors to dope iron and aluminum into CaCO3 powder by the sol-gel method. They
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found that the decomposition rate of the composite increased and the decomposition
temperature decreased. After 50 cycles, the heat storage density of the composite only
dropped by 4.5%, which was about 87% higher than that of pure CaCO3. Similarly, the
average optical absorption rate of the composite achieved 45.6%, while that of pure CaCO3
reached only 8%. Li et al. [145] used Ca(OH)2 powder, MnC4H6O4·4H2O and SiC by
extrusion-spheronization method to prepare Mn/SiC doped CaO pellets. They found
that when SiC and MnO2 were both doped at 5 wt%, CaO pellets exhibited the highest
the optical absorption and heat storage capacity. In addition, the effective conversion of
the Mn/SiC doped CaO pellets remained 0.48 after 30 cycles, while that of the pure CaO
pellets achieved only 0.34. Similarly, the average optical absorption of the Mn/SiC doped
CaO pellets reached 53%, while that of the original CaO particles was only 3%. Yang
et al. [146] prepared Ca/Fe/Mn composite heat storage materials by utilizing carbonaceous
microspheres as templates, which mainly consisted of CaCO3 and Ca2FeMnO5. The average
spectral absorption rate of the synthetic material with the molar ratio of Ca/Fe/Mn = 100:2:7
reached 76.8%, while that of pure CaCO3 was only 10.8%. Zheng et al. [147] examined
a variety of dark composite calcium-based heat storage materials by the sol-gel method,
including Ca/Cu, Ca/Cu/Fe, Ca/Cu/Co, Ca/Cu/Cr, Ca/Cu/Mn, and Ca/Al/Cu/Fe
materials. The results showed that Ca/Cu/Co, Ca/Cu/Cr, and Ca/Cu/Mn materials had
strong optical absorption capacities, and their average spectral absorption of solar energy
was greater than 60%.

Table 4 summarizes the heat storage properties of the different CaO-based materials
reported in the literature. It is found that adding dopants is still the most effective and
common method to improve the heat storage stability of CaO-based materials. However, it
is still unavoidable that the activity of CaO-based material decreases during long-term heat
storage cycles. Calcium-based materials often need to add enough supporters to maintain
relatively stable heat storage performance. This also decreases the content of CaO in the
calcium-based material, resulting in a decrease in the heat storage density of the material
per unit mass. Thus, how to enhance the heat storage performance and cyclic stability of
calcium-based materials remain important. In addition, how to improve the optical and
thermal properties of CaO-based materials is also the focus of researchers.

Table 4. Comparison of heat storage properties of CaO-based materials reported in the literature.

Additives Doping Ratio (wt%) Carbonation Pressure (bar) Cycles Effective Conversion Reference

SiO2 10% 1 20 0.30 [126]
SiO2 30% 1 20 0.34 [126]
SiO2 5% 1 20 0.20 [127]
SiO2 37.5% 1 45 0.20 [129]
SiO2 20% 5 50 0.29 [130]

Al2O3 20% 5 50 0.62 [130]
Al2O3 5% 1 20 0.55 [131]
ZrO2 5% 1 10 0.22 [109]
ZrO2 20% 5 50 0.67 [130]
ZrO2 40% 5 50 0.45 [130]
ZnO 20% 5 50 0.07 [130]

Fe2O3 20% 5 50 0.08 [130]
Ni 20% 5 50 0.14 [130]

BaCO3 9.5% 5 50 0.09 [130]
Li2SO4 5% 1 11 0.48 [137]

Al2O3/CeO2 5%/5% 13 30 0.79 [136]
Graphite 20% 5 50 0.25 [130]

H3BO3/Graphite 3% 1 50 0.41 [142]
Mn/Fe - 1 20 0.80 [79]

Al/Citric acid - 1 20 0.7 [133]
Acetic acid(Ac) - 1 30 0.56 [140]

Mg/Ac - 1 30 0.70 [140]
NaY 20% 5 50 0.23 [130]
HY 20% 5 50 0.16 [130]
Mor 20% 5 50 0.15 [130]
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7. Conclusions

This paper reviewed and summarized the research progress of CaO/CaCO3 heat
storage in terms of system design, reaction conditions, and material properties. By sum-
marizing a variety of integration schemes for CaO/CaCO3 heat storage and CSP plants,
the closed CO2 Brayton cycle heat storage system is the most ideal integrated scheme. The
performance degradation of CaO-based materials is still a major problem that restricts the
development of CaO/CaCO3 heat storage technology. The potential future research works
are shown as follows:

(1) System integration is currently limited to simulation research, which faces technologi-
cal challenges, such as the fluctuation of solar radiation, the separation of gas-solid
two phases, and so on, to realize industrial applications. The integrated system of
CaO/CaCO3 heat storage and CSP plant should be further designed and optimized
to improve the sensible heat recovery network of the system and reduce energy loss.
The design and production of equipment that is more compatible with CaO/CaCO3
heat storage, especially particle receivers, need to meet the main requirements of great
scalability and high thermal efficiency.

(2) The preparation of CaO-based heat storage materials should be carried out in the
direction of high cyclic activity and cyclic stability, and the preparation process of the
materials should be optimized. The ideal CaO-based heat storage materials possess
high heat storage density, great heat storage stability, and great absorption of sunlight,
while economical preparation processes are also required. In addition, the specific
application of the material needs to be combined with the reactor design.
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oxide-based carbon dioxide capture. J. Sol. Energy Eng. 2017, 139, 054501. [CrossRef]

55. Valverde, J.M.; Medina, S. Crystallographic transformation of limestone during calcination under CO2. Phys. Chem. Chem. Phys.
2015, 17, 21912–21926. [CrossRef] [PubMed]

56. Charitos, A.; Rodríguez, N.; Hawthorne, C.; Alonso, M.; Zieba, M.; Arias, B.; Kopanakis, G.; Scheffknecht, G.n.; Abanades, J.C.
Experimental validation of the calcium looping CO2 capture process with two circulating fluidized bed carbonator reactors.
Ind. Eng. Chem. Res. 2011, 50, 9685–9695. [CrossRef]

57. Arcenegui-Troya, J.; Sánchez-Jiménez, P.E.; Perejón, A.; Moreno, V.; Valverde, J.M.; Pérez-Maqueda, L.A. Kinetics and cyclability
of limestone (CaCO3) in presence of steam during calcination in the CaL scheme for thermochemical energy storage. Chem. Eng.
J. 2021, 417, 129194. [CrossRef]

58. Khosa, A.A.; Xu, T.; Xia, B.Q.; Yan, J.; Zhao, C.Y. Technological challenges and industrial applications of CaCO3/CaO based
thermal energy storage system—A review. Sol. Energy 2019, 193, 618–636. [CrossRef]

59. Lanchi, M.; Turchetti, L.; Sau, S.; Liberatore, R.; Cerbelli, S.; Murmura, M.A.; Annesini, M.C. A Discussion of Possible Approaches
to the Integration of Thermochemical Storage Systems in Concentrating Solar Power Plants. Energies 2020, 13, 4940. [CrossRef]

60. Chang, M.-H.; Chen, W.-C.; Huang, C.-M.; Liu, W.-H.; Chou, Y.-C.; Chang, W.-C.; Chen, W.; Cheng, J.-Y.; Huang, K.-E.; Hsu, H.-W.
Design and experimental testing of a 1.9 MWth calcium looping pilot plant. Energy Procedia 2014, 63, 2100–2108. [CrossRef]

61. Valverde, J.M.; Barea-López, M.; Perejón, A.; Sánchez-Jiménez, P.E.; Pérez-Maqueda, L.A. Effect of Thermal Pretreatment
and Nanosilica Addition on Limestone Performance at Calcium-Looping Conditions for Thermochemical Energy Storage of
Concentrated Solar Power. Energy Fuels 2017, 31, 4226–4236. [CrossRef]
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