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A B S T R A C T   

Thermochemical energy storage (TCES) provides a promising solution to addressing the mismatch between solar 
thermal production and heating demands in buildings. However, existing air-based open TCES systems face 
practical challenges in integrating with central water heating systems and controlling the supply temperature. To 
overcome these limitations, a novel water-based TCES-HEX-HRU system is proposed in this study, which in
tegrates a water-to-air microchannel tube heat exchanger (HEX) and an air-to-air heat recovery unit (HRU). A 
comprehensive evaluation of the TCES-HEX-HRU system is conducted numerically using a COMSOL model, 
including a comparative assessment for different TCES system configurations. The results demonstrate that the 
TCES-HEX-HRU system achieves an overall thermal efficiency of 82.35 %, marking a substantial 69 percentage 
points improvement over the TCES-HEX system. Although slightly lower than the typical air-based TCES system 
without HEX and HRU by 15.44 percentage points, the TCES-HEX-HRU system can be a practically promising 
and viable choice for applications in central heating systems. Numerical investigations indicate that the thermal 
performance of the system is influenced by the inlet conditions of airflow and waterflow. Moreover, increasing 
the number of water channels in the HEX of the TCES-HEX-HRU system enhances heat transfer but reduces the 
amount of heat released by TCES composite materials, resulting in a maximum overall thermal efficiency of 
92.09 % with 35 channels and a peak outlet water temperature of 33.67 ◦C at with 30 channels. However, further 
increases in the number of channels lead to a decline in overall thermal efficiency and outlet water temperature. 
Changes in the width of water channels in the HEX have a minor impact on the highest outlet water temperature 
and overall thermal efficiency, while affecting the volume of the TCES composite materials.   

1. Introduction 

Currently, the world is facing an unprecedented global energy crisis, 
with European countries being at the forefront [1]. Within these coun
tries, the residential sector plays a significant role as it accounts for 
approximately one-third of the total energy consumption across all 
sectors [2]. In the UK, over 80 % of the energy demand in the residential 
sector is attributed to heating applications, with approximately 60 % of 
this demand being met by fossil fuels [3,4]. As a result of this energy 
crisis, around 4.5 million households in the UK are experiencing fuel 
shortages and living in cold conditions [5]. 

To address these challenges, it is crucial to promote the increased 
adoption of renewable and alternative energy technologies, particularly 
solar energy, in domestic heating applications [6]. However, the inter

mittency of solar energy restricts its widespread utilization in domestic 
heating applications [7]. To fully harness the potential of solar energy 
for residential heating, the development of energy storage systems is 
necessary, particularly for long-term storage to store excess solar energy 
accumulated over extended periods (3–6 months) during summer [8]. 

Thermal energy storage (TES) technologies encompass three main 
categories: sensible thermal energy storage (STES) [9], latent thermal 
energy storage (LTES) [10], and thermochemical heat storage (TCES) 
[11]. Among these, TCES technology stands out due to its higher energy 
storage density (ESD, approximately 200–700 kWh⋅m− 3) [12], smaller 
volume [13] and negligible heat loss during storage [14]. These ad
vantages position TCES technology as a highly promising solution for 
seasonal energy storage in the residential sector, especially in situations 
where space is limited [15]. 
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Nomenclature Greek symbols 

Afreq 
Pre-exponential Arrhenius factor, 
s− 1 ρ Density, kg⋅m− 3 

C Specific heat, J⋅g− 1⋅K− 1 ε porosity 
c Mole concentration, mol⋅m− 3 α Reaction conversion degree 

Dg 
Gas diffusivity in reactive bed, 
m2⋅s− 1 η Efficiency, % 

d Thickness or depth, m μ Dynamic viscosity, Pa⋅s 

Ea 
Arrhenius activation energy, 
J⋅mol− 1 λ 

Thermal conductivity, 
W⋅m− 1⋅K− 1 

ΔHr Enthalpy, J⋅mol− 1 

Subscripts h Heat transfer coefficient, 
W⋅m− 2⋅K− 1 

k Permeability, m2 a Air 
M Molecular mass, g⋅mol− 1 ab Heat absorbed 
ṁ Mass flow rate, kg⋅s− 1 amb Ambient 
Nu Nusselt number Al Aluminium substrate 
P Pressure, Pa dis Discharging 
Pr Prandtl number eff Effective 
q̇ Volumetric heat source, W⋅m− 3 eq Equilibrium state 
Q Heat, J f Final 

R 
Universal gas constant, 
J⋅mol− 1⋅K− 1 i Initial 

Ra Rayleigh number in Inlet 
Rkin Kinetic factor, s− 1 int interval 
ΔSr Entropy, J⋅mol− 1⋅K− 1 ins Insulation plate 

Sw 
Mass source of water vapor, 
kg⋅m− 3⋅s− 1 kin Kinetic 

T Temperature, K or ◦C w Water 
t Time, min re Heat release 
u→ Velocity vector, m⋅s− 1 out Outlet 
V Volume of salt bed, m3   

z Stoichiometric number    

Thermochemical materials (TCMs) play a crucial role in TCES sys
tems. Salt hydrates (e.g., MgCl2⋅6H2O [16], CaCl2⋅6H2O [17], 
SrBr2⋅6H2O [18], and MgSO4⋅7H2O [19]) are typical TCMs that offer 
several advantages, including high ESD [20], low cost [21], and non- 
toxicity [22]. In addition, their regeneration temperature is below 
150 ◦C, making them suitable for solar energy storage [23]. Salt hy
drates utilize reversible solid-gas reactions to store or release heat dur
ing charging (i.e., dehydration) or discharging (i.e., hydration) 

processes [24]. The working principle is illustrated in in Fig. 1. 
In the solar-driven salt hydrate-based TCES system, the salt hydrate 

(salt⋅nH2O) absorbs solar heat and decomposes into salt and water vapor 
during the charging process, Conversely, the reverse reaction allows for 
the recombination of the salt and water vapor, accompanied by heat 
release during the discharging process [25]. The reversible solid-gas 
chemical reaction of the salt hydrate is described as follows: 

Salt⋅nH2O(solid) +ΔH ⇄
charging

discharging
Salt⋅(n − m)H2O(solid) +mH2O(gas) (1) 

CaCl2 has garnered widespread attention as a commonly used salt in 
TCMs. Several factors contribute to its appeal. To begin with, CaCl2 is 
easily accessible and comparatively cost-effective (priced at 1–5£/kg). 
Additionally, it demonstrates exceptional water absorption capacity and 
energy storage density, showcasing remarkable energy storage poten
tial. Moreover, when compared to other salt hydrates, CaCl2 exhibits 
superior chemical stability, low corrosive tendencies, and non-toxic at
tributes. Notably, it can undergo dehydration reactions at relatively 
modest temperatures (below 100 ◦C), making it highly suitable for low- 
temperature energy storage applications [26]. This amalgamation of 
qualities positions CaCl2 as a highly promising salt hydrate, especially 
well-suited for a diverse range of applications in the context of building- 
related thermal energy storage. Table 1 presents characteristics of 
several commonly used salts in TCES system for reference. 

However, the use of pure salt in TCES systems has limitations, 
particularly in terms of its deliquescence relative humidity (DRH). While 
desorption and adsorption processes can contribute to agglomeration 

Fig. 1. Schematic diagram of the reaction process of salt hydrates for solar energy storage in building applications.  

Table 1 
Characteristics of several commonly used salts in TCES system.  

Salt Energy storage 
density (kWh⋅m− 3) 

Dehydration 
temperature (◦C) 

Cost 
(£⋅kg− 1) 

Reference 

K2CO3  361  93 1–5 [27] 
CuCl2  483  53 10–50 [28] 
MgCl2  694  150 1–10 [27] 
SrBr2  628  88 50–200 [20] 
MgSO4  558  85 1–5 [29] 
CaCl2  750  32 1–5 [30]  
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and swelling of salt hydrates, it is imperative to highlight that deli
quescence of salt hydrate significantly exacerbates these phenomena 
when the relative humidity of work airflow exceeds the DRH [31]. These 
occurrences pose impediments to mass transfer and the overall cyclic 
stability of the system [26]. Concurrently, the formation of salt solutions 
due to the deliquescence of salt hydrates can lead to corrosion of reactor 
components, thereby diminishing the reactor's lifespan [21]. To address 
these, the formation of TCES composite materials through impregnation 
has been proposed. This involves attaching salts to the pore surface of 
porous materials such as zeolites [32], expanded vermiculite [33], 
expanded graphite [26] and silica gel [34]. TCES composite materials 
offer the advantage of combining the benefits of both salts and porous 
materials while mitigating their respective drawbacks [35]. The 
numerous micron-sized pores in TCES composite materials facilitate gas 
diffusion and promote mass transfer, thereby alleviating agglomeration 
and melting of salt during the discharge process [36]. Additionally, 
porous matrices have been used to enhance the thermal conductivity of 
TCMs. For example, the thermal conductivity of a TCES composite ma
terial composed of expanded natural graphite treated with sulfuric acid 
and SrBr2 can be significantly higher than that of pure SrBr2 [37]. 
Vermiculite is a naturally non-toxic mineral known for its lightweight 
and chemical inertness. It has become a favoured option as the primary 
matrix for composite materials [38]. TCES composite materials con
sisting of vermiculite and calcium chloride exhibit the most promising 
water uptake capability and excellent energy storage density when 
compared to other commonly used TCES composite materials. It has 
been demonstrated to possess great potential in open TCES systems [33]. 
A performance comparison of several commonly used composite mate
rials is presented in Table 2. 

In general, TCES systems can be classified into two types: open and 
closed systems [41]. Open systems use water vapor as both the reactant 
and product, which is obtained from the atmosphere during discharging 
and released back into the atmosphere during charging [42]. Water 
vapor serves as the medium for heat and mass transfer, eliminating the 
need for additional components in the system [43]. Open systems offer 
advantages in terms of structural simplicity, volumetric energy storage 
density, cost, and efficiency [13,44,45]. On the other hand, closed sys
tems require an evaporator/condenser to generate and collect vapor 
during the discharge and charging processes, as well as a heat exchanger 
unit for heat transfer to external applications [46]. In addition, closed 
systems also require a high vacuum and sealed integrity in the reactor, 
making them more complex and expensive [47]. However, closed sys
tems have the advantage of minimal environmental pollution due to 
their high seal integrity [36]. Considering the environmentally friendly 
nature of salt hydrates, open structures are more commonly used for salt 
hydrate-based TCES systems [48]. 

To enhance the performance of open TCES systems, researchers have 
made various attempts to optimize the structure of the reaction bed, 
operational parameters, and system configuration. Concerning the re
action bed, the long vapor permeation distance in the reaction hinders 
the transfer of water vapor, leading to the agglomeration and melting of 
TCMs, thereby affecting the system efficiency [31]. In recent years, 
novel reactor bed structures, such as honeycomb [49], multi-module 

[50], and copper mesh-packed structures [51], have been proposed to 
enhance the heat and mass transfer performance and improve the 
overall performance of TCES systems [24,52]. Operational parameters 
also play a crucial role in influencing the efficiency of TCES systems. 
Appropriate operational parameters, including temperature, airflow 
velocity, and operating pressure, have been demonstrated to maintain 
high system performance [8,16,24]. Furthermore, the optimization of 
system configuration has gained significant attention. The incorporation 
of supplementary components such as air-source heat pumps, solar 
collectors, and heat recovery units can significantly reduce the external 
energy consumption during the charging process of TCES systems, 
resulting in the improved thermal efficiency and performance coeffi
cient [53,54]. 

The current mainstream research on open TCES systems primarily 
focuses on using air as the medium for providing thermal energy to 
external spaces or applications directly. However, the utilization of 
water as the medium in open TCES systems has not been extensively 
studied. In contrast, a significant proportion (i.e., 95 %) of households in 
regions like the UK utilize central heating systems that circulate water to 
heat radiators [55]. While using air as a heat transfer medium for space 
heating is efficient and rapid, air-based TCES systems operate inde
pendently and cannot be easily integrated with existing central heating 
systems. It also requires the installation of a number of air ducts within 
buildings, which is challenging when renovating older building struc
tures. Moreover, during the initial stage of the discharging process, the 
air-based TCES systems may possibly encounter the problem of over
heating supply air [56]. 

In response to the limitations faced by conventional TCES systems, a 
novel TCES system has been introduced in this study, referred to as the 
TCES-HEX-HRU system. This novel system integrates a TCES reactor, an 
internal water-to-air microchannel tube heat exchanger (HEX), and an 
external air-to-air heat recovery unit (HRU) to revolutionize the way of 
managing and harnessing thermal energy of open-type TCES system. 
The novel system facilitates the transfer of heat released by TCES 
composite materials into the water within the embedded HEX, subse
quently directing it into the central hot water system of the building. 
This approach minimizes the necessity for extensive retrofitting of the 
existing residential buildings where water primarily serves as the heat 
transfer medium for space heating systems. Furthermore, as the heated 
water in the TCES-HEX-HRU system is conveyed to the central hot water 
buffer tank rather than terminal radiators in individual rooms, concerns 
related to the potential discomfort resulting from space overheating 
during the initial discharging of the air-based TCES system are allevi
ated. Moreover, the HRU component at the system's end effectively 
harnesses the residual heat from the reactor's exhaust airflow to preheat 
the ambient air entering the system, ensuring the effective utilization of 
the heat generated by the salt hydrate instead of allowing it to dissipate 
extensively into the environment. 

To validate the feasibility of the TCES-HEX-HRU system during the 
discharging process, a dynamic model of a small-scale system has been 
developed using COMSOL. Furthermore, this study conducts a compre
hensive parametric analysis to explore the impact of various operational 
and structural parameters on the discharging performance of this pio
neering system. This innovative integration of components, efficient 
heat transfer, and heat recovery mechanisms make the TCES-HEX-HRU 
system a promising solution for thermochemical energy storage. 

2. System description 

The schematic diagram of the TCES-HEX-HRU system proposed in 
this study is presented in Fig. 2. This system mainly consists of a TCES 
reactor with an inserted water-to-air microchannel tube heat exchanger 
(HEX) unit, an air-to-air heat recovery unit (HRU), a duct fan, and an 
ultrasonic humidifier. During the discharging process, low-temperature 
ambient air enters HRU and is preheated by the hot exhaust air from the 
TCES reactor. Subsequently, the preheated airflow is humidified by the 

Table 2 
Performance comparison of several commonly used TCES composite materials.  

Host matrix Salt Salt 
content 
(wt%) 

Water uptake 
capability 
(g⋅g− 1) 

Energy 
storage 
density 
(J⋅g− 1) 

Reference 

Vermiculite CaCl2  72  1.04  1493 This 
study 

Vermiculite SrBr2  58  0.53  1650 [37] 
Vermiculite LiNO3  63  0.50  900 [39] 
Silica-gel CaCl2  43  0.40  1080 [40] 
Diatomite CaCl2  33  0.82  1520 [21]  
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ultrasonic humidifier. After that, the humidified airflow enters the TCES 
reactor and flows upwards through the reaction bed, where the moisture 
in the airflow is absorbed by the TCES composite materials, accompa
nied by abundant absorption heat being released. Part of the heat is 
transferred to the water through HEX and flows into the building central 
water heating system, while the remaining heat is absorbed by the 

airflow. Finally, the heated airflow is directed to HRU for heat recovery 
before being exhausted into the environment. 

The 3D structure of the combined TCES reaction bed and HEX unit 
within the TCES reactor is depicted in Fig. 3. The reaction bed has di
mensions of 0.28 m × 0.28 m × 0.05 mm (length × width × height) and 
consists of 10 water-to-air water channels (flat microchannel tubes) that 

Fig. 2. Schematic of the TCES-HEX-HRU system.  

Fig. 3. Schematic of the combined TCES reaction bed and HEX unit.  
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traverse the entire bed. Each water channel has a width of 0.002 m, a 
height of 0.05 m, and a spacing of 0.026 m between water channels. 
Water is utilized as the heat exchange medium inside HEX. The residual 
space within the reaction bed was occupied by TCES composite mate
rials, specifically consisting of vermiculite and CaCl2 in this investiga
tion. These vermiculite-CaCl2 TCES composite materials were prepared 
using the conventional dry impregnation technique. The TCES com
posite materials display varying axial lengths, ranging from 3 to 8 mm, 
with corresponding cross-sectional areas spanning from 0.64 to 2 cm2. It 
is noteworthy that these materials exhibit a porosity of 0.64 and a 
permeability of 8.24 × 10− 6 m2. 

3. Mathematical model 

This study develops a mathematical model to quantitatively assess 
the discharging performance of the proposed TCES-HEX-HRU system. 
The numerical study employs the following assumptions to establish 
control equations that describe the mass and energy transfer within the 
system:  

(1) A local thermal equilibrium exists between the TCES composite 
materials and the airflow in the reaction bed [8,45]. 

(2) The radiative heat transfer in the TCES reactor and HRU is dis
regarded [57,58].  

(3) The airflow is considered as an ideal gas and is assumed to be 
uniformly distributed, following Darcy's law in the reaction bed 
[59].  

(4) The TCES composite materials are uniformly dispersed 
throughout the reaction bed. Additionally, the impact of the sieve 
plate located at the base of the reaction bed on the solid-gas re
action is disregarded [24]. 

3.1. Reaction kinetics 

The kinetics of the reaction associated with salt hydrates can be 
described using three key parameters: the time-dependent extent of 
conversion, pressure, and temperature [57]. The rate of conversion of 
salt hydrates during the charging and discharging processes is expressed 
as: 

∂α
∂t

= Rkinα
(

1 −
Pv

Peq

)

= Afreqexp
(

−
Ea

RT

)

α
(

1 −
Pv

Peq

)

for discharging

(2)  

where α is the conversion degree; Rkin is the chemical kinetic factor, s− 1; 
Pv and Peq are the partial pressure of water vapor and the equilibrium 
pressure of water vapor, respectively, Pa; Afreq is the pre-exponential 
Arrhenius factor, s− 1; R is universal gas constant, J⋅mol− 1⋅K− 1, and Ea 
refers to the Arrhenius activation energy, J⋅mol− 1. 

The conversion degree of salt hydrate can be defined as: 

α(t) = ms,i − ms(t)
ms,i − ms,f

(3)  

where ms,i and ms,f are respectively the initial and final mass of the salt 
hydrate (i.e., CaCl2⋅6H2O) in the reaction bed, kg. Given that the utilized 
model in COMSOL exclusively considers concentration, the expression 
for the degree of conversion has been accordingly modified to: 

α(t) = cs,i − cs(t)
cs,i − cs,f

(4)  

where cs,i and cs,f are the initial and final molar concentration of the salt 
hydrate, mol⋅m− 3, respectively. 

Assuming that the mass transfer and chemical reaction processes 
occur rapidly enough during the solid-gas reaction to maintain the 

system at the prevailing temperature, the equilibrium pressure (Peq) and 
temperature (T) can be correlated using the Clausius-Clapeyron equa
tion, which is given by: 

ln
(

Peq

Pref

)

= −
ΔHr

RT ref
+

ΔSr

R
(5)  

where Pref is the reference pressure, Pa; ΔHr is the reaction enthalpy, 
J⋅mol− 1; Tref is the reference temperature, K; and ΔSr is the reaction 
entropy, J⋅mol− 1⋅K− 1. 

3.2. Mass conservation 

Given the absence of mass transfer between the reactor and the 
external environment, the density of the salt hydrate decreases during 
the charging process, while the densities of the dehydrated salt and 
water vapor increase. The mass transfer equation for water vapor can be 
expressed as follows: 

ε ∂ρv

∂t
= Sw − ∇(ρv u→)+DgΔρv (6)  

where ε is the porosity of the TCES composite materials; ρv is the density 
of water vapor, kg⋅m− 3; u→ is the velocity vector, m⋅s− 1; Dg is the 
diffusion coefficient of water vapor in the reaction bed, m2⋅s− 1; and Sw is 
the mass source and is expressed as: 

Sw = zcs,i
∂α
∂t

Mv (7)  

where z is the stoichiometric number of the reaction; and Mv is the 
molecular mass of vapor, kg⋅mol− 1. 

Furthermore, the mass conservation equation for the moist air 
mixture can be determined as: 

ε ∂ρa

∂t
= Sw − ∇(ρa u→) (8)  

where ρa is the density of the airflow (i.e., moist air mixture), kg⋅m− 3. 

3.3. Mass transport 

The flow of moist air mixture through the reaction bed follows the 
Brinkman-Forchheimer extended Darcy model, and the corresponding 
equation for mass transport is expressed as follows: 

ρa

ε
∂ u→

∂t
+

ρa u→∇ u→

ε2 =∇

[

− Pa
̅→I+

μ
ε

(

∇ u→+(∇ u→)
T
−

2μ
3ε(∇ u→)I

)]

+Sw
u→

ε2 −
μ
k

u→

(9)  

where k is the permeability of the TCES composite materials in the re
action bed, m2; and μ is the dynamic viscosity of the moist air mixture, 
Pa⋅s. 

3.4. Energy conservation 

In the TCES reactor, the energy balance equation of the reaction bed 
is explicated as: 

(1 − ε)ρsCs
∂T
∂t

= ∇
(
λeff∇T

)
− Caρa u→∇T + ha,Al(TAl − T)+ q̇ (10)  

where ρs is the density of the salt, kg⋅m− 3; Cs and Ca are the specific heat 
of the salt and water vapor, J⋅g− 1⋅K− 1; λeff is the effective thermal con
ductivity of the reaction bed, W⋅m− 1⋅K− 1; Tw is the temperature of the 
water in water channels, K; ha,Al is the convective heat transfer coeffi
cient between the air flow and aluminium water channels, W⋅m− 2⋅K− 1; 
and q̇ is the heat absorbed or released by the salt hydrate in the charging 
or discharging process, W⋅m− 3. 

The effective thermal conductivity of the reaction bed can be 
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described as follows: 

λeff = (1 − ε)λs + ελa (11)  

where λs and λa represent the thermal conductivities of the solid salt and 
airflow, respectively, W⋅m− 1⋅K− 1. 

The convective heat transfer coefficient between the airflow and 
aluminium water channels is described as [60]: 

ha,Al = Nu
λa

dint/2
= 0.023Re0.8Pr0.4 λa

dint/2
(12)  

where d is the distance between the adjacent water channels, m; Re is the 
Reynolds number; and Pr is the Prandtl number. 

The heat absorbed or released by the thermochemical reaction of salt 
hydrate is described as: 

q̇ = ± zcs,i
∂α
∂t

ΔHr (13)  

where “− ” is for the charging process and “+” is for the discharging 
process. 

The energy balance equation of the aluminium water channels is 
expressed as: 

ρAlCAl
∂TAl

∂t
= λAl∇

2TAl + ha,Al(TAl − T)+ hAl,w(Tw − TAl) (14)  

where ρAl, CAl, and λAl are the density, specific heat capacity, and 
thermal conductivity of the aluminium water channels, kg⋅m− 3, 
J⋅g− 1⋅K− 1, and W⋅m− 1⋅K− 1, respectively; and hAl,w is the convective heat 
transfer coefficient between the aluminium water channels and water
flow, it is calculated from Nusselt number. 

The energy balance equation of water in the water channel is 
expressed as: 

ρwCw
∂Tw

∂t
+ ρwCw u→w∇Tw = λw∇

2Tw + hAl,w(TAl − Tw) (15)  

where ρw, Cw, and λw are the density, specific heat capacity, and thermal 
conductivity of the waterflow in the water channel, kg⋅m− 3, J⋅g− 1⋅K− 1, 
and W⋅m− 1⋅K− 1, respectively; and u→w is the velocity of waterflow, 
m⋅s− 1. 

3.5. Boundaries and initial conditions 

Given that the TCES reactor is typically located in the indoor envi
ronment with negligible local wind speeds, natural convective heat ex
change is the predominant mode of heat transfer between the reactor 
and its surroundings. Consequently, the heat balance equation for the 
external surface of the TCES reactor can be expressed as follows: 

− n(λins∇T) = hins(Tamb − T) (16)  

where λins is the thermal conductivity of the insulating material, 
W⋅m− 1⋅K− 1; hins is the natural convective heat transfer coefficient be
tween the reactor and ambient air, W⋅m− 2⋅K− 1; and Tamb is the ambient 
air temperature, K. 

At the initial stage, the temperature T, pressure P, degree of con
version α, air velocity u→, and water velocity u→w at any location within 
the reactor are assumed to be uniform. 

T = T0;P = Pref ;α = 1; u→= 0; u→w = 0 (17) 

The air and water variables exhibit constancy at the system and HEX 
inlet. Non-slip boundary conditions have been imposed on the reactor 
and the HEX walls. 

As this TCES system is an open system, the pressure inside the reactor 
is equivalent to the ambient pressure Pref. The temperature gradient at 
the system outlet (i.e., HRU air outlet) and HEX water outlet are zero. 
Furthermore, the mass flow through the outlet boundary is assumed to 

be convectively dominated; therefore, any mass flow through this 
boundary due to diffusion is considered negligible. 

3.6. Performance metrics 

In this study, the system's overall thermal efficiency during the dis
charging process can be defined as the amount of heat absorbed by the 
airflow or the amount of heat absorbed by the waterflow divided by the 
amount of heat released from the thermochemical reaction of the TCES 
composite materials, which can be expressed as: 

ηth =
Qab,a

Qre
or ηth =

Qab,w

Qre
(18)  

where Qab,a and Qab,w is the amount of heat absorbed by the airflow and 
waterflow, respectively, kJ; and Qre is the amount of heat released from 
the TCES composite materials. 

The amount of heat absorbed by the airflow is given as: 

Qab,a =

∫

Caṁa
(
Ta,out − Ta,in

)
dt (19)  

where ṁa is the mass flow rate of the airflow, kg⋅s− 1; Ta,out and Ta,in are 
the airflow temperatures at the inlet and outlet of the reactor, respec
tively, K. 

The amount of heat absorbed by the waterflow is given as: 

Qab,w =

∫

Cwṁw
(
Tw,out − Tw,in

)
dt (20)  

where ṁw is the mass flow rate of the waterflow, kg⋅s− 1; Tw,out and Tw,in 
are the waterflow temperatures at the inlet and outlet of the water 
channel, respectively, K. 

The amount of heat released by the TCES composite materials is 
given as: 

Qre =

∫ ∫

zcs,i
∂α
∂t

ΔHrdtdV (21) 

Table 3 lists some key parameters of the combined TCES reaction bed 
and HEX unit and their respective values used in this numerical study. 

4. Model validation 

To validate the established mathematical model in this study, an 
experimental setup of a combined TCES reaction bed with an embedded 
HEX unit was built for the discharging process. Fig. 4 present the picture 
of the combined TCES reaction bed with HEX. The reaction bed was 
constructed using a 1 mm-thick metal mesh, with dimensions of 0.282 
m × 0.282 m × 0.050 m (length × width × height). Within the reaction 
bed, three aluminium water channels, each of 0.002 m in thickness, 
were incorporated. Water was used as the heat exchange medium within 
HEX, while the remaining space in the reaction bed was filled with TCES 
composite materials. In order to compare the simulation results with the 
experimental measurements, the root mean square deviation (RMSD) is 
defined by the following equation: [54]. 

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ [(

xsim,i − xexp,i
)/

xexp,i
]2

n

√

(22) 

The simulated and experimental results of the reactor outlet airflow 
temperature and HEX outlet waterflow temperature are shown in Fig. 5 
(a) and (b), respectively. Both simulated and experimental reactor outlet 
air temperatures rapidly increased during the initial stage, reaching 
their respective peak values of 34.54 ◦C and 34.6 ◦C. Then, both tem
perature curves decreased until the end. The maximum difference be
tween simulated and experimental reactor outlet air temperatures was 
2.9 ◦C during the initial stage. The simulated and experimental HEX 
outlet water temperature followed a similar trend to the reactor outlet 
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air temperature, peaking at 28.52 ◦C and 28.49 ◦C, respectively. The 
maximum difference between simulated and experimental HEX outlet 
water temperatures was 0.67 ◦C. According to Eq. (22), the RMSD values 
of the reactor outlet air temperature and HEX outlet water temperature 
were 1.86 % and 0.54 %, respectively. The comparison indicates that the 
simulation results obtained using the proposed mathematical model 
agree well with the experimental data. Therefore, the mathematical 
model developed in Section 3 can accurately predict the performance of 
the proposed TCES-HEX-HRU system during the discharging process. 

5. Results and discussion 

Based on the mathematical model established in Section 3, a nu
merical analysis of the thermal performance of the TCES-HEX-HRU 
system during the discharging process is conducted, and comparisons 
are made with a typical TCES system without the involvement of the 
HEX and HRU (i.e., the TCES-only system) and another TCES system 
with the HEX but without the HRU (i.e., the TCES-HEX system). 

5.1. Effect of the internal heat exchange and external heat recovery 
schemes 

The thermal performance of the TCES-HEX-HEX system over a 
complete discharging process is investigated and compared with the 
TCES-only and TCES-HEX systems. Although evaluating the perfor
mance of the TCES system under winter conditions and accurately 
predicting its real-world capabilities can be achieved by considering a 
low system inlet airflow temperature or a temperature close to the 
outdoor winter condition, it is essential to strike a balance among 
various factors when selecting the inlet airflow temperature for the TCES 
system. A low inlet airflow temperature may result in a slow conversion 
rate and a low heat release rate due to the low-level moisture saturation 
of the cold air, which consequently affects the performance and effi
ciency of the TCES system. Directly introducing cold air into the TCES 
system is impractical at present. Instead, preheating the air to ensure it 
has the capacity to carry more moisture before entering the TCES system 
is necessary. In this numerical study, it is assumed that the airflow has 

Table 3 
Key parameters of the combined TCES reaction bed and HEX unit.  

Parameters Description Value 

Mv Molecular mass of vapor (g⋅mol− 1) 18.02 
Ms Molecular mass of salt (g⋅mol− 1) 219.08 
cs,i Molar concentration (mol⋅m− 3) 1660 
k Permeability of TCES composite materials (m2) 8.24⋅10− 6 

Cs Specific heat of the TCES composite materials 
(J⋅g− 1⋅K− 1) 

0.626 

λs Thermal conductivity of TCES composite materials 
(W⋅m− 1⋅K− 1) 

0.0669 

ε Porosity 0.64 
Ea Activation energy (J⋅mol− 1) 44,700 

[61] 
ΔHr Reaction enthalpy (J⋅mol− 1) 53,400 

[62] 
ΔSr Reaction entropy (J⋅mol− 1⋅K− 1) 104.62 

[63] 
Dg Gas diffusion coefficient (m2⋅s− 1) 2.3⋅10− 8 

Ca Specific heat of the airflow (J⋅g− 1⋅K− 1) 1.006 
R Universal gas constant (J⋅mol− 1⋅K− 1) 8.314 
Pref Reference pressure (Pa) 101,325 
CAl Specific heat of the aluminium water channels 

(J⋅g− 1⋅K− 1) 
0.897 

ρAl Density of the aluminium water channels (kg⋅m− 3) 2700 
λAl Thermal conductivity of the aluminium water 

channels (W⋅m− 1⋅K− 1) 
209 

Cw Specific heat of the water (J⋅g− 1⋅K− 1) 4.184 
ρw Density of the water (kg⋅m− 3) 1000 
Tin,a Airflow temperature at system inlet (◦C) 20 
Tin,w Waterflow temperature at HEX inlet (◦C) 27 
λins Thermal conductivity of the insulating material 

(W⋅m− 1⋅K− 1) 
0.035 

L Length of the reaction bed (m) 0.280 
W Width of the reaction bed (m) 0.280 
H Height of the reaction bed (m) 0.05 
l Length of the HEX waterflow channel (m) 0.28 
w Width of the HEX waterflow channel (m) 0.002 
h Height of the HEX waterflow channel (m) 0.05 
dint Interval of the HEX waterflow channel (m) 0.0262 

Note: k, Cs, λs, ε and Dg of the vermiculite-CaCl2 composite in this study are 
sourced from self-conducted experimental tests. 

Fig. 4. (a) Schematic diagram of the reactor in experiment; and (b) Top view of the experimental set-up of the combined TCES reaction bed and HEX unit.  
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been preheated and humidified to 21 ◦C and 80 % relative humidity 
(RH) before entering the system. The mass flow rate of the airflow is 
0.014 kg⋅s− 1. The HEX inlet waterflow temperature of is 27 ◦C, with a 
mass flow rate of 0.01 kg⋅s− 1. Fig. 6(a) depicts the reactor outlet airflow 
temperature for the TCES-only, TCES-HEX and TCES-HEX-HRU systems. 
The peak airflow temperature at the reactor outlet of the TCES-only 
system is the highest among the three, measuring 42.52 ◦C. It is 
4.56 ◦C higher than that of the TCES-HEX system, in which a portion of 
the heat released during the salt hydration process is transferred to the 
water inside the water channels. After that, the reactor outlet temper
ature of the TCES-HEX system exceeds that of the TCES-only system at 
around 126th minute as the temperatures decrease. This phenomenon is 
attributed to the decline in heat generation from the salt hydration re
action as the discharging process progresses. As the salt near the bottom 
of the reaction bed reaches a state of complete or near-complete reac
tion, its localized temperature falls below that of the water flow circu
lating through the channels. Consequently, the heat transfer mechanism 
causes the water flow to transfer thermal energy to the airflow within 
the reaction bed, thereby sustaining a higher temperature in the latter. 
The reactor outlet airflow temperature of the TCES-HEX-HRU system is 
only 0.41 ◦C lower than that of the TCES-only system at the initial stage, 
however it is higher than both TCES-only and TCES-HEX systems in the 

subsequent stages. This indicates that the incorporation of HRU 
contribute to achieving effective heat recovery during the discharging 
process. This is also reflected in the outlet waterflow temperature of 
HEX, as shown in Fig. 6(b). Throughout the entire discharging process, 
the HEX outlet waterflow temperature of the TCES-HEX-HRU system 
remains higher than that of the TCES-HEX system. The involvement of 
HRU results in a maximum increase of 2.65 ◦C and an average increase 
of 2.1 ◦C in the HEX outlet water temperature. 

According to Eq. (18), the total thermal efficiencies of the three 
systems are calculated and presented in Table 4. The TCES-only system 
exhibits the highest system's overall thermal efficiency among these 
three systems at 97.79 %, as the heat generated by the salt in the hy
dration reaction in this system is directly transferred to the airflow 
which serves as the heat transfer medium, with only a small portion of 

Fig. 5. Simulation and experiment results of (a) reactor outlet airflow temperature and (b) HEX outlet waterflow temperature.  

Fig. 6. Variation of (a) reactor outlet airflow temperatures, and (b) HEX outlet waterflow temperatures over a complete discharging process.  

Table 4 
Discharging performance of the TCES-only, TCES-HEX and TCES-HEX-HRU.  

System type Peak Tout,a (◦C) Peak Tout,w (◦C) Qab (kJ) ηth (%) 

TCES-only  42.52 –  2555.40  97.79 
TCES-HEX  37.95 29.15  307.34  12.67 
TCES-HEX-HRU  42.11 31.77  1998.16  82.35  
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heat dissipated to the surroundings through insulation materials. How
ever, in the other two water-based systems, only a portion of the heat is 
absorbed by the water (i.e., the target heated medium), while the 
remaining heat is absorbed by the air and released to the surroundings to 
some extents. Nevertheless, the incorporation of HRU in the TCES-HEX- 
HRU system allows for the recovery of some waste heat from the 
exhausted air stream, resulting in a significantly higher system's overall 
thermal efficiency of approximately 82.35 %, which is approximately 69 
percentage points higher than that of the TCES-HEX system. Although 
the system's overall thermal efficiency of the TCES-only system is higher 
than that of the TCES-HEX-HRU system, there are practical challenges 
associated with the installation of extensive piping for the air-based 
TCES-only system in existing buildings. Additionally, the air-based 
TCES-only system lacks the capability to easily regulate the real-time 
outlet temperature. In contrast, the water-based TCES-HEX-HRU sys
tem can be directly integrated to the existing centralized heating systems 
in buildings, addressing the aforementioned challenges in the TCES-only 
system. Furthermore, with the inclusion of HRU, the penalty in the 
system's overall thermal efficiency due to the increased heat transfer 
resistance inside the reactor bed becomes marginal, resulting in a sys
tem's overall thermal efficiency that reaches an acceptable level. 

5.2. Coupling effect of system inlet airflow and HEX inlet waterflow 
temperatures 

The system inlet airflow temperature and HEX inlet waterflow tem
perature are two key factors determining the performance of the TCES- 
HEX-HRU system during the discharging process. Therefore, in this 
section, the influence of the system inlet airflow temperature and HEX 
inlet waterflow temperature on the maximum temperature lift and 
system's overall thermal efficiency of the TCES-HEX-HRU system is 
assessed. The system inlet airflow temperature is assumed to vary within 
the range of 15 ◦C to 24 ◦C, while the HEX inlet water temperature 
ranges from 25 ◦C to 30 ◦C. The mass flow rates of the system inlet 
airflow and HEX inlet waterflow are specified as 0.014 kg⋅s− 1and 0.01 
kg⋅s− 1, respectively. 

The effect of the system inlet airflow temperature and HEX inlet 
waterflow temperature on the HEX maximum temperature lift is illus
trated in Fig. 7(a). The HEX maximum temperature lift increases with 
the higher system inlet airflow temperature. This can be attributed to the 
reduced temperature difference between the TCES composite materials 
and the airflow as the system inlet airflow temperature rises. Conse
quently, the heat transferred from the TCES composite materials to the 
airflow decreases while the heat transferred to the waterflow increases. 
Specifically, when the HEX inlet waterflow temperature is maintained at 
25 ◦C, the HEX maximum temperature lift reaches 4.91 ◦C at an inlet 

airflow temperature of 15 ◦C, and it increases to 5.15 ◦C at a system inlet 
airflow temperature of 24 ◦C. However, the influence of the HEX inlet 
waterflow temperature on the HEX maximum temperature lift is oppo
site to that of the system inlet airflow temperature. The HEX maximum 
temperature lift decreases as the HEX inlet waterflow temperature in
creases. This can be caused by the decrease in temperature difference 
between the TCES composite materials and the waterflow as the HEX 
inlet water temperature rises. As a result, there is a reduction in the heat 
transferred from the TCES composite materials to the waterflow while 
the heat transferred to the airflow increases. When the system inlet 
airflow temperature is set at 15 ◦C and the HEX inlet waterflow tem
perature is set at 25 ◦C, the HEX maximum temperature lift is only 
4.08 ◦C. 

Fig. 7(b) depicts the influence of the system inlet airflow temperature 
and HEX inlet waterflow temperature on the system's overall thermal 
efficiency. Consistent with the impact on the maximum temperature lift, 
an increase in the system inlet airflow temperature leads to an 
improvement in the system's overall thermal efficiency, while an in
crease in the HEX inlet waterflow temperature results in a decrease in 
the system's overall thermal efficiency. Specifically, when the HEX inlet 
waterflow temperature is maintained at 25 ◦C, the system achieves a 
system's overall thermal efficiency of 75.77 % at a system inlet airflow 
temperature of 15 ◦C. The system's overall thermal efficiency increases 
to 80 % as the system inlet airflow temperature rises to 17.8 ◦C. More
over, with further increases in the system inlet airflow temperature, the 
system's overall thermal efficiency reaches 90 % and 92.12 % at system 
inlet airflow temperatures of 23.4 ◦C and 24 ◦C, respectively. 
Conversely, as the HEX inlet waterflow temperature increases, the sys
tem's overall thermal efficiency declines. When the HEX inlet waterflow 
temperature reaches 30 ◦C, it becomes extremely difficult for the sys
tem's overall thermal efficiency to exceed 80 % within the specified 
range of the system inlet airflow temperatures. 

5.3. Coupling effect of airflow and waterflow mass flow rates 

The mass flow rate of airflow and the mass flow rate of waterflow are 
also crucial operational parameters that impact the system discharging 
performance. This section discusses the combined effects of these two 
parameters on the HEX maximum temperature lift and system's overall 
thermal efficiency. Assuming the system inlet airflow temperature and 
HEX inlet waterflow temperature are set at 21 ◦C and 27 ◦C, respec
tively, the mass flow rate of waterflow ranges from 0.0025 kg⋅s− 1 to 
0.025 kg⋅s− 1, while the mass flow rate of airflow varies between 0.009 
kg⋅s− 1 and 0.017 kg⋅s− 1. Fig. 8(a) shows the influence of the mass flow 
rate of airflow and the mass flow rate of waterflow on the HEX maximum 
temperature lift. When the mass flow rate of the waterflow remains 

Fig. 7. Effect of system airflow inlet temperature and HEX water inlet temperature on (a) HEX maximum temperature lift, and (b) system's overall thermal efficiency.  
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constant, the maximum temperature lift in HEX slightly increases with 
an augmentation in the mass flow rate of the airflow, owing to the 
enhanced heat and mass transfer within the reaction bed. Specifically, 
when the mass flow rate of waterflow in HEX is maintained at 0.0025 
kg⋅s− 1, the HEX maximum temperature lift is 13.37 ◦C at a mass flow 
rate of airflow of 0.009 kg⋅s− 1. However, increasing the mass flow rate 
airflow to 0.017 kg⋅s− 1 results in a mere increment of 1.26 ◦C, reaching 
14.63 ◦C. 

In contrast to the effect of the mass flow rate of airflow, the HEX 
maximum temperature lift experiences a significant decline with an 
increase in the mass flow rate of waterflow starting from 0.0025 kg⋅s− 1, 
followed by a diminishing rate of decrease until reaching a steady state. 
This is because the increase in the mass flow rate of waterflow causes a 
reduced residence time of the unit mass of water within the water 
channels, leading to a decrease in the amount of heat obtained. For 
instance, when the mass flow rate of waterflow increases from 0.0025 
kg⋅s− 1 to 0.004 kg⋅s− 1, the HEX maximum temperature lift decreases by 
3.37 ◦C. However, when the mass flow rate of waterflow in HEX further 
increases from 0.0086 kg⋅s− 1 to 0.025 kg⋅s− 1, the HEX maximum tem
perature lift only diminishes by 2.88 ◦C. It can be observed from the 
provided data and Fig. 8(a) that the mass flow rate of waterflow has a 
significant impact on the HEX maximum temperature lift, while the 
effect of the mass flow rate of airflow on the HEX maximum temperature 
lift is negligible. 

Fig. 8(b) portrays the influence of the mass flow rate of airflow and 
the mass flow rate of waterflow on the system's overall thermal effi
ciency. Notably, an increase in the mass flow rate of airflow corresponds 
to a decrease in system's overall thermal efficiency. This is because, with 
the increase in the mass flow rate of airflow, more heat is carried away 
from the reaction bed by the airflow rather than the waterflow. While 
the effect of the increase in the mass flow rate of waterflow yields an 
opposing outcome, resulting in an elevation of the system's overall 
thermal efficiency. This is because, with the increase in the mass flow 
rate of waterflow, more heat is absorbed by the waterflow and trans
ferred to the central heating system rather than the airflow. Under the 
condition of a constant mass flow rate of waterflow of 0.0025 kg⋅s− 1, the 
system's overall thermal efficiency achieves 80 % when the mass flow 
rate of airflow reaches 0.0095 kg⋅s− 1. Subsequently, as the mass flow 
rate of airflow progressively rises, the system's overall thermal efficiency 
exhibits a gradual decline, ultimately reaching 70 % when the mass flow 
rate of airflow reaches 0.015 kg⋅s− 1. Conversely, when maintaining the 
mass flow rate of airflow at a steady value of 0.009 kg⋅s− 1 and 
commencing with a mass flow rate of waterflow of 0.0025 kg⋅s− 1, the 
system's overall thermal efficiency already surpasses 80 %. Moreover, 
with a further increase in the mass flow rate of waterflow to 0.016 
kg⋅s− 1, the system's overall thermal efficiency attains 90 %. 

The results indicate that the mass flow rate of airflow and the mass 
flow rate of waterflow exert contrasting influences on both the 
maximum temperature lift and system's overall thermal efficiency. 
Consequently, it becomes imperative to strike a judicious balance be
tween the maximum temperature lift and system's overall thermal effi
ciency when determining the appropriate values for the mass flow rate 
of airflow and the mass flow rate of waterflow, thereby identifying the 
optimal velocity range. Remarkably, when the mass flow rate of airflow 
remains below 0.0095 kg⋅s− 1 within the presumed range of mass flow 
rate of waterflow, the system achieves a system's overall thermal effi
ciency surpassing 80 %. Similarly, when the mass flow rate of waterflow 
remains below 0.004 kg⋅s− 1, the maximum temperature lift in HEX ex
ceeds 10 ◦C. Based on the provided data, it can be inferred that for 
achieving favourable performance in terms of both HEX maximum 
temperature lift and system's overall thermal efficiency, it is advisable to 
maintain the mass flow rate of airflow below 0.0095 kg⋅s− 1 and the mass 
flow rate of waterflow below 0.004 kg⋅s− 1. 

5.4. Effect of the number of water channels 

The number of water channels denoted as “n” in the HEX, is a crucial 
structural parameter that significantly affects the performance of the 

Fig. 8. The effect of mass flow rate of airflow and the mass flow rate of waterflow on (a) HEX maximum temperature lift, and (b) system's overall thermal efficiency.  

Fig. 9. The effect of the number of water channels on the HEX outlet waterflow 
temperature. 
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TCES-HEX-HRU system. This section investigates the impact of the 
number of water channels in the HEX on the discharging process while 
maintaining constant reactor volume and inlet parameters. As shown in 
Fig. 9, the highest temperature of HEX outlet waterflow increases with 
an increase in the number of water channels within HEX, when the 
number of water channels do not exceed 30. Specifically, when n = 8 
(the volume of TCES composite material in reaction bed Vs = 3.64 L), the 
recorded highest temperature of HEX outlet waterflow is 31.10 ◦C. 
However, as the number of water channels increases to 30 (i.e., Vs =
3.08 L), the highest temperature of HEX outlet waterflow rises by 
2.57 ◦C, reaching 33.67 ◦C. When the number of water channels exceeds 
30, an increase in the number of water channels leads to a decrease in 
the highest temperature of HEX outlet waterflow. For instance, when the 
number of water channels increases from 30 to 55 (Vs: 3.08 L → 2.25 L), 
the highest temperature of HEX outlet waterflow decreases from 
33.67 ◦C to 33.02 ◦C. 

Fig. 10 illustrates the impact of the number of water channels on the 
heat release from the TCES composite materials. As the number of water 
channels increases in HEX, there is a decrease in the amount of heat 
released by the TCES composite materials during the discharge process. 
The relationship between the number of water channels and the amount 
of heat absorbed by the waterflow is also depicted in Fig. 10. Initially, 
the amount of heat absorbed by the waterflow increases with an increase 
in the number of water channels, reaching a maximum value of 2067.23 
kJ when n = 15 (note: the value is 2063.07 kJ and 2061.06 kJ when n is 
14 and 16, respectively). However, as the number of water channels 
continues to increase, the amount of heat absorbed by the waterflow 
decreases. This is because the amount of heat absorbed by the waterflow 
is influenced by the amount of heat released by the TCES composite 
materials and the heat transfer efficiency. Although increasing the 
number of water channels reduces the amount of heat released by the 
TCES composite materials during the discharge process, the increased 
contact area between the water channels and TCES composite materials 
enhances the heat transfer efficiency. When the number of water 
channels is below 15 (i.e., Vs > 3.5 L), the positive effect of increased 
heat transfer efficiency outweighs the decrease in heat released by TCES 
composite materials. However, the opposite effect occurs when the 
number of water channels exceeds 15 (i.e., Vs < 3.5 L). Furthermore, 
Fig. 10 also presents the relationship between the system's overall 
thermal efficiency of the system and the number of water channels in the 
HEX. The system's overall thermal efficiency exhibits a significant 
improvement as the number of water channels increases within the 
range of 10 to 25. With a further increase in the number of water 

channels, the system's overall thermal efficiency of the system reaches a 
plateau and gradually increases until it reaches its highest value of 
92.09 % at n = 35 (i.e., Vs = 2.38 L). Subsequently, as the number of 
water channels continues to increase, the system's overall thermal effi
ciency of the system starts to decline. 

5.5. Effect of width of the water channels 

In this section, we investigate how the width of the water channels in 
HEX, denoted as “w”, influence the system performance during the 
discharging process while maintaining a constant reactor volume and 
inlet parameters. Fig. 11 illustrates the relationship between w and the 
highest temperature of HEX outlet waterflow. It is observed that as w 
increases, the highest temperature of HEX outlet waterflow shows a 
decreasing trend. For instance, when w is set to 0.002 m (i.e., Vs = 3.64 
L), the HEX achieves the maximum highest temperature of HEX outlet 
waterflow of 31.78 ◦C. However, with an increase in w to 0.025 m (i.e., 
Vs = 0.42 L), there is a significant decline, and the highest temperature 
of HEX outlet waterflow drops to 28.37 ◦C. This phenomenon can be 
attributed to the increase in the thermal resistance caused by the elon
gation of the heat transfer path as the water channel width expands. 
Furthermore, the widening of the water channel leads to a reduction in 
the volume of TCES composite material within reaction bed. Conse
quently, there is a decrease in the amount of heat released during the 
discharging process. Fig. 12 visually demonstrates the impact of the 
water channel width on the amount of heat released by the TCES com
posite materials and the amount of heat absorbed by the waterflow. 

As shown in Fig. 12, when w increases from 0.002 m to 0.025 m, the 
amount of heat released by the TCES composite materials decreases from 
2426.40 kJ to 279.97 kJ, and the amount of heat absorbed by the 
waterflow diminishes from 1998.17 kJ to 158.81 kJ. The system's 
overall thermal efficiency is intricately linked to the combined effects of 
the amount of heat released by the TCES composite materials and the 
amount of heat absorbed by the waterflow, as demonstrated in Fig. 12. 
The system's overall thermal efficiency gradually improves as w in
creases from 0.002 m until it reaches its peak of 83.88 % at w = 0.015 m 
(i.e., Vs = 1.82 L). However, a further increase in w leads to a rapid 
decline in the system's overall thermal efficiency, dropping to 66.37 % 
when w is 0.025. 

Typically, the width of the water channels (i.e., flat microchannel 
tubes) falls within the range of 0.01 m or below. Based on the above
mentioned findings, a variation in w within this range, does not exert a 

Fig. 10. The effect of number of the water channels on the amount of heat 
absorbed by the waterflow, the amount of heat released by the TCES composite 
materials and system's overall thermal efficiency. 

Fig. 11. The effect of width of the water channels on the HEX outlet waterflow 
temperature. 
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substantial influence on the HEX outlet waterflow temperature and the 
system's overall thermal efficiency. Nevertheless, from the perspective 
of the amount of heat absorbed by the waterflow and the amount of heat 
released by the TCES composite materials, a smaller value of w is 
preferred to optimize system performance. 

6. Conclusion 

In this study, a TCES-HEX-HRU system was evaluated, integrating a 
TCES reactor with a water-to-air microchannel tube heat exchanger 
(HEX) and an air-to-air heat recovery unit (HRU). A comparison was 
made with a TCES-HEX system and a TCES-only system. Additionally, a 
parametric study was conducted, yielding the following conclusions:  

(1) By adding the HRU to the TCES-HEX-HRU system, the overall 
thermal efficiency improved significantly (by 69 percentage 
points to 82.35 %) compared to the TCES-HEX system. While the 
TCES-HEX-HRU system had a slightly lower overall thermal ef
ficiency (15.44 percentage points) compared to the TCES-only 
system, it addressed practical challenges effectively.  

(2) Inlet airflow and HEX inlet water temperatures significantly 
affected the TCES-HEX-HRU system's maximum temperature lift 
and overall thermal efficiency. Raising the inlet airflow temper
ature improved performance, whereas higher HEX inlet water 
temperature had the opposite effect.  

(3) Water flow velocity in the water channels had a significant 
impact on the HEX's maximum temperature lift, while airflow 
mass flow rate had negligible influence. Maintaining airflow mass 
flow rate below 0.0095 kg⋅s− 1 and water flow rate below 0.004 
kg⋅s− 1 is crucial to balance maximum temperature lift and overall 
thermal efficiency.  

(4) The quantity of water channels in the HEX significantly impacts 
the performance of the TCES-HEX-HRU system. Increasing the 
number of channels initially raises the maximum outlet water 
temperature, reaching 33.67 ◦C with 30 channels. However, 
further channel increments cause a decrease in outlet water 
temperature. The rise in channel quantity enhances the overall 
thermal efficiency, peaking at 92.09 % with 35 channels but 
exceeding this threshold reduces overall efficiency.  

(5) Expanding HEX channel width lowers outlet water temperature, 
with a substantial 3.41 ◦C drop from 0.002 m to 0.025 m. 
Adjusting channel width within the standard range (0.002–0.01 
m) minimally affects system thermal efficiency, consistently 

exceeding 83 %. Wider channels reduce heat absorption by water 
flow by the due to reduced TCES composite materials volume. 

In summary, the TCES-HEX-HRU system outperforms both the TCES- 
only and TCES-HEX systems, considering comprehensive factors, and is 
influenced by inlet parameter and structure configuration. The primary 
objective of this study was to investigate the behaviour of the HEX unit 
during the discharging process and explore the feasibility of an open 
water-based TCES system. Although the TCES-HEX-HRU system dis
cussed in this paper is not yet ready for real-world applications, the 
findings provide valuable insights for the design and operation of full- 
scale system. Based on the findings of this study, it can be concluded 
that the proposed water-based open TCES system is feasible and efficient 
for space heating in buildings. Future research will focus on the devel
opment of a full-scale TCES-HEX-HRU system with multilayer reactor 
bed modules to evaluate its practical performance. Additionally, the 
integration of this novel system into buildings for real-world environ
mental testing and cost-benefit analysis is planned. 
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