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ABSTRACT: The CaO/Ca(OH), thermochemical energy storage system has garnered significant attention due to its cost-
effectiveness, abundant raw material availability, optimal decomposition thermodynamics, high energy density, and recyclability
as a promising candidate for large-scale renewable energy integration. Significant progress has been made in the research field of
the CaO/Ca(OH), energy storage system, while there are still key issues that require further investigation. This comprehensive
review summarizes recent advancements in CaO/Ca(OH), thermochemical energy storage systems, focusing on reaction
mechanism and optimization through material engineering strategies, thermal-fluid dynamics in reactor configurations, cyclic
degradation mechanisms under operational stresses, and scalability constraints in system integration. Persistent technical
bottlenecks requiring resolution are discussed, particularly sintering-induced capacity decay and suboptimal heat transfer efficiency.
The reactor design and optimization with advanced material modification techniques targeting enhanced stability are introduced as
well. These discussions and derived suggestions provide a potential opportunity to bridge fundamental material science discoveries
with engineering implementation for enabling deployment in stable utilization of renewable energy.

Keywords: CaO/Ca(OH); energy storage system; Reactivity; Heat and mass transfer characteristics; Cyclic stability;
Reactor and modification
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1. Introduction

Since the turn of the century, rapid advancements in global science and technology, combined with rising material
demands, have fueled a significant surge in energy consumption worldwide. Currently, the combustion of fossil fuels
still dominates energy consumption. However, the extensive use of fossil fuels faces potential shortages and severe
environmental challenges, which has led to a sustained high level of global attention to renewable energy over the past
decade [1]. Renewable energy sources, including wind, solar, geothermal, and hydro energy, play a significant role in
reducing carbon emissions. Their intermittent supply, grid instability, and unpredictable generation patterns pose
persistent challenges to large-scale integration into energy systems [2]. Energy storage systems provide a robust solution
to these issues, with thermal energy storage as a prominent research focus in recent years, demonstrating compatibility
with wind/solar power systems and industrial waste heat recovery [3].

Solar energy, while a cornerstone of renewables, faces inherent challenges of intermittency, supply discontinuity,
and seasonal variability. However, the strategic implementation of energy storage systems bridged the temporal and
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spatial gaps between power generation and utilization, thereby ensuring a stable and reliable energy supply. In addition
to conventional battery-based energy storage systems, thermal energy storage technologies are broadly classified into
three primary categories: sensible heat storage, latent heat storage (phase change), and thermochemical energy storage
(TCES) [4-6]. Among these, thermochemical energy storage, as a significant avenue for thermal energy storage, stores
energy in the form of chemical energy through the endothermic decomposition of materials and releases energy through
the reversible exothermic synthesis reactions when required [6]. Thermochemical energy storage technologies are
typically classified into three categories based on their operating temperature ranges: low-temperature (<150 °C), medium-
temperature (150—400 °C), and high-temperature (>400 °C) systems, with calcium-based systems emerging as a promising
candidate for medium-to-high temperature applications [7]. The CaO/Ca(OH), thermochemical energy storage system
exhibits long-term stability at ambient temperatures while demonstrating a high volumetric energy density [3].

The CaO/Ca(OH), system, as a representative gas-solid thermochemical energy storage system, emerges for
medium-high temperature applications (200-500 °C) due to its remarkable economic viability, inherent safety profile,
and environmental compatibility [8]. Recent advancements further validate its technical feasibility in solar thermal
storage integration and the cascading utilization of industrial waste heat, particularly in the decarbonization of cement
production and calcium-looping power cycles [9]. The CaO/Ca(OH), energy storage system absorbs and generates heat
through dehydration and hydration reactions. The process generally comprises two stages: during the endothermic phase,
heat is extracted from the CSP plant to decompose Ca(OH), into CaO and H,O, with the resulting products being stored
separately. During the exothermic phase, the previously stored products are utilized for the next round of reactions. At
night, chemical energy is converted into thermal energy through hydration, and the released heat reduces coal
consumption, ensuring the normal operation of the CSP plant [10].

Fundamental research focusing on reaction kinetics revealed that in the 400 to 560 °C temperature range and at
partial steam pressures from 0 to 100 kPa, the CaO particles react following a chemically controlled first order reaction,
displaying activation energies of 59.4 kJ/mol and 60.8 kJ/mol and pre-exponential factors of 2.5 x 10°° 1/s and 5.2 x
107 1/s (for a particle size of 100—200 pm) for hydration and dehydration reactions, respectively [11]. The reaction
temperature was a key factor in controlling the direction of reversible Ca-based thermochemical energy storage
reactions. The dehydration of calcium hydroxide began at 400 °C, with the desorption rate significantly accelerating
above 500 °C, while the hydration reaction of calcium oxide was suppressed or halted when the temperature approached
or exceeded 400 °C [12]. Researchers also found that CaO/Ca(OH), exhibited excellent cyclic stability—maintaining a
95% hydration degree after 211 cycles—but experienced a decline in reaction rate and Ca(OH), agglomeration, which
prevented uniform reaction and heat-transfer fluid distribution in the fixed-bed reactor [13,14]. The material
modification indicated that compared to the pellets composed entirely of pure Ca(OH),, the structurally modified TiO,-
CaO-based pellets exhibited significantly better heat storage/release performance during the cycling process. After 20
cycles, their performance was nearly 1.3 times that of the pure Ca(OH), pellets [15]. Theoretically, smaller particles
were less prone to fragmentation, and their larger specific surface area enhanced heat and mass transfer interactions
with the reactive fluid. However, continuously reducing particle size was not always feasible. When the particle size
diminished to the nanoscale, particle agglomeration driven by van der Waals forces and other interactions became
significantly more pronounced, while the demands for steam management also intensified [16].

In recent years, several scholars have conducted comprehensive reviews of thermochemical energy storage based
on CaO/Ca(OH),. Yuan et al. [17] systematically examined the CaO/CaCOs cycle, the CaO/Ca(OH); cycle, and their
coupling, demonstrating that high dehydroxylation temperatures, low initial hydration temperatures, elevated water
vapor pressures, and the use of circulating fluidized beds markedly enhance storage performance; they further showed
that additives such as AlOs;, Na,Si307, and nanoscale SiO, improve structural stability, while LiOH doping boosts
material reactivity. Boning [18] provided a thorough analysis of the structural, thermodynamic, and kinetic aspects of
the CaO/Ca(OH), reactions, revealing that the cubic-to-hexagonal phase transition during hydration induces volumetric
expansion and crack formation that facilitates diffusion; they evaluated specific heat capacities, reaction enthalpies, and
the effects of temperature, particle size, and material ratios on reaction rates, and discussed the role of y-Al,O3; and
similar enhancers in preventing agglomeration and improving efficiency. Wang et al. [3] focused on the practical
implementation of Ca(OH),/CaO systems in thermochemical storage devices, detailing various reactor designs (including
ceramic honeycomb supports, porous ceramic composites, and particle coating techniques), cycle stability, and exothermic
behavior under fluidized-bed conditions, thereby providing comprehensive guidance for engineering applications.

In this article, we systematically examined the recent advances in CaO/Ca(OH),-based thermochemical energy
storage systems, with particular emphasis on fundamental mechanisms and performance enhancement strategies. Key
aspects analyzed included the reaction thermodynamics and kinetics, with particular attention to the hysteresis behavior
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observed in hydration and dehydration cycles and its dependence on the partial pressure of water vapor. Material
engineering approaches to mitigate sintering, including nanostructuring, porous matrix stabilization, and surface
functionalization to accelerate ion diffusion, were discussed. Reactor-level thermal-fluid synergies, encompassing
reactor configurations with quantified heat transfer coefficients and the optimization of residence time, were also
included in this review. Cyclic stability and sintering kinetics, which are crucial to the reaction and heat transfer, were
summarized, highlighting that operating stresses, both thermal and mechanical, reduced effective capacity due to pore
collapse and active site deactivation. Finally, techno-economic barriers to commercial deployment were discussed, with
hybrid systems coupling thermochemical energy storage with latent heat storage proposed as a transitional strategy.

2. Reactivity of Ca(OH),/CaO Cycle
2.1. Dehydration Reaction

The thermal decomposition and dehydration of calcium hydroxide represent a complex multi-scale
physicochemical process. This reaction involves interrelated phenomena spanning atomic, nano- and microcrystalline,
and macroscopic scales, each demanding distinct theoretical frameworks for analysis [17].

At the atomic and electronic scales, researchers focused on the chemical reaction dynamics. The process begins
with the breaking of chemical bonds in calcium hydroxide and the subsequent formation of calcium oxide and water
vapor. Quantum mechanical calculations and molecular dynamics simulations are employed to investigate the electronic
interactions and interface kinetics that govern bond dissociation and the nucleation of the solid product, calcium oxide
[19-22]. These models reveal how localized energy barriers and atomic rearrangements influence reaction rates,
offering insights into the fundamental mechanisms driving the dehydration process [21]. Although gas-solid reaction
systems exhibit different types of reactions depending on the reactants involved, the underlying microscopic physical and
chemical steps are similar. For porous Ca(OH), particles, Ca(OH), undergoes thermal decomposition, and the generated
water molecules diffuse through the pores from the interior to the exterior of the particles, as illustrated in Figure 1 [23].
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Figure 1. Schematical diagram of dehydration of Ca(OH),, modified from Ref. [23].

At the nano- and microcrystalline levels, diffusion through the reactant or product layer becomes particularly
significant. As the reaction progressed, a porous CaO layer formed, providing channels through which water molecules
and ions diffused. The thermal decomposition of calcium hydroxide is a dynamic process, with new layers of solid
products continuously growing within the calcium hydroxide particles [20]. There is also a noticeable difference in the
molar volumes between the solid products and the solid reactants. Consequently, the growth of solid products alters the
pore structure of the particles, affecting the diffusion resistance encountered by water vapor as it enters the calcium
hydroxide particles. As a result, the growth of solid products during the reaction leads to changes in the reaction’s
controlling step. At the initial stage of the reaction, the calcium hydroxide particles, being naturally porous, have
relatively large internal pore sizes, resulting in lower mass transfer resistance for water vapor entering the particles. At
this stage, the surface chemical reaction at the reaction interface was the rate-determining step [24]. If the volume of
the solid products generated during the reaction is greater than that of the solid reactants consumed, the solid products
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gradually replace the reactants inside the particles, leading to a reduction in internal pore size or even blockage of the
particle pores. As a result, internal gas diffusion eventually replaces the surface chemical reaction as the new rate-
determining step [25].

Fickian diffusion models and Monte Carlo simulations were applied to analyze ion transport through the evolving
microstructure [26]. The porosity and crystallinity of the CaO layer significantly affected diffusion coefficients,
necessitating mesoscale models that bridged atomic interactions with continuum properties. Challenges included predicting
how microstructural evolution, such as pore coarsening or sintering, impacted overall reaction kinetics [27]. By studying the
dehydration reaction kinetics of calcium hydroxide, the activation energy and pre-exponential factor could be determined,
providing insight into the overall reaction rate and the appropriate reaction temperature for the dehydration process.

The physicochemical processes in the TCES system are typically multiscale, involving both reactor-scale and
particle-scale dynamics, as shown in Figure 2 [28]. At the reactor scale, where macroscopic transport phenomena
dominate, the focus of investigation shifts to the external diffusion of water vapor, both away from the particle surfaces
and through the surrounding gas bulk. Here, computational fluid dynamics (CFD) is employed to simulate convective
and diffusive transport within reactor environments [29]. Particle size distributions, bed morphology, and gas flow
dynamics become critical factors, necessitating the use of empirical correlations such as the Sherwood number to
describe mass transfer coefficients [30]. The results are pivotal for industrial reactor design, where optimizing heat and
mass transfer enhances overall process efficiency.
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Figure 2. Schematic of the multiscale structures and the multiscale Ca(OH), dehydration process, modified from Ref. [28].

The study of the dehydration kinetics of Ca(OH); is a particularly important step in understanding and mastering
the chemical reaction process of the CaO/Ca(OH), energy storage system. Through thermal analysis methods, the
micro-mechanism after the reaction, the reaction kinetic parameters, and the thermodynamic control equations could be
determined, enabling prediction of the entire chemical energy storage process [14]. The dehydrothermal decomposition
process of Ca(OH),:

Ca(OH),(s) = CaO(s) + H,0(g), AH = 104 k]J/mol (1)

Consider the effect of the rate of warming y in conjunction with the Arrhenius equation:

da A E :
=G e ) f@ @
where, y is the rate of temperature increase (K/min); ¢ is the reaction time (s); A denotes the pre-exponential factor (1/s);
E is the activation energy of the reaction (J/mol); R is the ideal gas constant, 8.314 J/(mol-K); f(a) denotes the kinetic

mechanism function suitable for the thermal decomposition process of calcium hydroxide as shown in Table 1; and «
denotes the rate of conversion, which is based on the thermogravimetric experimental considerations:

a = (m;—mg)/(m; —my) 3)
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where m;, m, and m, denote the initial mass of the calcium hydroxide sample, the sample mass at time ¢, and the final
sample mass, respectively [31].

Table 1. Reaction mechanism functions suitable for Ca(OH), dehydration kinetics [32].

Function Name f(a)
The Jander equation 41— a)'?[1 — (1 — a)V/?]Y/?
The Jander equation 6(1 —a)??[1 — (1 —a)'/3]Y/?
The reaction order 4(1 — a)3/*
Contraction ball (volume) 3(1 — a)?/?
Contraction cylinder (area) 2(1—a)'/?

The dehydration kinetics of calcium hydroxide are modeled using reaction mechanisms that account for nucleation,
diffusion, and interface processes, which are given in Table 2.

Table 2. Kinetic modelling of Ca(OH), dehydration reactions.

Gas Reaction Kinetics Modeling References
_0;_‘: = k(T) - f(w) Mikhail [33]
In[P/(P — PA)] ke
. = Dutta [34
Air Ty — T, CD,A(—AHA) utta [34]
dXDepy .
T kDepy(T)(Veq — vi1,0)f (XDeny) Criado [11]
de = —2H20_ 4000 Yan [12
v 44€¢ = 18mCa(0H), ° an [12]
acuum da "
- = [Ca(OH)Z][PHZO] : Chaix-Pluchery [35]
E =96.03-107.32k]/mol, A = 1.70 X 10°-1.23 X 10°s~! 1# Ca(OH), Chen [36]

E =117.84 -134.95k]/mol, A = 4.04 x 10°-3.00 x 107 s~ 2# Ca(OH),

1 —187.88 x 10° P .,
194 x 107 exp| ————— ] 1 ——)>- (1 -X) [X < 0.2] Schaube [37]
RT DPegq
Nitrogen —162.62 x 103
g 8.96 x 10° exp <—> CA-Pyr201 - x)°5 (X > 0.2]
RT e
da A —E
E = <E) T exp <ﬁ> ' [2(1 - Q)O'S] LOl’lg [31]

a=0.2-0.8E =115-140 kJ/mol; 8 = 5-20K/min, E = 120- 150 K/min

In addition to intrinsic properties such as particle size, porosity, and crystallinity, temperature and water vapor
pressure critically govern the thermodynamics, kinetics, and mechanistic pathways of calcium hydroxide dehydration.
Elevated temperatures lower the Gibbs free energy barrier, favoring decomposition. Changes in vapor pressure shift the
equilibrium temperature. Higher temperatures enhance atomic mobility, accelerating both the interfacial reaction,
characterized by bond breaking and the diffusion of H,O through the CaO product layer. The Arrhenius equation
quantifies this relationship, with activation energies ranging from 80 to 160 kJ/mol, depending on the rate-limiting step,
either nucleation or diffusion. Excessive temperatures cause the sintering of CaO grains, reduce porosity, trap H,O, and
ultimately slow diffusion, leading to incomplete dehydration [38]. Elevated water vapor pressure inhibits the
dehydration of Ca(OH), by shifting the reaction equilibrium toward rehydration, thereby requiring higher temperatures
to sustain the forward reaction rate. Industrial calcination processes typically operate under a vacuum or an inert gas
atmosphere to reduce the partial pressure of water vapor and improve dehydration efficiency. Gradients in vapor
pressure between the reaction interface and the bulk environment govern the transport of H>O. At the nanoscale, water
molecules adsorbed onto CaO surfaces form transient hydroxyl groups, which modify surface reactivity and influence
intermediate reaction pathways [39]. In non-isothermal studies, a compensation effect between temperature and vapor
pressure was observed. Lower vapor pressure allowed reactions to occur at lower temperatures. However, excessively
rapid heating caused local vapor accumulation. For instance, in the case of CaO, the sharp increase in local vapor
pressure induced the formation of micro-fractures within the material. These micro-fractures not only damaged the
structural integrity but also altered the diffusion kinetics, thereby affecting the overall reaction rate and the results of

thermal analysis [40]. Samms et al. [41] and Halstead et al. [42] employed the Van’t Hoff equation InP = — 2—1; +C



Clean Energy and Sustainability 2025, 3, 10005 6 of 19

to investigate the relationship between pressure P and absolute temperature 7, presenting the results as a linear plot of
InP versus %, as shown in Figure 3. Schaube et al. [37] predicted the equilibrium temperature of the reaction to be

505 °C at a partial pressure of 1 bar water vapor, which was verified by DSC (differential scanning calorimetry) tests.
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Figure 3. Equilibrium pressure of water vapor versus reaction equilibrium temperature, modified from Ref. [37].

2.2. Hydration Reaction

The hydration process of CaO with H>O (g) constitutes a gas-solid reaction. The reaction steps are clearly illustrated
in Figure 4. The hydration reaction of CaO with H,O(g) proceeds as a gas-solid reaction involving multiple coupled
steps. Initially, external diffusion occurs as water vapor (H,O) migrates from the bulk gas phase to the external surface
of calcium oxide (CaO) particles, driven by concentration gradients and convective/diffusive transport. Subsequently,
some water vapor reacts with the particle surface, while the remainder undergoes internal diffusion, transporting through
the porous network of the CaO particle via Knudsen or molecular diffusion, depending on pore size and gas pressure.
A surface reaction follows, where H,O(g) chemisorbs at active sites on the CaO surface and reacts to form Ca(OH),,
creating a localized product layer. This product layer then develops, acting as an internal diffusion barrier for reactants,
with kinetics limited by solid-state diffusion resistance and interfacial reaction rates. Finally, structural evolution
transpires as the progressive growth of the Ca(OH), layer induces morphological and textural changes in the particle,
modifying porosity, surface area, and diffusion pathways. These simultaneous steps, characterized by mutual influences
and constraints, exemplify a multiscale, multi-physical/chemical step-coupled system.

Prior research demonstrates that the full transformation of CaO into Ca(OH), transpires within the temperature
spectrum of 70 to 420 °C [43]. Lin et al. [44] later confirmed that CaO achieved full hydration under elevated pressure
(about 3.8 MPa) at temperatures reaching about 750 °C. The hydration kinetics of CaO were governed by a sophisticated
interplay of inherent material characteristics and external environmental factors, with recent experimental
advancements yielding profound mechanistic insights. Although elevated temperatures accelerated reaction rates by
diminishing activation barriers, excessive heat provoked the sintering of CaO grains, diminishing porosity and
entrapping H,O within the particle core [45]. Conversely, elevated humidity favored the equilibrium shift toward Ca(OH),
formation yet potentially hindered diffusion by saturating pore channels. Controlled humidity gradients, implemented through
fluidized bed reactors, enhanced hydration efficiency by harmonizing interfacial reactivity with vapor transport [8].

Table 3 delineates a spectrum of reaction kinetic models governing the hydration of CaO. Such insights inform the
development of CaO-based materials tailored for applications necessitating adjustable hydration rates, including
thermochemical energy storage and CO; sorbents, where reaction reversibility and cyclability prove paramount.
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Figure 4. Schematical diagram of hydration of CaO, modified from Ref. [23].

Table 3. Kinetic modelling of CaO hydration reactions.

Method Reaction Kinetics Modeling References
High-pressure 1 32 .
thermogravimetric R= 2pott X 0.0069exp[— 8400/ (RT)] X (Py,0 — Pi1,0) Lin [44]
dXHy .
TR KHY(T) - (vi,0 — Veq)f (XHY) Criado [11]
dx —89.486 x 103 p
e 13945 X exp —r | (——-1)°%-3(1 - X) [T, — T = 50K] Schaube [37]
eq
Thermal dx 53.33 x 10°
Gravimetric P 1.00 x 10™3* exp — (105)6 “(1=X) [T,q =T < 50K]
Analyzer a
x
Rx=010r05=——— Lin [46]
dt(I =0l 1005
E =1.69 kJ/mol, A =5.43 X 10"2s~! (Calcined Ca(OH)2) Garcia [47]
E =176 kJ/mol,A =5.74 x 1073 s~ (Sintered Ca(OH)»)
Vacuum pump 56mH
sttleam mass ahy = m X 100% Yan [12]
owmeter

3. Heat and Mass Transfer Characteristics
3.1. Thermal Conductivity

Thermal conductivity exerts a direct influence on the rate of heat dissipation; enhanced thermal conductivity can
augment the efficiency of heat exchange and minimize energy loss. However, the inherently low thermal conductivity
of Ca(OH)»/Ca0O materials significantly impairs the efficiency of energy storage. A straightforward method to enhance
the thermal conductivity of Ca(OH), is by compressing the powder. Ogura et al. [48] experimentally determined that
the thermal conductivity of compacted Ca(OH), powders ranged from 0.4 to 0.55 W/(m-K) in a fixed-bed reactor, a
value approximately four times greater than that of uncompacted Ca(OH), powders. In the operation of an indirect
reactor, the heat produced by the exothermic hydration reaction must traverse the porous reactant bed to reach the heat
exchanger surface, which is in contact with the heat transfer fluid. This process is heavily reliant on the thermal
conductivity of the bed, which is directly correlated with the bulk density, typically ranging from 0.5 to 1.5 g/cm® for
CaO/Ca(OH); systems [49,50]. Increasing bulk density enhances thermal conductivity yet simultaneously reduces bed
permeability, thereby hindering the diffusion of reacting gases, such as water vapor, to the internal surfaces of the
particles. Over compaction can result in the formation of localized barriers to gas transport, causing incomplete reactions
and the development of thermal gradients [51].

To balance the competing demands of thermal conductivity and permeability in the bed, a uniform particle
distribution within the reactor is crucial. Optimized packing configurations, achieved through graded particle size
distributions or mechanical stirring techniques, improve bed homogeneity, thereby balancing thermal conductivity and
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gas effective diffusivity [50,52,53]. Yan et al. [29] optimized the calcium-based fixed-bed energy storage reactor by
incorporating internal heating tubes. As the particle size within the bed increased from 5 pm to 30 um, the reaction time
gradually decreased and eventually stabilized. The increase in particle size improved the bed’s permeability and reduced
internal pressure, thereby shortening the reaction time. Risthaus et al. [53] proposed the mechanically fluidized bed,
where the radial temperature distribution within the bed remains uniform during the hydration and dehydration reactions
of CaO/Ca(OH),. Under conditions where the effects of rotational speed, pressure, and mass are minimal, the effective
heat transfer coefficient during CaO heating is 156 £ 16 W/m? K, while the effective heat transfer coefficient during
dehydration is 243 + 52 W/m*K, as shown in Figure 5.
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Figure 5. Comparison of temperature distribution and material conversion rate in calcium-based fixed bed and mechanically
fluidized bed, modified from Ref. [53].

However, the agglomeration phenomenon that arises during the reaction process within particles such as calcium
hydroxide can cause the continuous growth of clustered aggregates throughout the material cycling process. These
agglomerates impair both the heat and mass transfer efficiency of the entire system [21]. As the reactions occur within
the reactor, its structural and operational characteristics exert a significant influence on the mass and heat transfer
performance during thermochemical energy storage. Owing to the generally low thermal conductivity of current reactor
beds, heat transfer within the bed emerges as a critical factor. In fixed-bed reactors, internal heat transfer performance
is typically inadequate. Moreover, when cyclic processes are conducted in a fixed-bed configuration, agglomerates tend
to form after several cycles, resulting in the development of preferential flow channels within the reaction bed. This
leads to issues such as uneven distribution of reactant gases [14].

3.2. Flowability

The flowability of calcium hydroxide powder is a pivotal parameter in thermochemical energy storage and
industrial applications such as cement hydration and carbon capture, where agglomeration during cyclic operation
significantly impairs heat and mass transfer efficiency as well as overall cyclability. This agglomeration stems from
strong interparticle cohesive forces, which undermine reactor performance by inducing uneven thermal gradients and
limiting the accessibility of reactants. Recent studies have concentrated on mitigating cohesion-induced agglomeration
through the use of nanoparticle additives, surface modification strategies, and hybrid material engineering, with the goal
of enhancing powder mobility while preserving or improving reaction kinetics. To overcome strong interparticle
cohesive forces, nanoparticle coatings have been investigated as spacers that reduce direct contact between particles,
thereby mitigating cohesion and improving powder flowability. RoBkopf et al. [54] showed that adding 2% by mass
silica nanoparticles to the CaO/Ca(OH), cycle effectively prevents particle agglomeration, mitigates the channeling
effect, and promotes uniform flow through the reaction bed, thereby enhancing the overall reaction performance of
thermochemical energy storage, as shown in Figure 6. The encapsulation of Ca(OH), particles with nano-SiO, enhances
fluidity, preventing agglomeration during cycling and maintaining bed porosity. However, a significant drawback is the
parasitic reaction between SiO, and Ca(OH); at elevated temperatures, which leads to the formation of calcium silicate,
thereby reducing the system’s cyclic conversion efficiency [55].
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(a) Pure Ca(OH), (b) 2% nano SiO, coated Ca(OH),

Figure 6. Powder bed, (a) pure Ca(OH), and (b) with addition of two percent of SiO, nanoparticles at ambient temperature,
modified from Ref. [54].

Compound materials based on sodium silicate as the binder for fine CaO/Ca(OH), particles have been developed
for use in fluidized or fixed beds [56]. Compared to natural calcium-based precursor particles, these materials exhibit
superior mechanical properties. However, after several hundred hydration/dehydration cycles, a decline in mechanical
performance is observed, primarily due to the anisotropic expansion during the growth process of Ca(OH),. Bian et al.
[57] employed the wet mixing method to prepare SiO»-coated CaO particles using limestone and silica sol as raw
materials. It was found that the SiO,-coated CaO particles exhibited better structural stability and heat release
performance. After 10 thermal storage cycles, the expansion rate and wear rate of the SiO,-coated CaO particles were
reduced by 45.4% and 48.5%, respectively, compared to the uncoated particles, while the volumetric energy density
increased by 33.2%. In addition to coating CaO/Ca(OH), with nanoparticles and modifying pure particles, incorporating
larger particles into the CaO/Ca(OH), bed can also enhance its flowability. Pardo et al. [49] incorporated fluidizable
particles, specifically 81.4 um Al>O3, into pure Ca(OH); particles at a mass ratio of 7:3. This mixture exhibited excellent
flow stability in a fluidized bed and maintained good heat storage and release capacity after 50 cycles. Mejia et al. [58]
conducted 20 heat storage and release cycles on Al,Os-coated Ca(OH), particles and Ca(OH),/CaCOs composite
materials. Both samples exhibited improved mechanical strength and structural integrity, preventing crack formation,
fracturing, and agglomeration of Ca(OH); particles.

4. Cyclic Stability of Ca(OH),/CaO
4.1. Agglomerate and Sintering

Various forces, such as van der Waals forces, hydrogen bonding, and electrostatic forces between powder particles,
are the root cause of agglomeration formation [59]. Due to the large surface area and high surface energy of Ca(OH)
particles, the agglomeration phenomenon will be triggered between the powder particles due to mutual attraction. The
agglomeration and sintering of CaO particles during high-temperature cycles, such as in calcium looping for CO»
capture or thermochemical energy storage, pose significant challenges by reducing reactivity, porosity, and cycling
stability. Sintering, induced by atomic diffusion and surface energy minimization at temperatures above 800 °C, causes
irreversible particle coalescence and pore collapse. Meanwhile, agglomeration results from interparticle van der Waals,
capillary, or electrostatic forces, intensified by repeated hydration/dehydration or carbonation/calcination cycles [60].
Agglomeration forms secondary particles, increasing particle size and impairing the cyclic stability of CaO/Ca(OH)-
based thermochemical energy storage systems, resulting in reduced conversion rates and lower energy storage efficiency.

For calcium-based materials, using finer particles as reactants exacerbates agglomeration and adhesion, hindering
full contact and heat transfer between particles. Conversely, employing larger particles to mitigate agglomeration and
enhance mobility impedes reaction gas diffusion into the particles, leading to incomplete reactions. Dai et al. [61]
investigated the cyclic stability of the dehydration/hydration process of Ca(OH),. After 20 consecutive cycles,
significant agglomeration was observed in the reactants. They hypothesized that the accumulation of agglomerates
reduces the permeability of the reaction bed. The accumulation of agglomerates in the reaction bed not only increases the
pressure drop but also hinders effective contact between water vapor and calcium oxide during hydration, significantly
reducing heat transfer performance. Agglomeration can be mitigated by reducing particle-to-particle attraction through
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two approaches: converting powders into larger particles, which is challenging due to volume changes during reactions,
or coating particle surfaces with additives to increase surface roughness and decrease interparticle attraction.

Bian et al. [62] investigated the exothermic performance of CaO particles in different states within a CaO/Ca(OH),-
based thermochemical energy storage system. In the first cycle, the average exothermic temperature of static CaO was
significantly higher than that of the fluidized state, as the static state’s convective heat transfer is less effective, and the
carrier gas in the fluidized state removes substantial heat. However, the exothermic capacity of static CaO declines with

increasing cycles, primarily due to pronounced agglomeration in the static state. In contrast, the fluidized state exhibits
superior cycling stability, as shown in Figure 7.

Figure 7. Images of CaO experienced 5 heat storage cycles: (a) CaO under static state, (b) CaO under fluidization state, modified
from Ref. [62].

Investigating particle agglomeration behavior at the molecular level offers valuable insights into the relationship
between microscopic reaction mechanisms and agglomeration dynamics. As shown in Figure 8, Xu et al. [20] employed
molecular dynamics simulations to study the aggregation process between two nanoscale CaO and Ca(OH), particles.
The results demonstrated that, in the presence of water, Ca(OH), particles exhibited a significantly faster aggregation
rate compared to CaO particles. Furthermore, the incorporation of nanoscale SiO; as a barrier material in CaO/Ca(OH),-
based thermochemical energy storage systems effectively reduced the agglomeration rate during thermochemical
reactions. Wang et al. [63] further investigated the molecular dynamics mechanisms underlying particle agglomeration
in SiO>-doped CaO/Ca(OH), systems. Their analysis revealed the intrinsic mechanism by which SiO, suppresses
hydration-induced agglomeration of CaO. Specifically, upon SiO; incorporation, particle agglomeration was primarily
governed by external potential energy, while the absolute rate of internal potential energy change remained relatively
low. This led to a reduction in the driving force for agglomeration, resulting in lower aggregation degrees and enhanced
structural stability, thereby reducing the propensity for particle agglomeration.
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Figure 8. Snapshots from molecular dynamics simulations illustrating the reactive behavior of two Ca(OH), particles, two CaO
particles, and Ca(OH), and CaO particles under SiO»-doped conditions modified from Ref. [20].
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4.2. Sintering Kinetics of Calcium-Based Materials

Sintering refers to the agglomeration of calcium oxide particles induced by elevated temperatures during repeated
dehydration and hydration cycles. The study of sintering kinetics on the surface of particle clusters, combined with the
reaction process, can elucidate the complex interaction mechanisms, structural evolution, and dehydration/hydration
dynamics in CaO/Ca(OH), thermochemical energy storage systems.

The sintering model utilizes a standard two-sphere configuration to simulate neck formation between adjacent
particles through two distinct mechanistic pathways: surface-mediated processes involving surface diffusion and
evaporation-condensation, and bulk transport mechanisms including plastic flow, grain boundary diffusion, and volume
diffusion, as shown in Figure 9. Two-sphere sintering model sintering model captures the essential physics of particle
coalescence while maintaining computational tractability for analyzing sintering behavior in particulate systems [64].

Figure 9. Different sintering mechanisms, (a) surface area diffusion mechanism and (b) volume diffusion mechanism,
modified from Ref. [64].

Wu et al. [65] investigated the temperature-dependent microstructural evolution between two calcium oxide
particles using Gaussian and LAMMPS simulations. The results indicated that initial sintering occurred within the
temperature range of 700-900 K, during which the increased temperature effectively mitigated the rise in mass transfer
resistance caused by sintering. However, when the temperature exceeded 900 K, complete sintering was observed, and
further temperature elevation could no longer compensate for the increased mass transfer resistance. Recent studies
indicate that the sintering kinetics of CaO are driven by its low Tammann temperature, facilitating surface diffusion at
moderate temperatures (600-900 °C). Advanced in situ characterization techniques, including synchrotron X-ray nano
tomography and environmental transmission electron microscopy (ETEM), demonstrate that sintering begins with neck
formation between adjacent particles, followed by grain boundary migration and densification, ultimately collapsing
the mesoporous structure critical for gas-solid reactions [66]. Gu et al. [25] investigated the sintering kinetics during
the non-isothermal dehydration of Ca(OH),, deriving reaction rate equations for both analytical-grade and industrial-
grade Ca(OH),. Their findings confirmed that sintering is more pronounced at lower heating rates, explaining the
enhanced sintering behavior in certain fixed-bed reactors during the heat storage and release processes of CaO/Ca(OH).
systems, attributed to low heat transfer rates.

Despite significant progress, achieving an optimal balance between sintering resistance, cost-effectiveness, and
scalability remains a major challenge. Techniques such as atomic layer deposition (ALD) and the use of nanostructured
materials often incur high production costs, while excessive doping levels may compromise the CO; capture capacity
of CaO. Recent innovations have introduced hybrid strategies, including the development of CaO-—perovskite
composites that synergistically enhance both thermal stability and catalytic performance [67], as well as MOF-templated
CaO structures exhibiting ultrahigh porosity to retard densification. Looking forward, emerging approaches such as
machine learning—guided screening of anti-sintering additives and thermally responsive self-healing coatings offer
promising directions, as emphasized in perspective by Zhang et al. [68]. In summary, although particle agglomeration
and sintering continue to pose significant barriers, advances in materials engineering, nanotechnology, and
computational design are progressively enabling the development of robust, high-performance CaO-based systems.

5. Efficiency Improvement of Calcium-Based Energy Storage Systems

Transitioning from laboratory-scale investigations to industrial implementation, Ca(OH),/CaO thermochemical
energy storage systems require enhanced cyclic stability and optimized energy storage efficiency to meet practical
application demands. Current research efforts reveal that prolonged cycling induces progressive deterioration in
chemical reactivity and structural integrity of calcium-based composites. These technical limitations stem from inherent
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material characteristics, including but not limited to suboptimal thermal conductivity, particle agglomeration
phenomena, thermal sintering tendencies, and heterogeneous heat release profiles. To address these challenges, dual
optimization strategies focusing on both reactor engineering and material modification have emerged as promising
solutions. From a structural perspective, reactor redesign could enhance heat/mass transfer efficiency, while material-
level interventions through nano structuring techniques or composite formulation may mitigate degradation mechanisms
and improve reaction kinetics.

5.1. Calcium Matrix Composites Modification

The CaO/Ca(OH), gas-solid reaction system represents a highly promising thermochemical energy storage
platform for calcium-based materials, with dual applicability in concentrated solar power (CSP) generation and carbon
dioxide capture [69]. Despite its potential, widespread implementation faces persistent material-level challenges,
including particle agglomeration, thermal sintering, suboptimal thermal conductivity, and heterogeneous heat release profiles.
To mitigate these limitations, researchers have strategically engineered calcium-based composite materials through nano
structuring, doping, or hybrid matrix integration, aiming to enhance reaction kinetics and stabilize cyclic performance.

Wang et al. [70] improved the overall energy storage efficiency of the Ca(OH),/CaO system by adding KNO3, and
the results showed that the addition of 10 wt% of KNO; could reduce the reaction temperature to 428.49 °C, which led
to a greatly accelerated reaction speed and almost no loss of energy storage density. KNOs itself has good stability, and
it does not negatively affect the reaction stability of the Ca(OH),/CaO thermochemical energy storage system. Yan et
al. [71] modified Ca(OH); particles by adding Li. Comparing the effect of Li addition on the dehydration process of
Ca(OH),, it was found that the dehydration rate of Ca(OH); could be increased without affecting the energy storage
capacity. Kariya et al. [72] obtained calcium matrix composites by using expanded graphite and Ca(OH), preparation,
which improved the heat and mass transfer efficiency inside the particles. Thermodynamic analysis showed that doping
Li or Mg on thermochemical energy storage materials had little effect on the enthalpy of generation. Some research
results showed that the enthalpy of generation of CaO when doped with Li is very small, although not negative [22].
This shows that only a small amount of energy is needed to replace CaO with Li doping in the CaO/Ca(OH), energy
storage system to improve the energy storage capacity.

A critical limitation of the CaO/Ca(OH), thermochemical energy storage system lies in its inherent mechanical
instability. Specifically, CaO particles derived from natural limestone calcination demonstrate pronounced
susceptibility to particle attrition and fracture during repeated hydration/dehydration cycles. This structural degradation
becomes particularly problematic given the system’s operational requirements: prolonged exposure to high-pressure
steam or oxidative atmospheres during thermal cycling necessitates robust mechanical integrity to prevent gas
entrapment and mitigate pressure gradient fluctuations across the reactor bed. To address these challenges, prior studies
have explored material reinforcement strategies, predominantly focusing on binder-assisted palletization or dopant-
enhanced stabilization of calcium-based matrices.

Surface engineering innovations, particularly ALD of Al,O3 or TiO,, have demonstrated significant potential for
passivating CaO surfaces and mitigating particle degradation mechanisms during thermochemical cycling. Kim et al.
[73] achieved a 2-nm Al,Os coating on CaO via ALD. The Al>O; coating effectively mitigates sintering while stabilizing
the porous microstructure through the formation of calcium aluminate (Ca3;Al>Og), thereby preserving adsorption
capacity and maintaining excellent cyclic stability. Zhang et al. [74] synthesized CaO-based thermal energy storage
materials using bamboo fiber as a bio-template and Al,O; doping. The templated material increased energy storage
density by 24,131.44 klJ/kg over 50 cycles compared to limestone, with the CaO-based material doped with 5 wt.%
ALOs and 0.5 g bamboo fiber showing 2.7 times higher energy storage density and a carbonation conversion of 0.75
mol/mol after 10 cycles.

Calcium matrix composites are synthesized through strategic doping with inert materials to address the intrinsic
limitations of raw calcium-based compounds, including particle agglomeration, thermal sintering, and poor thermal
conductivity. These dopants introduce controlled lattice strain that creates diffusion barriers at particle boundaries,
effectively inhibiting sintering behavior. However, while laboratory-scale results demonstrate improved stability, the
practical implementation of these composites remains constrained by economic viability and scalability challenges for
industrial applications.
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5.2. Reactor Design and Optimization

Currently, research on CaO/Ca(OH), thermochemical energy storage systems remains predominantly at the
laboratory scale. To facilitate the transition from fundamental research to industrial implementation, systematic
evaluation of reactor configurations and optimization of energy storage efficiency are critically needed. The reactor
design for calcium-based thermochemical energy storage systems has attracted significant research attention,
particularly considering the unique requirements of the CaO/Ca(OH), dehydration/hydration cycle—a classic gas-solid
reversible reaction system. Among available reactor types, fixed-bed and fluidized-bed configurations have emerged as
the most widely studied options for such gas-solid reaction processes.

Fixed-bed reactors have been extensively utilized in industrial applications owing to their operational simplicity,
making them a natural focus for thermochemical energy storage research. These systems typically employ two primary
configurations: direct-contact and indirect-contact designs, each offering distinct heat and mass transfer characteristics
for gas-solid reactions. Schaube et al. [14] evaluated the cyclic performance of a direct-contact fixed-bed reactor for
Ca(OH), dehydration/hydration, demonstrating that 60 g samples maintained stable total conversion and consistent
reaction rates throughout 25 consecutive thermal cycles. Regarding fixed-bed reactor configurations, indirect-contact
systems face significant application limitations due to their inherently low thermal conductivity. In contrast, direct-
contact designs offer superior heat transfer characteristics, presenting a more viable alternative for thermochemical
energy storage applications [75]. Funayama et al. [ 76] employed cylindrical Ca(OH), particles (1.9 mm x L2—10 mm length,
p = 1.2 g/em’, total mass = 59.6 g) in thermogravimetric cycling tests, as shown in Figure 10. The particles maintained
consistent reaction kinetics over 17 consecutive dehydration/hydration cycles, demonstrating excellent cyclic stability and
confirming the technical feasibility of fixed-bed reactors for CaO/Ca(OH), thermochemical energy storage systems.

Sample

Sheath heater

Thermocouple

Figure 10. Sectional view of the cylindrical packed bed reactor, modified from Ref. [76].

To address the inherent limitations of fixed-bed reactors—including excessive heat transfer area requirements,
suboptimal heat/mass transfer efficiency, narrow operational ranges, and elevated capital costs—researchers have
focused on reactor design innovations to enhance the energy storage capacity of calcium-based thermochemical systems.
Recent advances have demonstrated the potential of fluidized-bed reactors for calcium-based thermochemical energy
storage, with numerous studies highlighting their superior performance characteristics compared to conventional fixed-
bed configurations. Pardo et al. [49] demonstrated the feasibility of a CaO/Ca(OH), thermochemical energy storage
system in a fluidized-bed reactor, conducting 50 consecutive dehydration (480 °C) and hydration (350 °C) cycles using
a 1.93 kg mixed sample composed of 30 wt% Ca(OH), and 70 wt% Al>O; as a fluidizing medium. Criado et al. [77]
developed an innovative single-cycle fluidized bed reactor system for CaO/Ca(OH), thermochemical energy storage,
specifically designed for continuous hydration/dehydration operations. The reactor configuration, when integrated with
a large-capacity solid storage silo, achieved remarkable performance characteristics, including a maximum thermal
output of 100 MW,, an energy storage density of 260 kWh/m®, and net processing efficiency of 63% at hydration flow
rates between 390-460 m*/h. Wang et al. enhanced intra-reactor transport processes through innovative structural
modifications, incorporating highly permeable and thermally conductive porous channels within the conventional
fluidized bed design. These engineered channels serve dual functions by facilitating efficient steam evacuation to drive
the CaO/Ca(OH), dehydration equilibrium while simultaneously enhancing localized heat transfer to accelerate reaction
kinetics. This integrated approach effectively addresses both mass and heat transfer limitations characteristic of standard
fluidized bed reactors, demonstrating significant potential for optimizing thermochemical energy storage systems. The
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permeable channels promote reactant flow dynamics, whereas their thermal conductivity properties improve energy
distribution, collectively boosting overall reactor performance. To improve the transport processes within the reactor,
Wang et al. [78] proposed structural optimization by incorporating porous channels featuring both high permeability
and thermal conductivity into the conventional fluidized bed reactor design. These modified channels function dually:
their high permeability facilitates efficient steam discharge, thereby promoting the CaO/Ca(OH), dehydration reaction,
while their enhanced thermal conductivity improves local heat transfer rates, consequently accelerating the overall
dehydration process. Uchino et al. [79] developed a model for an unsteady fluidized bed reactor based on the conversion
of Ca(OH), to CaO. When nitrogen was used as the fluidizing gas, bed temperature fluctuations increased with greater
heat supply fluctuations, with heat supply fluctuations having a more significant impact than bed temperature variations.
In contrast, when water vapor was used as the fluidizing gas, heat supply fluctuations had minimal effect on bed
temperature stability. This is primarily because the dehydration rate under water vapor conditions is more temperature-
dependent than under nitrogen conditions. Thus, nitrogen is a preferable fluidizing gas for optimizing energy storage
efficiency during the dehydration process. Wang et al. [80] investigated the heat transfer coefficient in the CaO/Ca(OH);
heat storage and release process within a fluidized bed reactor equipped with internal heating wires. The study evaluated
heat transfer performance under various operating conditions, including steam pressure and reaction temperature. A
bed-to-heat transfer surface model was applied and compared with experimental results, yielding a relative error of
approximately 7.14%. The structure and heat transfer performance of the fluidized bed are illustrated in Figure 11.
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Figure 11. Schematic of fluidized bed heating apparatus and heat transfer performance in the CaO/Ca(OH), heat storage and release
process, modified from Ref. [80].

In addition to the common fixed-bed and fluidized-bed reactors, in order to overcome the problems of poor mobility
and low thermal conductivity, many researchers have proposed the design concept of moving-bed reactors. Schmidt et
al. [81] developed a novel moving-bed reactor with a capacity of 10 kW/100 kWh, utilizing 270 kg of Ca(OH),, for a
CaO/Ca(OH),-based thermochemical energy storage system. Mejia et al. [82] developed a novel countercurrent
moving-bed reactor for a CaO/Ca(OH),-based thermochemical energy storage system, shown in Figure 12, where
unreacted cold material enters from the top, and hot air is introduced from the bottom. The energy storage material
flows downward through the pipe under gravity. Heat transfer is facilitated by a heat transfer fluid flowing on one side
of a heat exchanger, guided by folding plates that promote rapid air circulation, ensuring a high heat transfer coefficient
between the airflow and the pipe surface.
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Figure 12. Moving bed reactor designed by Mejia et al. [82]. (a) Schematic representation of the flow of the HTF on the shell side
(red arrows) and the storage material in the tubes of the reactor (green arrows). (b) 3D image of the tube-bundle reactor, modified
from Ref. [82].

From a reactor design perspective, enhancing the energy storage efficiency of thermochemical systems based on
modified calcium-based materials requires addressing several key challenges. These include optimizing the reactor wall
temperature and inlet/outlet pressures, controlling the particle size and physical state of the reactive materials, improving
internal heat and mass transfer, and mitigating particle agglomeration and sintering during reactions. Numerous
researchers have proposed innovative reactor designs and process improvements, each offering distinct advantages and
limitations. However, current research remains largely in the experimental phase, and the transition from laboratory-
scale studies to industrial-scale applications of calcium-based thermochemical energy storage reactors still demands
extensive exploration and development.

6. Conclusions and Outlook

The global transition to renewable energy highlights the need for effective energy storage solutions, with
thermochemical energy storage systems like CaO/Ca(OH); being particularly promising due to their high energy density,
cost-effectiveness, and compatibility with renewable sources. However, several challenges hinder its industrial use,
including cycling stability issues caused by sintering and particle agglomeration, incomplete understanding of reaction
kinetics under various conditions, trade-offs between heat transfer and energy storage capacity, and the limited
exploration of thermodynamic effects when modifying materials with dopants.

To address these challenges and advance the CaO/Ca(OH), TCES system, future research should focus on: (1)
developing strategies to prevent sintering, such as nanoengineering and surface modification, while ensuring
reversibility in hydration/dehydration cycles; (2) creating multiscale kinetic models to understand better reaction
mechanisms and the impact of temperature, pressure, and dopants; (3) designing composite materials (e.g., hybrid
structures with graphene or metal foams) to improve heat transfer without sacrificing energy storage capacity; (4)
investigating the thermodynamic effects of dopants to optimize energy storage, sintering resistance, and cost; (5)
exploring integrated systems that combine TCES with CO, capture or waste-heat recovery to enhance sustainability;
and (6) testing these systems at pilot scale to assess long-term performance, economic viability, and compatibility with
existing infrastructure.
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