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Abstract: Thermochemical heat storage technology has great development prospects due to its high
energy storage density and stable long-term storage capacity. The calcium hydroxide/calcium oxide
reaction has been proven to be feasible for thermochemical heat storage. However, due to its low
thermal conductivity, the slow heat storage reaction in the fixed-bed reactor needs to be improved. In
this work, the Y-shaped fin was used to improve the heat storage performance, and a multi-physics
numerical model was established for its heat storage process in the fixed bed. The results show that
the Y-shaped fin can accelerate the heat storage reaction due to the improved heat transfer inside
the reactor. The heat storage time decreases by 45.59% compared to the reactor without a fin and
it decreases by 4.31% compared to the reactor with the rectangular fin. The increase in the wall
temperature of the heating tube and the thermal conductivity of the fin can improve the heat storage
performance; moreover, the Y-shaped fin shows more performance improvement than the rectangular
fin at high wall temperature or thermal conductivity. The increase in porosity of heat storage material
can shorten heat storage time due to the reduction in reactant, and the Y-shaped fin can still give
a better performance than the rectangular fin at different porosity levels. This work can provide a
reference for improving the heat storage performance of fixed-bed reactors.

Keywords: thermochemical heat storage; calcium hydroxide; fixed bed; Y-shaped fin; heat storage
performance

1. Introduction

With the continuous growth in industrialization and excessive dependence on tra-
ditional fossil fuels, the accompanying environmental problems become more and more
serious, which urgently requires adjusting the existing energy structure [1,2]. Developing
renewable energy resources such as solar energy, wind energy, and geothermal energy is an
alternative approach to address these issues. However, most renewable energy resources
suffer from fluctuations, uniform spatial and temporal distribution, and supply–demand
mismatch, which have become obstacles to their current utilization. Energy storage technol-
ogy is regarded as a viable path to dealing with these issues of renewable energy [3,4]. The
energy utilization efficiency can be improved by integrating energy storage components
into renewable energy systems [5,6]. Considering that thermal energy occurs in most en-
ergy utilization processes, it is necessary to develop thermal energy storage technology [7].
Currently, there are three main types of thermal energy storage: sensible heat storage,
latent heat storage, and thermochemical heat storage. Among them, thermochemical heat
storage has broad development prospects due to its advantages of high energy storage
density, spatial transferability, and stable long-term storage capacity [8,9]. There are many
materials that can be used for thermochemical heat storage, for example, metal hydrides
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(MgH2/Mg), metal hydroxides (Ca(OH)2/CaO and Mg(OH)2/MgO), metallic carbonates
(CaCO3/CaO and MgCO3/MgO), and metal oxides (Co3O4/CoO, Mn3O4/Mn2O3, and
Cu2O/CuO). The Ca(OH)2/CaO reversible reaction, which works on the basis of Equation
(1), has received much attention in recent years [10,11]. It can offer a high energy storage
density (1411 kJ/kg) in the medium and high-temperature range (over 400 ◦C). Moreover,
it also has the advantages of low cost, non-toxic, low pollution, and corrosiveness [12,13].
Therefore, it has significant development value.

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

Nevertheless, the slow heat storage process inside the reactor hinders its applica-
tion, which is mainly due to the low thermal conductivity of heat storage material. The
Ca(OH)2/CaO is a gas–solid reaction, and its reaction process is related to temperature
and pressure. The reversible reaction rate is controlled by the equilibrium temperature
and pressure [14]. That is to say, the heat storage reaction rate becomes slow when the
actual temperature is close to the equilibrium temperature. Hence, it requires a higher
temperature to obtain a satisfactory heat storage rate. However, the thermal conductivity
of the original powder material is about 0.11 W/(m·K) [15], resulting in low heat transfer
efficiency inside the reactor. Additionally, the water vapor pressure also has an undeniable
impact on heat storage reaction rate. The low water vapor pressure corresponds to the
low equilibrium temperature, which is beneficial for accelerating the heat storage reac-
tion. Therefore, the water vapor, which is the product of the heat storage process, cannot
accumulate in the reaction zone [16].

There are some measures to improve thermal conductivity for reference. For example,
the thermal conductivity can be improved by compressing powder material due to a
decrease in porosity. However, this method seems inappropriate for Ca(OH)2/CaO. The
compressed material is easy to break due to the volume expansion caused by the hydration
process [17,18]. Furthermore, excessive compression is undesirable due to adverse effects
on water vapor transport. Huang et al. [19] reported that an optional method is doping
HBN. The thermal conductivity of heat storage material improves owing to the high thermal
conductivity of doped material. Yan and Zhao [20,21] doped Li into pure Ca(OH)2, and
their experimental results in a fixed bed indicate that the heat storage rate is faster than pure
material, which is mainly due to the reduction in energy barriers of heat storage reaction
from 0.4 to 0.11 eV. The fixed bed, which is one of the relatively simple reactor types, is a
heat storage process that has been widely studied in recent years. The heat storage material
stays in the fixed reactor, and the heat from the external heat source can be transferred to
the internal material through the wall of the heat exchange tube [22]. In this regard, the
internal heat transfer performance is particularly important. The heat transfer from the heat
sources to internal material is inefficient, and thus the heat storage reaction in the internal
zone is incomplete. Although uniform heat transfer is also difficult to achieve due to the
difference in thermal conductivity between zones with and without a fin, setting up fins is
still feasible to improve the unfavorable heat transfer [23]. Chen et al. [24] utilized topology
optimization algorithms to obtain a more optimized solution for fin setting. Although the
shape of their fins is complex, the heat storage time can decrease by 43%. Wang et al. [25]
proposed a fixed-bed reactor with a porous channel, which can improve heat transfer
and promote the discharge of water vapor, leading to an accelerated heat storage reaction.
Besides that, improving the structure of the fixed bed is another option. For instance,
setting up the internal heating tube instead of the outside heating wall can shorten the
heat transfer distance, and thus it can improve heat storage rate [26,27]. The heat storage
material can be placed in multiple thin tubes, which can indirectly exchange heat with heat
transfer fluid, and this shell–tube reactor has been proven to be feasible [28,29].

In a word, the structure of the fixed bed is relatively simple compared to the fluidized
or moving bed, and its internal heat transfer needs to be improved. Setting up fins is a
feasible and simple solution to this issue. This paper aims at the improvement of heat
storage performance in the fixed bed by the Y-shaped fin. At present, although the feasibility
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of using a Y-shaped fin for latent heat storage has been proved [30,31], its application to
calcium hydroxide thermochemical heat storage. Therefore, this paper attempts to prove its
feasibility by comparing performance inside the fixed bed without a fin, with a Y-shaped
fin, and with a regular rectangle fin.

2. Models
2.1. Physical Model

Figure 1 shows the schematic diagram of the reactor structure. The heat storage
process in a reactor with a diameter d1 of 200 mm is studied in this paper. The internal
heating tube with a diameter d2 of 50 mm is set in the middle position, and four exhaust
pipes with a diameter d3 of 20 mm are evenly arranged between the heating tube and the
outer wall of the reactor, which can be used to discharge the water vapor generated by the
dehydration reaction. For simplicity, the reactor is modeled as a two-dimensional system
in the subsequent simulations. As shown in Figure 1b,c, four rectangular or Y-shaped fins
are evenly arranged around the heating tube. The width of these fins is 1 mm, and the
length of the rectangular fin L1 is equal to the distance between the heating tube and the
outer wall of the reactor. As shown in Figure 1c, the Y-shaped fins are composed of two
parts with the length of L2 and L3, and the angle at the top is α. It is important to note that
the total length of both the rectangular and Y-shaped fins is equivalent, as described in
Equation (2). Consequently, the total amount of thermal storage material in reactors with
either fin configuration remains the same.

L2 + 2L3 = L1 (2)
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Figure 1. Schematic diagram of reactor structure: (a) without fin; (b) rectangular fin; (c) Y-shaped fin.

2.2. Numerical Model

In this paper, in addition to using a two-dimensional simplified model, some other
simplification treatments are also carried out [32,33]. That is, the outer wall of the reactor is
well insulated, and thus the heat transfer to the surrounding environment is not considered.
The variations in particle size and porosity of heat storage material during the reaction are
not considered, and the heat storage material is a continuous porous media. The gas is
treated as an ideal gas, and it is in thermal equilibrium with the particles, and thus their
temperatures are equal.



Buildings 2024, 14, 3694 4 of 14

The governing equations of mass, momentum, and energy for gas are as follows:

∂(ερg)

∂t
+∇ ·

(
ρgu

)
= SM (3)

∂(ρgu)
∂t

+
u
ε
· ∇

(
ρgu

)
= −ε∇P + µg∇2u + F (4)

∂((ρcp)e f f T)

∂t
+ u · ∇

(
(ρcp)gT

)
= ∇

(
λe f f∇T

)
+ SQ (5)

where t is time, s; u is the velocity of gas, m/s; ρg is the density of gas, kg/m3; ε is
the porosity of heat storage material; µg is the dynamic viscosity of gas, Pa·s; T is the
temperature, K. SM and SQ are the variation in mass and energy of gas caused by the
reaction, kg/(m3·s) and W/m3, respectively. F is the flow resistance of gas, N/m3. (ρcp)eff
and λeff is the effective volumetric heat capacity and the effective thermal conductivity in
the porous zone.

The dehydration process of Ca(OH)2 is related to heat and mass transfer, which can
refer to the relationship between equilibrium temperature and equilibrium pressure. When
the temperature is higher than the equilibrium temperature corresponding to the current
pressure, the dehydration reaction can proceed. The relationship between equilibrium
temperature and equilibrium pressure is calculated by Equation (6) [34,35].

ln
(

Peq

105

)
= 16.508 − 12845

Teq
(6)

where the Peq is the equilibrium pressure, Pa; the Teq is the equilibrium temperature, K.
The dehydration reaction rate can be calculated by [34]

dX
dt

= A exp
(
− E

RgT

)(
T

Teq
− 1

)
(1 − X) (7)

where X is the reaction extent; A represents the pre-exponential factor of dehydration; E
represents the activation energy; Rg is the gas constant, J/(mol·K).

The concentration of reactant can be calculated by

dCR
dt

= −CR
dX
dt

(8)

The above parameters in the governing equations of gas are given as follows:

SM = MwCR
dX
dt

(9)

SQ = −CR
dX
dt

∆H (10)

F = −
µg180(1 − ε)2

Ds
2ε3

u (11)

(ρcp)e f f = ερgcp,g + (1 − ε)ρscp,s (12)

λe f f = ελg + (1 − ε)λs (13)

ρs = (1 − X)ρR + XρPR (14)

cp,s = (1 − X)cp,R + Xcp,PR (15)

cp,R = 0.3829T + 1218.87 (16)

cp,PR = 0.1634T + 799.15 (17)
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where CR is the concentration of reactant (Ca(OH)2), mol/m3; λs is the thermal conductivity
of heat storage material, W/(m·K); Mw is the mole mass of water vapor, kg/mol; Ds
is the particle size, m. ρs is the density of heat storage material; ρR and ρPR are the
density of the reactant and product (CaO), respectively, kg/m3. Cp,s is the specific heat
of heat storage material; Cp,R and Cp,PR are the specific heat of the reactant and product,
respectively, J/(kg·K).

The values of the main parameters are listed in Table 1.

Table 1. The values of the main parameters.

Subjects Values Subjects Values

A 7.15 × 109 1/s λs 2 W/(m·K)
E 1.87 × 105 J/mol ρR 2200 kg/m3

Ds 5 µm ρPR 1665 kg/m3

The initial temperature inside the reactor is set to 723 K, and the initial pressure is set
to 28,415 Pa, which is the corresponding equilibrium pressure for the initial temperature.
The outer wall of the reactor is modeled as an adiabatic boundary, while the four exhaust
pipes are set as pressure outlet boundaries with a pressure of 28,415 Pa. For the base case,
the wall temperature of the heating tube is 873 K, the porosity of the heat storage material
is 0.8, and the thermal conductivity of the fin is 45 W/(m·K). Additionally, the heat storage
process is simulated by the COMSOL software.

To illustrate the availability of the present model, the grid independence analysis and
the accuracy verification are studied, and the results are shown in Figure 2. It can be seen
from the results that with the increase in the number of cells, the reaction time will remain
stable at a certain value. To reduce computation time, the grid with a cell number of 4290 is
selected for the reactor without a fin, while the cell numbers are 15,968 and 15,800 for the
reactor with the Y-shaped fin and rectangular fin, respectively. Furthermore, Chen et al. [24]
studied the heat storage process of a fixed-bed reactor, and the present model is validated
by comparison with it. Due to the similar physical process, the governing equations of
the present model can be used to simulate the heat storage process in the literature. The
physical model identical to the literature is established using the present modeling method,
and the results of the present model and literature are similar; thus, the present model is
verified. Additionally, in our previous paper [27], the model is validated by comparing it
with a fixed-bed experiment.
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3. Results and Discussion
3.1. Effects of Fin Setting

The parameters L2, L3, and α can affect the configuration of the Y-shaped fin, thereby
affecting the heat storage temperature. Therefore, the effects of the Y-shaped fin setting
are studied in this section. The α changes from 30◦ to 150◦ and the L2 is set to 18.75, 37.5,
and 56.25 mm, respectively, while L3 can be obtained by Equation (2). Figure 3 shows the
effects of the Y-shaped fin setting, and the reaction time, average temperature, average
concentration of reactant, and average pressure inside the reactor are used to evaluate
the heat storage performance. As shown in Figure 3a, as L2 increases, the influence of α
on heat storage time diminishes. When L2 is 56.25 mm, the heat storage time is 575 min
at different α. However, when L2 is 18.75 mm, there is a significant difference in heat
storage time for the cases with different α. The heat storage time is 555 min when α is
90◦, which is the minimum among the cases studied in this paper. The heat storage time
increases to 620 min when α is 150◦, which is the maximum among the cases studied in
this paper. As shown in Figure 3c,d, the temperature and concentration of reactant in
these cases are similar at the initial stage, which indicates that the reaction rates of these
cases are also similar. The heat storage reaction can generate water vapor, leading to an
increase in pressure. However, when L2 is 18.75 mm and α is 150◦, the pressure of this
case is the minimum at the initial stage. This could be attributed to the fact that the water
vapor generated in the reaction area is more likely to escape during the initial stage. As the
reaction progresses, the increase in temperature of the case with L2 at 18.75 mm and α at
150◦ is slow compared to other cases. As a result, its heat storage reaction rate slows down,
and its pressure becomes the maximum value among these cases due to a large amount of
remaining reactants. Additionally, although the heat storage processes for most cases seem
to be similar, the recommended setting scheme is L2 at 18.75 mm and α at 150◦, which has
the shortest reaction time among the setting schemes studied in this paper.
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To further demonstrate the feasibility of the Y-shaped fin, the heat storage performance
of the reactor without a fin, with a rectangular fin, and with a Y-shaped fin is compared.
Moreover, the Y-shaped fin with L2 at 18.75 mm and α at 150◦, which has the shortest
reaction time, is used for subsequent research, and Figure 4 shows the comparison results.
It can be seen that the fin can effectively improve heat storage performance, and the Y-
shaped fin shows a greater improvement. The heat storage time with the rectangular fin can
decrease by 43.14% compared to the reactor without a fin. Setting a Y-shaped fin can further
reduce heat storage time by 4.31% compared to the reactor with a rectangular fin, which
decreases by 45.59% compared to the reactor without a fin. This is mainly attributed to the
thermal conductivity of the fin. As shown in Figure 4c, the temperature inside the reactor
without a fin slowly increases, while the temperature inside the reactor with a rectangular
fin or Y-shaped fin is higher. Furthermore, the reactor with a Y-shaped fin shows slightly
better heat transfer performance, and thus its temperature is slightly higher than that of
a rectangular fin. And the trend of temperature change is the same for both. Due to the
endothermic reaction, the trend of temperature increase is relatively small at the initial
stage. Afterward, as the reaction approaches completion, the temperature rapidly increases.
Therefore, the higher temperature in the reactor with the Y-shaped fin results in a slightly
faster heat storage rate. As shown in Figure 4b,d, the consumption of reactant is slightly
higher inside the reactor with a Y-shaped fin, which leads to the production of more water
vapor, causing an increase in pressure.

Further, the size of the heating tube is an important parameter, which has a significant
impact on heat transfer and heat storage capacity. That is, a larger size is beneficial for heat
transfer, but it reduces heat storage capacity. Hence, the comparison results of the reactor
equipped with heating tubes of different sizes for the rectangular fin and Y-shaped fin are
shown in Figure 4e. It can be found that the heat storage rate in the reactor with a Y-shaped
fin is faster than that in the reactor with a rectangular fin when the reactor is equipped with
heating tubes of different sizes. Moreover, with the decrease in size of the heating tube, the
difference between the two types of fins becomes more pronounced. When the radius of
the heating tube is 12.5 mm, the heat storage time of the Y-shaped fin decreases by 4.76%
compared to the rectangular fin. This improvement in heat storage time decreases by 2.99%
when the radius of the heating tube is 50 mm. Therefore, the Y-shaped fin has superior heat
storage performance, especially in the reactor equipped with a smaller-sized heating tube,
which can provide more heat storage capacity.

To further compare the heat storage process of the reactor without a fin, with a Y-
shaped fin, and with a rectangular fin, the temperature, reaction extent, and pressure fields
inside the reactor are compared, and the distribution patterns are shown in Figures 5–7.
It can be seen from Figure 5 that since the heat is gradually transferred from the middle
heating tube to the surrounding area and the thermal conductivity of heat storage material
is low, only the middle area has a higher temperature when the reactor has no fin. The
temperature around the fin increases when the reactor is equipped with a rectangular or
Y-shaped fin, and thus the area of the high-temperature zone can be increased. Due to the
larger influence area of the Y-shaped fin, it has more high-temperature areas compared to
the rectangular fin, which becomes more apparent as the reaction approaches completion.
In addition, the reaction extent distribution inside the reactor is related to the temperature
distribution. That is to say, the reaction extent in the high-temperature zone is greater,
which indicates that the heat storage rate is mainly determined by temperature. It can be
found that the pressure inside the reactor is mainly affected by the water vapor generated
by the heat storage reaction. As the reaction approaches completion and produces less
water vapor, the pressure in the middle position gradually decreases, and this phenomenon
is the same in all three reactors. However, due to the accelerated reaction, the pressure
near the outside of the reactor is higher when setting the Y-shaped fin. High pressure
often means a high equilibrium temperature, which is not conducive to accelerating the
heat storage reaction. Fortunately, the fin enhances the heat transfer, and the increased
temperature still accelerates the reaction.
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3.2. Performance Analysis Under Different Operation Conditions

This section discusses the effects of several operating parameters, such as the wall
temperature of the heating tube, the porosity of the heat storage material, and the thermal
conductivity of the fin. To demonstrate the feasibility of the Y-shaped fin, the heat storage
time of the Y-shaped fin and rectangular fin are compared. Additionally, some parameters
such as average temperature and concentration of reactant inside the reactor are used to
evaluate the variation in the heat storage process for the reactor with the Y-shaped fin.

3.2.1. Wall Temperature of Heating Tube

The wall temperature of the heating tube is a key factor, which drives the progress
of the heat storage reaction. Hence, it is vital to analyze the influence of heat storage
temperature. Figure 8 displays the effects of wall temperature on the heat storage perfor-
mance for rectangular fins and Y-shaped fins. It can be seen from Figure 8 that with the
increase in wall temperature, the heat storage time decreases, and the difference between
the Y-shaped fin and the rectangular fin increases. The heat storage time of the Y-shaped
fin decreases by 3.09% compared to the rectangular fin when the wall temperature is 823 K,
while it can decrease by 5.95% when the wall temperature increases to 923 K. As a result,
the reactor with the Y-shaped fin outperforms the rectangular fin at high wall temperatures.
Additionally, it can be found from Figure 8b that the high wall temperature can significantly
accelerate the heat storage reaction. The concentration of reactant exhibits a remarkable
downward trend due to the rapid temperature rise at high wall temperatures.
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3.2.2. Porosity of Heat Storage Material

The porosity of the heat storage material is also worth considering, which affects the
heat storage density and the flow of water vapor. Figure 9 shows the effects of the porosity
of heat storage material. It can be seen from Figure 9a that with the increase in porosity
of heat storage material, the heat storage time decreases due to the reduction in reactant.
Moreover, for different porosities, the heat storage reaction of the Y-shaped fin is faster
than that of the rectangular fin, indicating that the Y-shaped fin is superior. As shown in
Figure 9b–d, the final heat capacity in the reactor decreases at high porosity, which also
means that the heat absorption of the heat storage reaction decreases. Consequently, there
is a noticeable upward trend in the temperature inside the reactor with high porosity. At
high porosity, the water vapor produced by the dehydration reaction can readily escape;
also, less water vapor is produced, which lowers the pressure inside the reactor.
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3.2.3. Thermal Conductivity of Fin

As mentioned above, the fin can enhance the heat transfer performance due to its
relatively high thermal conductivity. Hence, it is also necessary to study the effects of the
thermal conductivity of the fin on the heat storage process, and the results are shown in
Figure 10. It can be found from Figure 10a that the heat storage time for both the Y-shaped
fin and rectangular fin is reduced. Furthermore, the Y-shaped fin has a quicker heat storage
reaction than the rectangular fin. When the thermal conductivity of the fin is 45 W/(m·K),
the heat storage time of the Y-shaped fin decreases by 4.31% compared to the rectangular fin.
It decreases by 8.05% when the thermal conductivity of the fin increases to 180 W/(m·K).
Additionally, it can be seen from Figure 10b that the temperature inside the reactor with
the Y-shaped fin presents a greater increasing trend at high thermal conductivity, resulting
in a greater decrease in reactant concentration.
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4. Conclusions

In this paper, the heat storage performance of calcium hydroxide in a fixed-bed reactor
is enhanced by the Y-shaped fin. A multi-physics numerical model is established for the
heat storage process in the fixed bed. The layout of the Y-shaped fin is studied using the
present model, which can obtain an optimized setting. The heat storage performance of the
reactor with the Y-shaped fin, rectangular fin, and without fin are compared. Additionally,
the effects of the main operation conditions on performance are also studied. The main
results are as follows:

(1) The effects of the configuration of the Y-shaped fin on heat storage performance are not
negligible. The top angle (α) has a minor impact on heat storage performance when
the straight part (L2) is longer, while it has a significant impact when L2 is shorter.
The recommended scheme is L2 at 18.75 mm and α at 150◦. Both the rectangular fin
and Y-shaped fin can improve heat storage performance, while the Y-shaped fin has a
better improvement effect due to better heat transfer. Compared to the reactor without
a fin, the heat storage time of the reactor with the rectangular fin decreases by 43.14%,
and it can decrease by 45.59% for the reactor with the Y-shaped fin.

(2) The increase in wall temperature of the heating tube can significantly improve heat
storage performance, and the reactor with the Y-shaped fin shows more performance
improvement than the rectangular fin at high wall temperature. The heat storage time
of the Y-shaped fin decreases by 3.09% compared to the rectangular fin when the wall
temperature is 823 K, which decreases by 5.95% when the wall temperature is 923 K.

(3) The increase in porosity of heat storage material can shorten heat storage time due to
the reduction in reactant, and the heat storage performance of the Y-shaped fin is still
better than that of the rectangular fin at different porosity levels.



Buildings 2024, 14, 3694 13 of 14

(4) With the increase in thermal conductivity of the fin, the heat storage performance is
enhanced, and the reactor with the Y-shaped fin shows more performance improve-
ment than the rectangular fin at high thermal conductivity. The heat storage time of
the Y-shaped fin decreases by 4.31% compared to the rectangular fin when the thermal
conductivity of the fin is 45 W/(m·K), while it decreases by 8.05% when the thermal
conductivity of the fin is 180 W/(m·K).

In brief, due to the improved heat transfer, the Y-shaped fin is feasible for application
in the fixed bed. To achieve a satisfactory performance, the number of Y-shaped fins may
also need to be increased as the reactor size increases, which will decrease the heat storage
capacity. Therefore, balancing heat storage capacity and storage time also needs to be
considered for large-scale applications.
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