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• Particle size and penetration resistance 
evolution of Ca(OH)2/CaO bed was 
assessed. 

• Sauter mean diameter increased and 
decreased during dehydration processes. 

• Dehydration was found to cause a sig
nificant increase of penetration 
resistance. 

• Particle size and penetration resistance 
of CaO bed remained a relative stability.  

A R T I C L E  I N F O   

Keywords: 
Thermochemical energy storage 
Ca(OH)2/CaO 
Reaction cycle 
Particle size distribution 
Penetration resistance 

A B S T R A C T   

During the Ca(OH)2/CaO thermochemical energy storage process, the cyclability of reactions and the consoli
dation properties of powder storage are important issues to consider. In this study, experiments were conducted 
to assess the evolution of reaction conversion, particle size and penetration resistance of Ca(OH)2/CaO powder 
fixed bed. The results revealed that the final conversions of both the hydration and dehydration reactions sta
bilized between 70 and 80%. The particle size distributions of Ca(OH)2 increased initially and then decreased 
with the increasing cycle number and degree of dehydration. The dehydration conversion was the dominant 
factor for changing Ca(OH)2 bed penetration resistance force. The particle size and penetration resistance of the 
CaO bed remained stable during long-term storage at high temperatures. The theoretical analysis of the inter- 
particle forces agreed with the trend of the experimental results, with particle size and moisture content being 
the main factors affecting cohesion.   
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1. Introduction 

Energy storage is one of the most promising schemes to effectively 
utilize renewable energy sources such as solar and geothermal energy 
[1]. In general, heat storage systems can be classified as sensible energy 
storage [2], latent energy storage [3], and thermochemical energy 
storage [4]. Among the various heat storage technologies, the Ca(OH)2/ 
CaO system is regarded as a prospective thermochemical energy storage 
system for high-temperature applications [5]. The heat storage and 
release process of the system is based on the reversible thermochemical 
reaction of Ca(OH)2/CaO. Specifically, the dehydration reaction of Ca 
(OH)2 absorbs heat to produce CaO and H2O, while the hydration pro
cess of CaO releases heat, allowing Ca(OH)2 to be regenerated. The 
system has several key advantages, including a high heat storage den
sity, wide operating temperature range, and long-distance storage [6]. 

Experimental and theoretical investigations into the Ca(OH)2/CaO 
system primarily focused on the kinetics of dehydration and hydration 
reaction [7–9], heat transfer enhancement [10], and the cyclability of 
the reaction system [11–15]. Research has shown that increasing the 
dehydration temperature results in an elevated charging rate during 
thermal storage [7,8]. The hydration process was found to be signifi
cantly affected by an increase in the partial pressure of water vapor [9]. 
The study also explored the influence of particle size on the intrinsic 
kinetics of the dehydration/hydration reaction, revealing a negative 
correlation between large particle sizes and reaction rate [11]. Addi
tionally, investigations into the reaction cyclability demonstrated that 
an increase in the number of cycles and temperature can lead to sin
tering or agglomeration of particles, which can compromise the diffu
sion of water vapor and hinder the hydration process [12–15]. 

In the context of reactor selection for conducting dehydration and 
hydration reactions, the fixed bed reactor has traditionally been regar
ded as the research focus for the Ca(OH)2/CaO system [16], compared to 
moving bed [17] and fluidized bed [18,19]. Nevertheless, fixed beds are 
associated with inherent limitations in terms of heat transfer efficiency. 
Due to their low thermal conductivity, fixed bed reactors require a 
sufficiently large heat transfer area. Moreover, during the hydration or 
dehydration process, a high-pressure drop is necessary within the re
action vessel to ensure that the particles are fully exposed to the reaction 
gas (H2O) or protective gas [20,21]. Notably, the material type and 
particle size distribution can have a pronounced influence on multiple 
factors, including particle properties and bed properties (voidage and 
Sauter mean diameter), which in turn can significantly impact the 
pressure drop in the fixed bed [22,23]. During thermochemical cycles, 
the compositional changes of Ca(OH)2/CaO mixtures can be assessed 
through conversion degree. In contrast, the evolution of particle size 
distribution in response to factors such as hydration-dehydration ther
mal cycles and temperature has received little attention in the literature. 

In addition to the dehydration and hydration reactions, the inter
mittent nature of the energy storage process requires that Ca(OH)2/CaO 
powders may be stored for varying durations. However, the storage 
process can lead to compaction/consolidation of the particles, which can 
cause problems or failures in industrial storage containers such as silos, 
bins, and hoppers [24]. Due to the combined effects of temperature and 
consolidation, the cohesion of powders can increase, resulting in higher- 
than-anticipated levels of cohesion in powders that are stored in con
tainers at elevated temperatures [25]. Furthermore, cyclic variations in 
the temperature of the granular bed can lead to bed consolidation over 
time due to the thermo-mechanical coupling effect. It should be noted 
that the consolidation induced by temperature cannot be reversed by 
cooling the bed [26]. The consolidation properties of mixed materials 
under thermal cycling conditions are expected to differ from those of 
pure materials, but this phenomenon has not been fully investigated. In 
light of the factors discussed above, it is essential to investigate the ef
fects of storage temperature, storage time, and conversion degree on the 
consolidation characteristics of the Ca(OH)2/CaO bed during the ther
mochemical energy storage process. 

In this study, experiments were carried out to investigate the evo
lution of reaction conversion, particle size, and morphology after 
different numbers of cycles under conditions ensuring sufficient heat 
transfer and contact with reactive gases. The Sauter mean diameter was 
used to characterize the changes in particle size distribution. The effect 
of the dehydration reaction as well as storage temperature and time on 
the particle and consolidation properties of Ca(OH)2/CaO was also 
analyzed using a static particle bed. The consolidation properties were 
assessed using the penetration resistance. Additionally, the inter-particle 
forces were calculated, and their correlation with penetration resistance 
was discussed. 

2. Experimental 

2.1. Materials 

Two samples were used in this study for the experiments, which were 
Ca(OH)2 powder (Analytical reagent, purity≥95 wt%, Shanghai Aladdin 
Biochemical Technology Co., Ltd., China) and CaO powder (Analytical 
reagent, purity≥98 wt%, Shanghai Aladdin Biochemical Technology 
Co., Ltd., China), respectively, which were denoted ARCH and ARCO in 
following sections. Their chemical compositions are shown in Table 1. 
The particle size distribution was measured by using a Camsizer XT 
(Verder Retsch Co., Ltd., Germany) laser light scattering instrument. The 
X-ray powder diffraction (XRD, PANalytical B.V., Netherlands) was 
carried out to determine the characteristic peaks of the sample. The 
particle size distribution and XRD analyses of two samples are shown in 
Fig. 1 and Fig. 2, respectively. 

2.2. Experimental method 

A high-temperature vertical tube furnace was used in this study. The 
schematic diagram of the experimental setup is shown in Fig. 3. The tube 
length was 1.0 m, and the isothermal temperature zone was located in 
the middle part of the furnace with a length of 30 cm. The experimental 
setup included a steam generator, temperature control system, heating 
furnace, and gas transport system. The heating tape was wrapped 

Table 1 
Chemical compositions of the samples.  

Sample Chemical composition/wt% 

ARCH 
Ca(OH)2 

≥ 95% 
Fe ≤
0.01% 

Mg, alkali 
metals 
≤0.5% 

Sulfate 
≤0.2% 

Heavy metal 
≤0.002% 

ARCO CaO ≥
98% 

Fe ≤
0.015% 

Mg, alkali 
metals 
≤0.5% 

Sulfate 
≤0.2% 

Heavy metal 
≤0.005%  

Fig. 1. XRD spectra of experimental samples in this study.  
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around the furnace flange and gas pipeline to prevent the condensation 
of water vapor. Two types of crucibles were used in this study. Crucible 

(1) was used for the reaction cycle of Ca(OH)2/CaO, and crucible (2) was 
used for the storage and penetration experiments. The material of both 
crucibles was aluminum oxide (purity 99.9%), and the specific di
mensions are shown in Fig. 3. 

Due to limitations in thermal conductivity, the localized temperature 
in the fixed-bed reaction zone can be non-uniform due to the endo
thermic and exothermic effects resulting from the dehydration/hydra
tion reaction [27,28].To ensure proper contact with reactive gases and 
maximize heat transfer, the sample powder for the reaction cycle ex
periments was spread as a single layer of particles at the bottom of 
crucible (1). The sample mass of each experiment was controlled at 
approximately 0.2 g. Before each experiment, samples were dried in a 
dryer at 105 ◦C for 40 min to remove the moisture that was physically 
adsorbed on the sample. The furnace was subsequently heated to the 
setting temperature under a N2 atmosphere. For the dehydration pro
cess, the setting temperature was 600 ◦C. After temperature stabilized, 
crucible (1) was placed down to the isothermal temperature zone. The 
N2 flow rate was set at 150 mL/min and dehydration time is 10 min. The 
weight of crucible (1) containing the sample was measured both before 
and after the dehydration process. For the hydration process, the tem
perature was set to 400 ◦C, and the water vapor was introduced at a flow 
rate of 150 mL/min. The hydration time was also controlled at 10 min. 
The experiment then proceeded to the subsequent round of the dehy
dration process. In this study, the numbers of Ca(OH)2/CaO reaction 
cycles were set to 3, 10, and 20. The recorded mass changes were used to 
determine the conversion degrees of both the dehydration and hydration 
reactions. Furthermore, the microscopic morphology of the samples 

Fig. 2. Particle size distribution analysis of (a) ARCH, and (b) ARCO.  

Fig. 3. Schematic diagram of the experimental setup.  

Fig. 4. Schematic diagram of force analysis.  
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before and after the reaction was analyzed via scanning electron mi
croscopy (SEM, SU-1510, Hitachi, Ltd. Japan). 

For the storage experiments, a crucible (2) was packed with a thick 
bed of bulk powdered samples to simulate the storage mode in the dense 
phase. When no reaction occurred (setting temperature ≤ 400 ◦C), the 
temperature of the sample within crucible (2) remained consistent with 
the setting temperature of the reactor. As previously mentioned, the 
temperature of the sample within crucible (2) had the potential to 
deviate from the setting temperature during the reaction process. The 
maximum temperature deviation was measured to be approximately 
60–100 ◦C (setting temperature 400–600 ◦C). The initial height of the 
sample layer was the same in each experiment. Considering the varia
tion in stacking density between calcium hydroxide and calcium oxide, 
the initial masses of the two samples were approximately 27 g and 40 g, 
respectively. The sample was then heated up to different temperatures 
and held on different storage time periods. The setting temperature for 
the storage experiment ranged from room temperature (25 ◦C) to 
600 ◦C. The storage time period was set between 0 min and 10 h (600 
min). 

This study characterizes the consolidation properties of the bed by 
the penetration resistance [29,30] measured by a mechanical probe 
(Changzhou Allison Technology Co., LTD., measuring range 0–5 N, ac
curacy 0.05% F⋅S). The schematic diagram of the mechanical probe and 
force analytical principle are shown in Fig. 4. The bed accumulation 
height (H) is 90 mm, and the diameter of container (D) is 30 mm. The 
diameter of probe (d) is 5 mm. The probe is fixed on a vertical guide, the 
guide motion controls the distance and speed of movement. During 
measurements, the probe moves downward, and the tensile pressure 
sensor is used to measure the force as the probe penetrates the powder 
bed. The force sensor reading value is expressed as Fm, which can be 
obtained as Fm = Fb + G, where G is the gravity of the probe rod, Fb is the 
penetration resistance force of the sample powder. The experimental 
findings revealed a significant increase in the Fb when the ratio of the 
penetration depth (h) to the height of the bed (H) exceeded 0.9. This was 
attributed to the inherent length scale of interference arising from 
locally applied stress [30]. Consequently, the dimensionless resistance 
force f, which was defined as the ratio of penetration resistance of the 
sample after the experiment (Fb) to the penetration resistance of the 
initial sample (F0) at the h/H of 0.9, was used in this study to quantify 
the consolidation degree under different conditions. 

2.3. Dehydration and hydration efficiency 

The reaction conversion degree X was calculated using Eq. (1). 

X =

(
Δm

Δmth

)

⋅100 =

(
m0 − mt

MCa(OH)2 − MCaO
⋅
MCa(OH)2

m0•wc

)

⋅100 (1) 

Where Δm represents the instantaneous actual mass change, Δmth is 
the theoretical mass change due to the dehydration reaction of Ca(OH)2 
in the sample. m0 represent the initial sample mass, mt is the sample 
mass at a point in the reaction, wc is the mass fraction of Ca(OH)2, 
MCa(OH)2 represents the molar mass of Ca(OH)2, MCaO is the molar mass of 
CaO molecules. The value of X ranges from 0 to 1. When X is equal to 0, 
the sample consists entirely of Ca(OH)2, whereas when X is equal to 1, 
the entire sample is composed of CaO. 

The conversion degree of the dehydration or hydration reaction in a 
given cycle is defined as ΔXd and ΔXh, which can be calculated by Eqs. 
(2) and (3), respectively. 

ΔXd = Xf
d − X0

d (2)  

ΔXh = X0
h − Xf

h (3) 

Where X0
d and Xf

d denote the conversion degree of the sample at the 
start and end of the dehydration process in a given cycle, X0

h and Xf
h 

represent the conversion degree of the sample at the start and end of the 

hydration process in a given cycle. 
The particle size significantly affects the particle transmission pro

cess [31]. To evaluate the particle size distribution of samples under 
different conditions, the Sauter mean diameter D32 is introduced, which 
is expressed by Eq. (4). 

D32 =

∑
nid3

i∑
nid2

i
(4) 

To assess the variation in particle size during an experiment, the 
particle size change rate λ is defined. The equation is as follows: 

λ =
Dt

32 − D0
32

D0
32

(5) 

Where Dt
32 is the Sauter mean diameter of the sample after the 

experiment, D0
32 is the Sauter mean diameter of the initial sample. 

2.4. Interparticle force prediction 

The interparticle forces believed to be relevant to this study include 
Van der Waals forces, contact forces, and capillary forces. Van der Waals 
forces, although comparatively weaker than other types of interactions, 
play a critical role in all phenomena associated with intermolecular 
forces. Surface roughness exerts a pronounced impact on van der Waals 
forces, potentially inducing significant alterations in them [32]. The 
surface asperities rasp can be calculated by [33]: 

rasp ∼
(
rpz2

0

)1/3 (6) 

The total van der Waals force equation according to Rumpf's model 
can be expressed as [34]: 

Fvdw =
A

12z2
0

[
daspD

dasp + D
+

D
(
1 + dasp

/
(2z0)

2 )

]

(7) 

Where A is the Hamaker constant, D is the particle diameter, repre
sented by the value D32 in this study, dasp is the surface asperity diameter, 
rp is the particle radius, z0 is the minimum interparticle separation dis
tance, z0 = 0.4 nm. The Hamaker constant can be calculated in different 
ways. The method to compute the Hamaker constant presented by 
Israelachvili [35] is: 

A =
3
4

kT
(

ϵa − ϵb

ϵa + ϵb

)2

+
3hve

16
̅̅̅
2

√

(
n2

a − n2
b

)2

(
n2

a + n2
b

)3/2 (8)  

where ϵa and ϵb are the static dielectric constants of the particle and the 
gas respectively and na and nb are the refractive indices. ve is the main 
electronic absorption frequency, typically around 3× 1015 s− 1. The 
values of the parameters used in the calculations are shown in Table 2. 

For contact between two identical elastic solid spheres, the adhesion 
or pull-off force can be calculated by the Johnson-Kendall-Roberts (JKR) 
approximation, particularly in cases of highly deformable contacts or 
cases of high surface energy, large particles, and low elastic modulus. 
The contact force can be calculated by the following Eq. [42]. 

Fcon ≈ πr2
pγsv

/
2rp (9)  

where γsv is the solid-vapor interfacial energy, for Ca(OH)2 the value is 
1.18 N/m, for CaO is 1.11 N/m [43], rp is the particle radius. 

Capillary forces are generated by the formation of ‘liquid bridges’ 

Table 2 
Parameters used in the calculation.   

ϵ [36–38] n [39–41] 

Calcium hydroxide 4.53 1.58 
Calcium oxide 11.96 1.83 
Nitrogen 1.000058 1.000 28  

Y. Cheng et al.                                                                                                                                                                                                                                   



Powder Technology 429 (2023) 118954

5

through movable liquid films at interparticle contact points. The sketch 
of the liquid bridge geometry is shown in Fig. 5. The presence of suitable 
vapor in the surrounding gas at a sufficiently high partial pressure can 
also cause condensation, resulting in the generation of liquid bridges. 
Seville et al. [44] derived the formula for the capillary force Fcap as: 

Fcap = γLπr2
r1 + r2

r1
=

γπrp

1 + tanβ
2

(10)  

where the surface tension for the water (γL) is 72.8 × 10− 3 N/m. The 
half-filling bridge angle (β)is related to the moisture content, i. e. rela
tive humidity (RH) [45]. 

In addition, the interparticle force is defined as Fin, which is the sum 
of the above cohesive force. 

Fin = Fvdw +Fcon +Fcap (11)  

3. Results and discussion 

3.1. Dehydration/hydration reaction cycle 

Reaction cycle experiments were conducted to evaluate the cycla
bility of the Ca(OH)2/CaO thermochemical energy storage system, using 
ARCH as the initial sample. The experimental configuration used the 
crucible (1). The dehydration and hydration reaction conversion degrees 
at the different cycle numbers are shown in Fig. 6. The results revealed 
that the dehydration and hydration reaction conversion declined with 
increasing the number of reaction cycles. The first cycle had the highest 
conversion value of about 98.2%. The reaction conversion was 
decreased by 5.29% for dehydration and 11.2% for hydration after 3 
cycles, and eventually settled at about 78.6% after 20 cycles. Mean
while, the hydration reaction conversion diminished to 70.5% after 20 
cycles. The rehydration rate exhibits a decline with an increasing 

number of dehydration processes, which can be attributed to agglom
eration and the reduction in pore volume and specific surface area, 
consequently diminishing the vapor diffusivity [12]. 

Fig. 7 shows SEM images of the samples following different cycle 
numbers. It can be observed that the majority of the initial samples were 
loose and composed of small-sized powders. However, the samples after 
3 and 10 cycles exhibited a significant increase in large-sized powders 
(> 100 μm). Subsequently, after 20 cycles, the sample was once again 
dominated by small particles. 

3.2. Effect of reaction cycle number on particle size distribution 

Particle size distribution is a critical factor that can significantly 
impact the reaction rate [46]. Fig. 8 shows the particle size distribution 
and Sauter mean diameter (D32) of the ARCH sample after different 
reaction cycles using the crucible (1). The results indicated that the 
proportion of large particles in the sample after reaction cycles was 
higher than that of the initial ARCH sample. The results in Fig. 8b 
demonstrated that D32 initially increased to 21.37 μm after 10 cycles and 
then dropped to 14.39 μm after 20 cycles. After 3 cycles, the particle size 
change rate λ was 14.31%, 50.59% after 10 cycles, and 1.41% after 20 
cycles. The increase of particle size was related to the formation of CaO 
by dehydration reaction, while the decrease of particle size was related 
to particle sintering [47]. 

3.3. Particle size variation at different dehydration conversion 

Due to the changes of substances during the dehydration process of 
Ca(OH)2, as well as the escape of water vapor, the variations in its 
particle size distribution may be quite drastic and complex. The changes 
in cumulative particle size distribution of ARCH powders at different 
dehydration conversion degrees in the first reaction cycle using the 
crucible (2) are shown in Fig. 9. With the increase in dehydration con
version, the proportion of large particles rose and then dropped, as 
revealed by the evolution of the cumulative particle size distribution. 
The D32 initially increased and then decreased, reaching its maximum 
value 29.73 μm at 55% dehydration conversion, as shown in Fig. 9b. The 
maximum λ was 109.51%. When reached 99% dehydration conversion, 
λ dropped to − 1.55%. The results revealed that particle agglomerated 
during dehydration and then shrank or fragmented into smaller particles 
when conversion increased. 

3.4. Effect of storage temperature and time period on particle size 
evolution 

The ARCH and ARCO samples were stored in crucible (2) at varying 
temperatures (100, 200, 300, 400, 500, and 600 ◦C) for 10 min. The 
results are shown in Fig. 10. Fig. 10a showed that the cumulative volume 

Fig. 5. The sketch of the liquid bridge geometry.  

Fig. 6. (a) Dehydration and (b) hydration conversion degrees at the different cycle numbers.  
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of large particle size for ARCH oscillated with storage temperature, 
particularly at 600 ◦C. In contrast, the cumulative volume of large 
particle size for ARCO diminished with the increase in storage temper
ature, as revealed by the results in Fig. 10b. As shown in Fig. 10c, the D32 
for ARCH declined initially within a fluctuation value of 0 to − 7% when 
the temperature rose from 100 to 400 ◦C. When the temperature 
increased to 600 ◦C, D32 for ARCH ascended to 16.24 μm and λ rose to 
14.44%. Below the dehydration temperature, Ca(OH)2 will result in a 
reduction of particle size on a micrometer level. Conversely, the D32 of 

ARCO remained relatively stable at temperatures ranging from 25 to 
600 ◦C, as indicated by a maximum λ below 3%. In conclusion, the re
sults of Fig. 10 suggested that the particle size distribution of Ca(OH)2/ 
CaO powders will remain relatively stable during a short-term storage 
process below 500 ◦C. 

Fig. 11 shows the particle size distributions for ARCO at various 
storage time period intervals at 400 ◦C, using crucible (2) as the 
experimental configuration. The results revealed that the particle size 
diminished initially when the storage time period was shorter than 120 

Fig. 7. SEM images of samples after different number of reaction cycles. (a) ARCH-initial, (b) 3 cycles, (c) 10 cycles, (d) 20 cycles.  

Fig. 8. (a) The cumulative particle size distribution, (b) Sauter mean diameter D32 and the particle size change rate (λ) of ARCH at different reaction cycles.  
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min. The initial value of D32 was 33 μm and then declined to 30.5 μm 
when the storage time period was 60 min. The λ varied from 0 to − 10%. 
Increasing the storage time period had a minor influence on the particle 
size distribution of ARCO. 

3.5. Interparticle cohesive forces and penetration resistance 

Theoretical analysis of the inter-particle forces can serve as an 
effective method to indicate changes in the pull-off force between par
ticles when there are variations in particle characteristics or external 
conditions. This allows for an estimation of the degree of powder 
cohesiveness. [48]. Fig. 12 compared the calculated interparticle cohe
sive forces with the gravity of a calcium hydroxide particle based on the 
Eqs. (6)–(11). As shown in Fig. 12, the contact force calculated by JKR 
approximation has the most significant magnitude. The results 

demonstrated that the van der Waals force and gravity have the same 
magnitude at a particle size of approximately 45 μm. The D32 range in 
this study was between 10 and 40 μm, indicating that van der Waals 
forces have a notable effect on the particles. Moreover, the existence of 
moisture content in calcium hydroxide after dehydration may lead to 
capillary forces. 

Interparticle cohesive forces is typically associated with both tem
perature and consolidation [25]. To assess consolidation characteristic, 
it is essential to perform quantitative tests with macroscopic experi
ments. The results of Fb of ARCH at different temperatures (25–600 ◦C) 
using the crucible (2) as sample containers are shown in Fig. 13. A slight 
increase in Fb was observed with the temperature increasing. ARCH 
underwent a dehydration reaction at temperatures above 500 ◦C. The Fin 
also exhibited a trend of increasing values with rising temperature. As 
the temperature increases to 500 ◦C, the penetration resistance force (Fb) 

Fig. 9. Evolutions of (a) the cumulative particle size distribution, (b) Sauter mean diameter D32 and the particle size change rate (λ) at different dehydration 
conversions (Xd) in the first reaction cycle. 

Fig. 10. The cumulative particle size distribution of (a) ARCH and (b) ARCO, and (c) comparisons of Sauter mean diameter (D32) and particle size change rate (λ) at 
different temperatures (T = 100, 200, 300, 400, 500, and 600 ◦C). 
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nearly doubles compared to the temperature range of 25–450 ◦C. 
However, in the temperature range where the dehydration reaction 
occurred (500–600 ◦C), the effect of increasing reactor temperature on 
the penetration resistance became less significant, which differed from 
the situation when no dehydration reaction occurred. Under conditions 
of low thermal conductivity in a fixed-bed system, the heat absorption 
effect of the dehydration reaction may cause the temperature of the 
particle bed to decrease locally (especially in the central region) [27,28]. 
This phenomenon ultimately led to a reduced sensitivity of the pene
tration resistance to the reactor temperature within the range of 
500–600 ◦C. 

The Fb of ARCH at different dehydration conversions (Xd) were 
measured using the crucible (2), as demonstrated in Fig. 14. As the 
dehydration reaction progressed, the penetration resistance force (Fb) at 
a given h/H increased and reached its maximum value at a dehydration 
conversion degree of Xd = 55%. The dehydration reaction of the calcium 
hydroxide bed significantly amplified the degree of consolidation. 
Nevertheless, a partial alleviation of bed consolidation was observed 
upon completion of the dehydration process. During the dehydration 
reaction, water vapor is generated and diffused. However, the low 
diffusion efficiency within the fixed bed can result in moisture accu
mulation. As shown in Fig. 12, even a slight moisture content can have a 
significant impact on interparticle forces. During the dehydration reac
tion, the moisture content and particle size initially increased and then 
gradually decreased, leading to changes in interparticle forces. This ul
timately resulted in the initial increase and subsequent decrease in 
penetration resistance. 

Additionally, whether the storage process of calcium oxide powder 

triggers the consolidation of powder beds needs to be examined. Fig. 15 
illustrated the variation of the penetration resistance force, Fb, and 
dimensionless resistance force, f, of the ARCO bed at different temper
atures. The experiments were conducted with the crucible (2). As shown 
in Fig. 15a, Fb rose with the increasing storage temperature and h/H. At 
temperatures above 400 ◦C, the penetration resistance increased more 
significantly with rising temperature. The maximum value of f was 6.9 at 
the temperature of 600 ◦C, which was smaller than that of the ARCH 
bed. The results showed that the trends of Fin and f are inconsistent at 
500–600 ◦C. However, given that the changes of and f are relatively 
small, the inconsistency is acceptable. 

Fig. 16 shows the results of the effect of the storage time period on 
the penetration resistance force (Fb), dimensionless resistance force (f), 
and interparticle force (Fin). The experiments were also performed using 
the crucible (2). The Fb of the ARCO bed increased with prolonged 
storage time period and h/H. Both the calculated value Fin and the 
experimental value f have a tendency to increase with the increase of the 
storage time and finally stabilize. This indicated that prolonged storage 
time of a pure CaO bed will promote consolidation, but the extent of 
consolidation will not continue to increase indefinitely. There was likely 
to be a threshold beyond which the bed will stabilize and further 
consolidation will not occur. Based on the experimental results pre
sented in Figs. 10, 11, 15, and 16, it can be concluded that calcium oxide 
powder was more suitable for prolonged storage at high temperatures, 
as it exhibited less particle size variation and more stable consolidation 
properties. 

4. Conclusions 

This study investigated the effects of reaction cycle number, reaction 
conversion, storage temperature, and time on the variation of particle 
size distribution and bed penetration resistance force of the Ca(OH)2/ 
CaO thermochemical energy storage process. The results of the reaction 
cycle experiments showed that the particle size distribution of Ca(OH)2 
powders initially increased and then decreased with the reaction cycle 
number and dehydration conversion degree. The D32 value of Ca(OH)2 
powder exceeded twice the initial sample's value at a dehydration 
conversion degree of 55%. In contrast, the D32 value of CaO powder 
showed only minor changes as storage temperature or time increased, 
with change rates remaining below 10%. The penetration resistance of 
Ca(OH)2 and CaO increased with the storage temperature and time, 
particularly for Ca(OH)2. Dehydration conversion degree was founded 
to be a dominant factor in changing the penetration resistance of the Ca 
(OH)2 bed. Below the dehydration temperature, the influence of tem
perature was limited. The CaO was found to consolidation when stored 
at temperatures higher than 400 ◦C, with a rapid increase in penetration 
resistance force followed by stabilization over a short storage time. The 
calculated interparticle forces agreed with the trend of the experimental 

Fig. 11. (a) The cumulative particle size distribution, (b) Sauter mean diameter (D32) and particle size change rate (λ) of ARCO sample at different storage time 
periods (0, 10, 20, 120, 240, 600 min) at 400 ◦C. 

Fig. 12. Comparison of calculated values of interparticle forces and the gravity 
of calcium hydroxide particle. Red line means the range of D32 in this study. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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results of the penetration resistance experiment, revealing the dominant 
effect of particle size and moisture content on adhesion. This study has 
provided valuable insight and guidance into the reaction cycle process 
and storage process of Ca(OH)2/CaO-based thermal chemical energy 
storage. 
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