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Abstract: Using a Ca(OH)2/CaO thermochemical heat storage system is an effective way to promote
the utilization of renewable energy. However, poor thermal conductivity restricts the application of a
widely used fixed-bed reactor. To improve the heat storage rate, the internal heating mode, which
heats the reactant via the internal heating tube instead of the external wall, was adopted, and the
heat storage process in the fixed-bed reactor was investigated numerically. The results show that
the number and location of tubes have a significant impact on heat storage performance. Compared
with the external wall heating mode, the optimized scheme of six internal heating tubes can shorten
the reaction time by 21.78%. The temperature and reaction extent distribution reveal that as the
reaction proceeds, the optimized scheme has a higher temperature and reaction extent. Additionally,
the effects of different conditions, such as solid particle porosity, wall temperature, outlet pressure,
and solid particle size, were also analyzed. The study demonstrates that increases in solid particle
porosity, wall temperature, and solid particle size as well as a decrease in outlet pressure can improve
the heat storage rate.

Keywords: Ca(OH)2/CaO; thermochemical heat storage; numerical simulation; internal heating;
fixed-bed reactor

1. Introduction

Alleviating environmental problems caused by fossil fuel energy and meeting the
growing energy demand are important for achieving sustainable development. Renewable
energy technology can deal with energy and environmental issues, and thus it holds
great promise for achieving the goals of sustainable development. However, renewable
energy sources, such as wind and solar energy, suffer from intermittency and imbalance
between supply and demand [1,2]. Thermal energy storage can realize energy storage
and conversion. By integrating heat storage units into the renewable energy system,
the utilization efficiency of renewable energy can be improved. Thus, renewable energy
can effectively replace conventional fossil fuels and achieve sustainable development.
According to the principle of heat storage, the thermal energy storage technology can be
divided into sensible heat, latent heat, and thermochemical heat storage [3–6]. Compared
with the first two methods, with the advantage of higher energy density and low heat loss
during storage, thermochemical heat storage has attracted wide attention [7–9].

The Ca(OH)2/CaO thermochemical heat storage system has great potential for de-
velopment due to the advantages of nontoxicity, low cost, and high energy density. The
dehydration of Ca(OH)2 can realize heat storage, and the hydration of CaO can realize heat
release. The reversible reaction of Ca(OH)2/CaO is as follows:

Ca(OH)2 ⇔ CaO + H2O ∇H= 104.4 kJ/mol (1)

The fixed-bed reactor is widely used due to its relatively simple structure. The heat
storage material stands in a fixed bed and transmits heat through a wall or heat exchanger.
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Schmidt et al. [10] designed an indirectly operated reactor for 20 kg Ca(OH)2 and studied
the heat storage and release characteristics of the reactor, confirming the possibility for heat
storage by adjusting the temperature. Ranjha et al. [11] studied a three-dimensional fixed
bed using the numerical method and found that the thermal conductivity and porosity have
a huge impact on the size design of the bed. Through 20 heat storage and release cycles in
a fixed bed, Dai et al. [12] found that the system has some problems such as poor thermal
conductivity, agglomeration, and sintering, which restrict its application. To enhance the
performance of the fixed bed, some efforts have been made. For example, setting metal
fins or foams can enhance the heat transfer inside the reactor [13–16], and the setting of
porous channels is conducive to water vapor discharge, thus improving the dehydration
rate [17,18]. Nanoparticle additives such as SiO2 can prevent agglomeration and reduce
channeling effects [19]. In addition, for poor thermal conductivity, a direct-type reactor
concept was proposed. The heat transfer fluid is in direct contact with the reactants rather
than through the wall. Schaube et al. [20,21] studied the thermal behavior of a direct-type
reactor experimentally and numerically. The influence of the heat transfer fluid mass flow
rate, temperature, and water vapor partial pressure was analyzed. Compared with an
indirect-type reactor, a direct-type reactor can enhance the heat transfer inside the reactor,
but the pressure drop is inevitable when the heat transfer fluid flows through the reaction
bed. Shi et al. [22] studied the hydration process in a tubular direct-type reactor numerically,
as well as the influence of different types of fins. They reported that the pressure drop
cannot be ignored when arranging fins.

Moreover, the reactor also has a fluidized bed and a moving bed, which can enhance
the heat and mass transfer performance. However, the inherent properties of materials
cause some problems, such as cohesiveness of the powder. Flowability can be enhanced by
means of particle size stabilization. To stabilize the particle size, Afflerbach et al. [23,24]
developed a novel encapsulation method for pregranulated Ca(OH)2 with a ceramic shell,
and the mechanical stability was increased. Xia et al. [25] developed granular composites
through Ca(OH)2, carboxymethyl cellulose sodium, and vermiculite. After several cycles,
the composites still had great structural integrity. Guo et al. [26] prepared non-shelled and
shelled composite pellets of CaO and reported that the shelled composite pellets had an
advanced performance. Since the fluidized bed and moving bed systems are relatively
complex, the research is still in the initial stages.

In this study, the Ca(OH)2/CaO thermochemical heat storage process is investigated.
As mentioned above, an indirect heating fixed bed is relatively simple. However, the heat
transfer inside the reactor is unsatisfactory due to the poor internal thermal conductivity,
and the dehydration time of Ca(OH)2 is longer. There are many ways to accelerate the
dehydration of Ca(OH)2 mentioned in the literature, but these rarely involve the heating
mode. Therefore, compared with the common external wall heating mode, the internal
heating mode is adopted in this study, which can quickly heat the reactants. An optimized
arrangement scheme can be obtained, which can provide guidance for the application of a
fixed bed.

2. Reactor Description and Numerical Model
2.1. Reactor Description

In this study, a cylindrical indirect heating reactor concept was selected as the re-
search object. As shown in Figure 1a, to simplify the calculation, a two-dimensional
model with a radius r1 of 50 mm and an internal gas outlet channel radius r0 of 2.5 mm
was adopted. During the heat storage process, Ca(OH)2 was heated by the outer wall,
and the generated water vapor was discharged from the internal channel. As shown in
Figure 1b–d, an internal heating concept is proposed in this paper. The temperature re-
quired for Ca(OH)2 decomposition is provided by the internal heat exchange tube, which
may quickly heat Ca(OH)2.
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Figure 1. Schematic of the two-dimensional model.

As shown in Figure 1, the internal heating tubes with the number Ntube = 0, 2, 4, and 6
are studied in this paper. To avoid excessive loss of energy storage density when the tube
was embedded, when Ntube = 2, 4, and 6, respectively, the total heating area of the tube
was 0.4 times that of Ntube = 0, and thus the corresponding radii were 10 mm, 5 mm, and
3.33 mm. When Ntube = 4 and 6, the angles between tubes were 90◦ and 60◦, respectively.
The detailed scheme settings are listed in Table 1.

Table 1. Cases in this study.

Cases Ntube d1 (mm) d2 (mm) Cases Ntube d1 (mm) d2 (mm)

0 0 – – 6-A

6

12.5 12.5
2-A

2
12.5 – 6-B 25 25

2-B 25 – 6-C 37.5 37.5
2-C 37.5 – 6-A-B 12.5 25
4-A

4

12.5 12.5 6-A-C 12.5 37.5
4-B 25 25 6-B-A 25 12.5
4-C 37.5 37.5 6-B-C 25 37.5

4-A-B 12.5 25 6-C-A 37.5 12.5
4-A-C 12.5 37.5 6-C-B 37.5 25
4-B-C 25 37.5

2.2. Numerical Model

The heat storage of Ca(OH)2/CaO involves the coupling of chemical, heat transfer,
and flow processes, and thus it is essential to reasonably simplify the model. In this paper,
the main model assumptions were summarized as follows: (a) the reactor was treated as
a continuous porous area; (b) the solid particle porosity, size, and thermal conductivity
were considered constant during the reaction process; (c) according to [21], due to the large
heat transfer surface between fine particles and gas, the particles and water vapor could
be assumed to be in thermal equilibrium; (d) the heat radiation was ignored; (e) the water
vapor was treated as an ideal gas.

2.2.1. Chemical Reaction

The relationship between the equilibrium pressure and temperature can be described
as follows [7]:

ln(
Peq

105 ) = 16.508− 12845
Teq

(2)

where Peq represents the equilibrium pressure, Pa, and Teq represents the equipment
temperature, K.

The mole amount conservation equation for reactant Ca(OH)2 is calculated as follows:

∂CA
∂t

= −CAo
dX
dt

(3)
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The reaction rate of the dehydration of Ca(OH)2 can be expressed as follows [11]:

dX
dt

= A exp(− E
RT

)(
T

Teq
− 1)(1− X) (4)

where CA and CA0 are the molar concentrations of Ca(OH)2 and its initial value, respectively,
mol/m3; X is the reaction extent; A represents the pre-exponential factor, 7.15 × 109 1/s;
E is the activation energy, 1.87 × 105 J/mol; and R means the gas constant, J/(mol·K).

2.2.2. Governing Equations for Water Vapor

The mass conservation equation for water vapor is calculated as follows:

∂(ερw)

∂t
+∇(ρwv) = Sm (5)

Sm = CAo Mw
dX
dt

(6)

where ρw means the density of water vapor, kg/m3; v means the velocity of water vapor,
m/s; Sm is the source term caused by the dehydration of Ca(OH)2, kg/(m3·s); and Mw is
the molar mass of water vapor, kg/mol.

The flow of water vapor in a porous bed can be described by Darcy’s law [27], which
is defined as follows:

v = − K
µw
∇p (7)

K =
D2

psε3

180(1− ε)2 (8)

where K denotes permeability; µw is the dynamic viscosity of water vapor, Pa·s; Dps is the
particle size, 5 µm; and ε is the porosity, 0.8.

Due to the thermal equilibrium between particles and water vapor, the energy conser-
vation equation for water vapor and solid material can be obtained as follows:

∂((ρcp)e f f T)

∂t
+∇((ρcp)wT) = −∇(λe f f∇T) + Sq (9)

Sq = −CAo
dX
dt
∇H (10)

(ρcp)e f f = ερwcpw + (1− ε)ρscps (11)

λe f f = ελw + (1− ε)λs (12)

ρs = (1− X)ρA + XρB (13)

cps = (1− X)cpA + XcpB (14)

The specific heat cpA and cpB can be expressed as a function of temperature [11]:

cpA = 0.1634T + 799.15 (15)

cpB = 0.3829T + 1218.87 (16)
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where λeff, λw, and λs are the effective thermal conductivity and the thermal conductivity
of the water vapor and the solid material, respectively, W/(m·K) (in this study, λs = 2);
Sq is the source term caused by the endothermic reaction, W/m3; cps, cpA, and cpB are the
specific heat of the solid material mixture, Ca(OH)2, and CaO, respectively, J/(kg·K); and
ρs, ρA, and ρB are the density of the solid material mixture, Ca(OH)2, and CaO, respectively,
kg/m3 (ρA = 2200, ρB =1665).

Figure 2 shows the main boundary conditions. The initial value of the solid material
temperature was 723 K, and the initial pressure inside the reactor and the water vapor outlet
was set to 28,415 Pa, which is about the equilibrium pressure for the initial temperature.
When Ntube = 0, the outer wall with a constant temperature of 863 K was the heating source.
When the internal heating mode was used, the wall temperature of the internal heating
tube was set to 863 K. Meanwhile, it was assumed that the reactor was well-insulated, thus
the adiabatic boundary was adopted for the outer wall.
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2.2.3. Validation

The simulation of the above heat storage process was implemented in the COMSOL
software. To reduce the influence of grids on the results, firstly, the grid independence
analysis was carried out. For case 0, when the cell number increased to 1600, the influence of
the grids could be ignored, and thus this grid was selected for further research. Additionally,
the same mesh generation method was applied to other cases, which also reduced the
impact of the grids.

The previous experiment studied the Ca(OH)2/CaO thermochemical heat storage
process in a fixed-bed reactor [28]. The experimental and simulation results of pure Ca(OH)2
with a wall temperature of 455 ◦C are shown in Figure 3. The changing trend of the reaction
extent was similar, and at the initial stage of the reaction, due to the uneven temperature
inside the reactor during the test, an initial temperature condition during simulation caused
errors. However, as the reaction progressed, the gap between the simulation and the
experiment decreased.

Sustainability 2023, 14, x FOR PEER REVIEW 6 of 15 
 

 
Figure 3. Comparison between the experiment and the simulation. 

In addition, the simulation results of Chen et al. [16] were also used for model accu-
racy validation. The case without fins was calculated using the simulation method in this 
paper, and the comparison results are shown in Figure 4. There is little difference in the 
average temperature and reaction extent between the data provided by Chen et al. [16] 
and in this study. Therefore, according to the above verification, the model established in 
this study is credible. 

 
Figure 4. Comparison of the simulation between this study and the reference: (a) average tempera-
ture; (b) average reaction extent. 

3. Results and Discussion 
The number and location of internal tubes can affect the heat transfer inside the reac-

tor, thus affecting the heat storage process. Therefore, first of all, the effects of different 
heating modes on heat storage were analyzed, and the optimized scheme within the scope 
of this study could be obtained. Subsequently, to further comprehend the effects of inter-
nal heating, the temperature and the reaction extent distribution were analyzed. Moreo-
ver, the effects of different conditions such as solid particle porosity, wall temperature, 
outlet pressure, and solid particle size on heat storage for the optimized scheme were 
studied. 

3.1. Effects of the Heating Mode 
Figures 5–7 display the effects of different heating modes on heat storage. It can be 

seen from the results that the different heating modes had a significant influence on heat 
storage. As shown in Figure 5, when Ntube = 2, the internal heating mode had an adverse 
effect on heat storage. Compared with case 0, which is the external wall heating mode, the 

Figure 3. Comparison between the experiment and the simulation.



Sustainability 2023, 15, 7141 6 of 14

In addition, the simulation results of Chen et al. [16] were also used for model accuracy
validation. The case without fins was calculated using the simulation method in this paper,
and the comparison results are shown in Figure 4. There is little difference in the average
temperature and reaction extent between the data provided by Chen et al. [16] and in this
study. Therefore, according to the above verification, the model established in this study
is credible.
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3. Results and Discussion

The number and location of internal tubes can affect the heat transfer inside the reactor,
thus affecting the heat storage process. Therefore, first of all, the effects of different heating
modes on heat storage were analyzed, and the optimized scheme within the scope of
this study could be obtained. Subsequently, to further comprehend the effects of internal
heating, the temperature and the reaction extent distribution were analyzed. Moreover,
the effects of different conditions such as solid particle porosity, wall temperature, outlet
pressure, and solid particle size on heat storage for the optimized scheme were studied.

3.1. Effects of the Heating Mode

Figures 5–7 display the effects of different heating modes on heat storage. It can be
seen from the results that the different heating modes had a significant influence on heat
storage. As shown in Figure 5, when Ntube = 2, the internal heating mode had an adverse
effect on heat storage. Compared with case 0, which is the external wall heating mode,
the reaction extent and the temperature decreased; thus, the reaction time and the molar
concentration of the reactant increased. Due to the insufficient number of tubes, most areas
in the reactor were too far from the heat source. In addition, when the tube was set in the
middle position (case 2-B), the heat storage performance was better than that of the internal
heating mode.

From Figures 6 and 7, it can be seen that when Ntube increased to 4 and 6, the cases
with some heating tubes near the center of the reactor, such as cases 4-A, 4-A-B, 4-A-C,
6-A, 6-A-B, 6-B-A, and 6-C-A, still had an adverse effect on heat storage compared with the
external wall heating mode. However, in the cases where the heating tubes were located
near the outer wall, half of r1 could improve the heat storage performance. When Ntube = 4
and 6, the optimal cases were 4-B-C and 6-B-C, respectively. A comparison of cases 0, 4-B-C,
and 6-B-C is plotted in Figure 8. It can be seen that case 6-B-C had a superior performance.
The reaction times of cases 4-B-C and 6-B-C were 11,200 s and 9700 s, and compared with
case 0, the times decreased by 9.68% and 21.78%, respectively. Therefore, the best solution
within the scope of this study was case 6-B-C. Additionally, compared with the results of
Ntube = 4 and 6, it can be observed that some cases of Ntube = 4 had a better heat storage
performance than Ntube = 6, indicating that both the number and location of tubes had a
significant impact on the heat storage performance. In the follow-up study, satisfactory
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performance could be achieved with fewer heating tubes by optimizing the position of the
heating tubes.
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3.2. Temperature and Reaction Extent Distribution

To further comprehend the effects of internal heating, the temperature and the reaction
extent distribution of case 0 and case 6-B-C were compared in this section, and the results
are shown in Figures 9 and 10. As shown in Figures 9 and 10, it can be found that the
temperature in the zone near the heat source rose rapidly, and, thus, the reaction extent in
this zone was great. However, due to the different heat source positions for cases 0 and
6-B-C, the temperature distribution was different. At the initial stage of the reaction, such
as at t = 1000 s and 3000 s, although the reactor center temperature of case 0 was lower than
that of case 6-B-C, the continuous heating area of case 0 had a greater influence than that of
case 6-B-C; thus, the average temperature and the reaction extent of case 0 were higher than
those of case 6-B-C. As the reaction proceeded, e.g., at t = 5000 s and 7000 s, due to the fact
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that the internal zone of case 0 was far from the heat source, the reactor center temperature
of case 0 was still low, as shown in Figure 7, and the average temperature and reaction
extent of case 0 were lower than those of case 6-B-C at this stage.
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3.3. Effects of Different Conditions

Based on the above analysis, the optimal scheme in this study was case 6-B-C. To
further study this scheme, the effects of different conditions on case 6-B-C were investi-
gated in this section. Moreover, when one condition changed, other conditions remained
unchanged.

3.3.1. Solid Particle Porosity

Porosity can affect the amounts of reactants and thus the energy storage density.
According to Equation (8), porosity can affect the permeability and thus the pressure of the
reactor. In this section, the reaction time, average pressure, and volumetric energy storage
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rate, calculated by means of Equation (17), were analyzed, and the results are shown in
Figure 11.

Pwt =
CA0∇H

Rt
(17)

where Pwt means the volumetric energy storage rate, kW/(m3), and Rt is the reaction
time, s.
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From the figure, it can be seen that with an increase in porosity, due to a decline in the
amounts of reactants and an increase in permeability, the reaction time decreased. When
ε was 0.8, the reaction time was 9700 s, and compared with ε = 0.4, it decreased by 50%.
According to Equation (17), the curve variation in Pwt in Figure 11a was the result of the
combined effects of CA0 and Rt, with the peak value appearing at ε = 0.6.

As the dehydration reaction proceeds, water vapor is generated. Since water vapor
cannot be discharged in time at the initial stage of the reaction, the pressure in the reactor
increases first and then decreases with time. A smaller porosity means less permeability,
and more reactants lead to more water vapor [27]. Thus, the peak of pressure is maximum
when porosity ε = 0.4.

3.3.2. Wall Temperature

The effects of wall temperature are shown in Figure 12. It can be clearly observed
from Figure 12 that the increase in wall temperature can obviously improve heat storage
performance. Dehydration temperature could be reached faster due to higher wall tem-
perature, and a higher wall temperature means a larger reaction extent at the same time
and less reaction time. When the wall temperature was 903 K, the time when the reaction
extent reached 1 was about 6100 s. Compared with 823 K, it decreased by 71.36%. The
variation trend for the average temperature under each wall temperature was the same. At
the initial stage of the reaction, the reaction extent was small, leading to a rapid increase in
temperature. Then, as the endothermic reaction continued, the temperature increased more
slowly. At the end of the reaction, the average temperature in the reactor was equal to the
wall temperature and would not change.
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3.3.3. Outlet Pressure

The effects of outlet pressure are shown in Figure 13. Since a lower outlet pressure
is conducive to the discharge of water vapor [18], the pressure in the reactor drops. The
equipment temperature corresponding to the pressure decreases, and dehydration occurs
in advance. Therefore, as shown in Figure 13a, with an increase in outlet pressure, the
reaction time increased. When the outlet pressure was 1000 Pa, the reaction time was 8800 s,
which decreased by 11.34% compared with the outlet pressure of 28,415 Pa.
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From Figure 13b, it can be seen that, as analyzed in Section 3.3.1, as the dehydration
reaction proceeded, the average pressure in the reactor tended to increase first and then
decrease. However, when the outlet pressure was 1000 Pa and 10,000 Pa, the pressure
decreased at the initial stage of the reaction. To further analyze this changing trend, we can
take the pressure distribution of 1000 Pa and 28,415 Pa as an example for comparison, and
the results are shown in Figure 14. It can be seen that when the outlet pressure was 1000 Pa,
the pressure in the reactor was much lower than that at 28,415 Pa. That is because low
outlet pressure makes it easier for water vapor to flow out at the initial stage of the reaction.



Sustainability 2023, 15, 7141 12 of 14

Sustainability 2023, 14, x FOR PEER REVIEW 12 of 15 
 

low outlet pressure makes it easier for water vapor to flow out at the initial stage of the 
reaction. 

 
Figure 13. Effects of outlet temperature: (a) reaction time; (b) average pressure. 

 
Figure 14. Pressure distribution when t = 100 s: (a) Pout = 1000 Pa; (b) Pout = 28,415 Pa. 

3.3.4. Solid Particle Size 
In the above discussion, the particle size remained constant at 5 μm, and it may have 

been different in the actual reaction; thus, the effects of particle size are discussed in this 
section. Figure 15 shows the effects of particle size, and from this figure, it can be seen that 
when the particle size increased from 5 μm to 20 μm, the reaction time decreased. How-
ever, when the size continued to increase, the reaction time remained unchanged at about 
9400 s, and similar conclusions are shown in [11]. From Figure 15b, it can be observed that 
with an increase in particle size, the pressure decreased. This is due to an increase in the 
permeability as the size increased; the pressure peak value at a size of 5 μm was obviously 
higher than the others. When the size increased to 20 μm, the permeability was already 
sufficiently large and no longer a limiting factor for water vapor emission. Thus, the av-
erage pressure at the particle size of 20 μm and 30 μm was similar, and this can also ex-
plain the curve variation rule in Figure 15a. 

Figure 14. Pressure distribution when t = 100 s: (a) Pout = 1000 Pa; (b) Pout = 28,415 Pa.

3.3.4. Solid Particle Size

In the above discussion, the particle size remained constant at 5 µm, and it may have
been different in the actual reaction; thus, the effects of particle size are discussed in this
section. Figure 15 shows the effects of particle size, and from this figure, it can be seen
that when the particle size increased from 5 µm to 20 µm, the reaction time decreased.
However, when the size continued to increase, the reaction time remained unchanged at
about 9400 s, and similar conclusions are shown in [11]. From Figure 15b, it can be observed
that with an increase in particle size, the pressure decreased. This is due to an increase
in the permeability as the size increased; the pressure peak value at a size of 5 µm was
obviously higher than the others. When the size increased to 20 µm, the permeability was
already sufficiently large and no longer a limiting factor for water vapor emission. Thus,
the average pressure at the particle size of 20 µm and 30 µm was similar, and this can also
explain the curve variation rule in Figure 15a.
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4. Conclusions

Based on the numerical model established in this study, the Ca(OH)2/CaO thermo-
chemical heat storage process of the fixed-bed reactor with the internal heating mode was
investigated. An optimized scheme of six internal heating tubes was obtained, and the
main conclusions are summarized as follows:

(1) The number and location of internal heating tubes have a significant influence on
heat storage performance, and the heat storage performance can be improved by optimizing
the number and location of internal heating tubes. Compared with the external wall heating
mode, the reaction time of the optimized scheme in this study decreased by 21.78%.
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(2) Compared with the external wall heating mode, as the reaction proceeds, the
optimized scheme has a higher temperature and reaction extent due to the closer distance
between the reactant and the heat source.

(3) Due to a decline in the amount of reactants and an increase in permeability, the
increase in solid particle porosity caused a higher heat storage rate. When the porosity
increased from 0.4 to 0.8, the reaction time decreased by 50%. With the increase in wall
temperature, the reaction time could also decrease. When the wall temperature increased
from 823 K to 903 K, the reaction time decreased by 71.36%.

(4) Reducing the outlet pressure was conducive to the discharge of water vapor, and,
thus, the reaction time could decrease. Compared with the outlet pressure of 28,415 Pa,
the reaction time at 1000 Pa decreased by 11.34%. The increase in solid particle size could
increase permeability, resulting in a low pressure inside the reactor, and, thus, the reaction
time could also decrease. However, when the size increased to 20 µm, the permeability was
already sufficiently large; thus, the effect of size was insignificant.

Due to the setting of an internal heating tube, the internal heating reactor structure is
more complex, and the energy storage density decreases. However, the internal heating
mode has advantages in terms of reaction time, especially with reactor scale-up.
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