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A B S T R A C T   

Solar-driven thermochemical energy storage (TCES) can address the mismatch between solar heat production 
and heating demand and contribute to decarbonisation in buildings. In many studies of typical salt hydrate TCES 
systems, massive heat carried by the discharged humid airflow during the charging phase is not well-utilised but 
directly dissipated to the ambient. Therefore, a solar photovoltaic/thermal-powered TCES system integrating a 
heat exchanger (PV/T-TCES-HEX system) is proposed in this study for recovering this part of heat. To study the 
effect of adding the PV/T collector and heat exchanger (HEX) on the performance of the TCES system, the 
thermal performance of the PV/T-TCES-HEX system is compared with other two TCES systems via COMSOL 
modelling. Results suggest that the PV/T-TCES-HEX system requires an additional external electricity input of 
11.86 kWh on a typical summer day in Nottingham, which is only 40.53% of the TCES-only system. The overall 
thermal efficiency of the PV/T-TCES-HEX system is 56.00%, indicating an efficiency enhancement of 146.80%. A 
lower mass flow rate leads to higher thermal efficiency and storage energy. The system has the highest overall 
thermal efficiency when the reactor bed thickness is 0.04 m (57.55%) and when the reactor bed length is 0.5 m 
(58.73%).   

1. Introduction 

The world total energy consumption has maintained continuous 
growth in the last 20 years because of population growth and acceler
ated industrialisation. The global primary energy consumption in 2021 
was 5.95 × 1011 MJ, an increase of 51% compared to 2000 [1]. In the 
UK, the residential sector consumes nearly one-third of the total energy 
supply, and heating systems account for 83% of residential sector energy 
consumption [2,3]. The energy crisis the UK is currently facing is un
precedented [4]. Energy prices jumped 54% in April 2022, the biggest 
gain since 1970 [5]. Utilising renewable energy instead of fossil fuels for 
space heating is a potential solution to the current dilemma. Among 
various renewable energy technologies, solar thermal collection is the 
most well-developed and common one applied in buildings due to its 
accessible, sustainable, and clean nature [6]. However, due to the 
intermittence of solar energy and the mismatch between solar radiation 
and residential heating demand diurnally and seasonally, it is chal
lenging to fully cover the residential space heating load through the 
stand-alone solar thermal system [7]. 

Thermal energy storage (TES) technology is believed to be an 
effective way of addressing the mismatch between energy supply and 
demand by converting temporarily available energy into available long- 
term one [8]. The combination of TES and solar heating allows the 
thermal energy obtained by the solar collector during the daytime 
and/or summer to be consumed in the nighttime and/or winter [9]. TES 
has three common types: sensible thermal energy storage (STES), latent 
thermal energy storage (LTES) and thermochemical energy storage 
(TCES) [10]. A TCES system utilises reversible chemical reactions to 
store thermal energy, which offers a higher energy storage density (ESD, 
about 200–700 kWh/m3) compared to the STES and LTES systems [11]. 
Meanwhile, the TCES system has negligible heat loss during long-term 
energy storage [6]. These advantages make TCES an appealing strat
egy for seasonal energy storage in the building sector [12]. 

The reactant (A•xB) in the TCES system absorbs heat from a heat 
source (e.g., solar collector) and decomposes into two products (A and 
B) in the heat charging phase, during which the heat is converted into 
stable chemical potential energy and stored in the TCES system. Oppo
sitely, the reverse reaction allows the recombination of the A and B, and 
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the chemical potential energy is converted back into thermal energy for 
heating in this stage [13,14]. The reversible chemical reaction of ther
mochemical materials (TCMs) is described as follows: 

A ⋅ xB(solid) +ΔH ⇄
charging

discharging
A ⋅ (x − y)B(solid) + yB(gas) (1) 

The relatively low-temperature heat source provided by the typical 
flat-plate solar thermal collector largely narrows the selection of suitable 
TCMs for the solar-driven TCES system. Salt hydrates such as 
MgCl2•6H2O [15], CaCl2•6H2O [16], SrBr2⋅6H2O [11], and 
MgSO4•7H2O [17] are widely regarded as the preferred candidate ma
terials in solar-driven TCES systems due to their low regeneration tem
peratures [17]. For example, SrBr2⋅6H2O can be utterly dehydrated to 
stable SrBr2⋅H2O at 80–90 ◦C [18]. In addition, salt hydrates generally 
exhibit higher ESD [19]. For instance, SrBr2⋅6H2O and MgSO4•7H2O are 
two TCMs with theoretical ESD of over 600 kWh•m− 3 [20] and nearly 
750 kWh•m− 3 [21], respectively. Besides, salt hydrates commonly react 
with water vapour or moist air which can be directly discharged into the 
environment without causing pollution [22]. Fig. 1 depicts the concept 
of employing a typical salt hydrated-based TCES system for seasonal 
solar energy storage and building space heating. 

However, pure salt hydrates show poor heat and mass transfer 
properties, which leads to the relatively low thermal efficiency of the 
TCES system. In addition, agglomerate and swelling of pure salt hydrates 
due to excessive water vapour absorption results in poor system cycle 
stability [23]. In order to solve these problems, researchers have 
developed composite hydrated salt materials containing porous adsor
bent (e.g., zeolites [24], expanded vermiculite [25], and expanded 
graphite [26]) as the host matrix. With high thermal conductivity and 
porous structure, the host matrixes can effectively improve heat and 
mass transfer performance of TCMs and avoid agglomeration and 
expansion, thus enhancing the system thermal efficiency and cycle sta
bility [27]. For example, the thermal conductivity of the composite 
hydrated salt material composed of expanded natural graphite treated 
with sulfuric acid (ENG-TSA) and SrBr2 can reach 7.65 W•m− 1 K− 1, 
which is about 18 times that of the pure SrBr2 granule salt (i.e., 0.41 
W•m− 1 K− 1) [28]. Meanwhile, ENG-TSA is capable of improving the 
permeability of the reaction bed from 0.7•10− 12 m2 in the pure state to 
2.7•10− 12 m2 in the composite state [29]. Besides, by adding materials 
such as silica gel can extend the stable cycle number of the SrBr2-based 
TCES system by four times [30,31]. On the other hand, because the host 
matrix typically is not involved in the adsorption and desorption pro
cesses, the ESD of a composite hydrated salt is generally lower than that 

of a pure hydrated salt [29]. For example, the theoretical ESD of the 
SrBr2 -based composite material is around 105 kWh•m− 3 [32], while the 
pure SrBr2 exhibited a theoretical ESD of nearly 630 kWh•m− 3 [19]. 

The structural optimisation of the reaction bed also contributes to the 
performance enhancement of a TCES system [33]. As long vapour 
penetration distance in the reaction bed does not favour mass transfer in 
the salt hydrate-based TCES reactor, and the associated large pressure 
drop may greatly influence the system efficiency, various novel struc
tures (e.g., honeycomb [34], multi-modular [35] and copper 
mesh-packed [36] structures) have been proposed and developed to 
replace the traditional bulk-packed reactor for better permeability [37]. 
Besides, optimising the operating parameters (e.g. inlet airflow tem
perature [37], pressure [38] and velocity [39]) can also improve the 
performance of TCES systems. Aside from the above two points, efforts 
have also been made from the perspective of system-level optimisation. 
For example, the TCES system can be integrated with additional com
ponents such as the air-source heat pump [36] and solar collector [40] to 
reduce the external power consumption during the charging process and 
thus increase the system efficiency. 

Basically, the whole family of TCES systems can be divided into two 
categories: open and closed systems. Considering the superiorities of 
open systems in terms of system simplicity [41] and efficiency [42], as 
well as the pollution-free feature of salt hydrates [43], open structures 
are more common in salt hydrate-based TCES systems. Previous research 
has shown that, in typical salt hydrate-based open TCES systems, the hot 
exhaust air during the charging phase is not well-utilised but directly 
dissipated to the ambient. If this exhaust heat can be partly recovered to 
pre-heat the inlet ambient air, the performance of the TCES system can 
be enhanced. Therefore, a solar PV/T-powered TCES system integrating 
a heat exchanger (PV/T-TCES-HEX system) is proposed in the present 
work to demonstrate the benefit resulting from this heat recovery 
scheme. Given that existing simulation studies on TCES systems basi
cally focused only on steady-state performance analyses which cannot 
fully reveal the behaviour of the system in real-world applications, 
especially for those solar-driven TCES systems operating in dynamic 
weather conditions (e.g., solar irradiance, ambient air temperature, 
wind velocity), this study developed a dynamic model based on COM
SOL to evaluate the charging performance of the PV/T-TCES-HEX sys
tem under actual ambient conditions. Parametric sensitive analyses 
were also conducted to investigate the effect of some critical operational 
and structural parameters (e.g., air mass flow rate, reaction bed thick
ness and length) on the charging performance of the proposed system. 

2. System description 

Fig. 2 presents the schematic diagram of the charging process of the 
proposed PV/T-TCES-HEX system in the charging process. The system 
mainly consists of a TCES reaction bed, an air-to-air heat exchanger 
(HEX), an air-based PV/T collector, an auxiliary electric heater, and an 
air blower. During the charging process, the low-temperature ambient 
air flows into the HEX and is preheated by the hot exhaust air from the 
TCES reactor. Then, the preheated air enters into the PV/T collector and 
extracts heat from the PV/T absorber for further air-temperature 
upgrading and PV efficiency enhancement. The auxiliary heater pow
ered by electricity from the PV/T collector and/or external power grid is 
used in case the air temperature at the outlet of the PV/T collector is 
below the set point (e.g., 90 ◦C). After that, the high-temperature air is 
blown into the TCES reactor to provide heat for the dehydration of the 
salt hydrate. After the dehydration process, the airstream leaving the 
reactor is still at a high temperature. Therefore, the airstream is routed 
to the HEX for heat recovery before eventually being exhausted to the 
ambient. 

Fig. 3 shows the 3D structure of the combined TCES reactor and HEX 
unit. The square pipe on the right side of the model is the inlet of the 
reactor, and the left side of the reactor is directly connected to the HEX. 
The reactor is composed of eight reaction beds, and each reaction bed 

Fig. 1. Schematic diagram of a salt hydrated-based TCES system for energy 
storage and building space heating. 

Y. Zhang et al.                                                                                                                                                                                                                                   



Renewable Energy 206 (2023) 722–737

724

has a dimension of 400 mm × 400 mm × 50 mm (length × width ×
heigh). The intervals of the reaction beds constitute four air inlet 
channels and five air outlet channels, each with a height of 20 mm and 
these channel ends are closed. Hot air flows into the inlet channel and 
then is forced to flow through the reactor bed (up or down) into the 
outlet channel. Finally, it leaves the reactor and flows into the HEX for 
heat recovery. The external surface of the combined TCES reactor and 
HEX unit is surrounded by a thermal insulation layer to minimise heat 
loss during the charging and discharging processes. This novel design 
allows the reactor to realize a better heat and mass transfer performance. 
Water vapour generated during the charging process could be evacuated 
quickly, and thus a relatively high conversion rate can be assured. In 
addition, the layered structure also avoids deliquescence or agglomer
ation of granular salts due to excessive water vapour absorption during 
the discharging period. Compared with the traditional TCES reactor, this 

design incorporates a HEX, allowing better utilisation of the thermal 
energy collected by the PV/T collector and increasing the overall ther
mal efficiency of the TCES system. The reaction bed consists of metal 
trays holding vermiculite impregnated with 43 wt% CaCl2 as the TCM. 
The reversible chemical reaction of CaCl2 is described below [44]: 

CaCl2 ⋅ 6H2O(solid) + ΔH ⇄
Charging

Discharging
CaCl2(solid) + 6H2O(gas) (2) 

The structure of the air-based PV/T collector is shown in Fig. 4. It 
consists of a glass cover, PV cells, an aluminium substrate, an airflow 
channel, and a thermal insulation layer. The length and width of the 
effective irradiation-collection surface of the collector are 1.964 m and 
0.964 m, respectively. 72 pieces of monocrystalline silicon PV cells with 
a total area of 1.12 m2 are packaged and attached to the aluminium 
substrate, and the rest area of the aluminium substrate is covered with 

Fig. 2. Schematic diagram of the PV/T-TCES-HEX system working in the charging process.  

Fig. 3. 3D schematic diagram of the combined TCES reactor and HEX unit with a section cutting plane along the central axis.  
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black Tedlar–polyester–Tedlar (TPT). The glass cover is arranged on top 
of the PV/T plate with an 0.02 m air gap to reduce convective heat loss. 
Below the aluminium substrate is an airflow channel with a height of 
0.03 m. A 0.03 m-thick glass fibre is employed as the thermal insulation 
layer to suppress the backside thermal loss of the PV/T collector. The 
solar collector is mounted at an inclination angle of 53◦ facing due south 
to obtain the maximum annual solar irradiance on the assumption that 
the PV/T-TCES-HEX system is located in Nottingham, UK (53◦N, 1◦W). 

3. Mathematical model 

To quantitatively assess the charging performance of the proposed 
PV/T-TCES-HEX system, a mathematical model is developed, including 
the sub-model for the TCES reactor and the PV/T collector, respectively. 
This numerical study adopts some assumptions to establish the gov
erning equations describing the mass and energy transfers in the TCES 
reactor and PV/T collector.  

(1) The reaction bed has a local thermal equilibrium between the 
TCMs and airflow [38,45,46].  

(2) Radiative heat transfer in the combined TCES reactor and HEX 
unit and heat loss through the frame of the PV/T collector is 
neglected [45–47].  

(3) The airflow in this study is regarded as an ideal gas, and it is 
uniform and follows the Darcy’s law in the reaction bed [38,46]. 

(4) The TCM is uniformly distributed in the reaction bed. Further
more, the effect of the sieve plate at the bottom of the reaction 
bed on the solid-gas reaction is ignored [37].  

(5) The thermophysical properties of the reaction bed, TCMs and PV/ 
T collector are constant [37,48].  

(6) All components in the PV/T-TCES-HEX system have an equal 
initial temperature. 

3.1. Mathematical model for the TCES reactor 

According to the assumptions listed above, the mass transfer and 
heat balance equations for the TCES reactor are described below. 

3.1.1. Reaction kinetics 
The reaction kinetics of salt hydrate can be defined in terms of three 

main variables: time-dependent conversion degree X, pressure P, and 
temperature T [49]. The conversion rate of salt hydrate in the charging 
process is expressed as: 

∂X
∂t

=Rkin(1 − X)
(

1 −
Pv

Peq

)

=Afreq exp
(

−
Ea

RT

)

(1 − X)
(

1 −
Pv

Peq

)

(3)  

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

The conversion degree of the salt hydrate can be defined as: 

X(t)=
cs,i − cs(t)
cs,i − cs,f

(4)  

where cs,i and cs,f are respectively the initial and final molar concen
tration of the salt hydrate (CaCl2•6H2O) in the reaction bed, mol•m− 3. 

Assuming that during the solid-gas reaction process, the mass 
transfer and chemical reaction process are fast enough to keep the whole 
process at prevailing temperature, the equilibrium pressure Peq and 
temperature T can be related by the Clausius-Clapeyron equation and is 
calculated by: 

ln
(

Peq

Pref

)

= −
ΔHr

RTref
+

ΔSr

R
(5)  

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

3.1.2. Mass conservation 
Assuming there is no mass exchange between the reactor and 

external environment, the density of the hydrated salt decreases with the 
charging process, and the density of the dehydrated salt and water 
vapour increases. The mass transfer equation for the water vapour can 
be defined as: 

δ
∂ρv

∂t
= Sw − ∇(ρv u→) + DgΔρv (6)  

where δ is the porosity of the salt hydrate composite material and is set 
at 0.64 [50]; ρv is the density of water vapour, kg•m− 3; u→ is the velocity 
vector, m•s− 1; Dg is the diffusion coefficient of water vapour in the re
action bed, m2•s− 1; and Sw is the mass source and is expressed as: 

Sw = zcs,i
∂X
∂t

Mv (7)  

where z is the stoichiometric number of the reaction; and Mv is the 
molecular mass of water vapour, g•mol− 1. 

Besides, the density of the moist air mixture (ρm) can be calculated 
by: 

∂(δρm)

∂t
+∇(ρm u→)= Sw (8)  

3.1.3. Mass transport 
The moist air passing through the reaction bed conforms to the 

Brinkman–Forchheimer extended Darcy model, and the mass transport 
equation is expressed as: 

Fig. 4. Schematic diagram of the air-based PV/T collector: (a) Top view; (b) 
Cross-section view with electricity and heat transfer illustration. 
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∂
∂t
(ρm u→)+

(
u→

δ
∇

)

(ρm u→)=∇

[

− δ Pv
̅→I+ μ(∇ u→+ (∇ u→)

T

−
2
3

μ
(

u→
)

I
)]

+ Sw
u→

δ
− δ

μ
φ

u→
(9)  

where φ is the permeability of the hydrate composite in the reaction bed, 
m2; and μ is the dynamic viscosity of the moist air mixture, Pa•s. 

3.1.4. Energy conservation 
The energy balance equation in the TCES reactor is described as: 

(1 − δ)ρsCs
∂T
∂t

=∇
(
keff∇T

)
− Cvρv u→∇T + q̇ (10)  

where ρs is the density of the salt hydrate, kg•m− 3; Cs and Cv are the 
specific heat of the salt hydrate and water vapour, J•kg− 1•K− 1; keff is the 
effective thermal conductivity of the reaction bed, W•m− 1•K− 1; and q̇ is 
the heat absorbed by the salt hydrate in the charging process, W•m− 3. 

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

keff =(1 − δ)ks + δkv (11)  

where ks and kv represent the thermal conductivity of the solid salt and 
water vapour, respectively, W•m− 1•K− 1. 

The heat absorbed by the salt hydrate is described as: 

q̇= ± zcs,i
∂X
∂t

ΔHr (12) 

As the TCES reactor is typically placed in an indoor environment 
where the local wind speed is nearly zero, only natural convective heat 
exchange occurs between the TCES reactor and its surroundings. 
Therefore, the heat balance equation on the external surface of the TCES 
reactor is described as: 

− n(kins∇Tins)= hins,ind(Tind − Tins) (13)  

where kins is the thermal conductivity of the insulating material, 
W•m− 1•K− 1; hins,ind is the natural convective heat transfer coefficient 
between the reactor and indoor air and is determined by COMSOL in this 
study, W•m− 2•K− 1); Tind is the indoor air temperature, K. 

Table 1 lists some key parameters of the TCES reactor and their 
respective values used in this simulation study. 

3.2. Mathematical model for the PV/T collector 

The energy flow process of the PV/T collector is shown in Fig. 4. 
Accordingly, the energy balance equation for each part in the PV/T 

collector (i.e., glass cover, PV module, aluminium substrate, airflow in 
the air channel and insulation plate) is established. 

3.2.1. Energy balance equation for the glass cover 
The energy balance equation for the glass cover is described as: 

ρgCg
∂Tg

∂t
= kg∇

2Tg + hamb,g
(
Tamb − Tg

)
+ hsky,g

(
Tsky − Tg

)
+ hPV,g

(
TPV − Tg

)

+ Gαg

(14)  

where ρg, Cg, and kg are the density, specific heat capacity, and thermal 
conductivity of the glass cover, kg•m− 3, J•kg− 1•K− 1 and W•m− 1•K− 1), 
respectively; Tg, Tamb, Tsky, and TPV are the temperature of the cover, 
ambient air, sky, and PV module, respectively, K; hamb,g is the convective 
heat transfer coefficient between the glass cover and ambient, 
W•m− 2⋅K− 1; hsky,g refers to the radiative heat transfer coefficient be
tween the glass cover and sky, W•m− 2⋅K− 1; hPV,g is the overall heat 
transfer coefficient between the glass cover and PV module, W•m− 2⋅K− 1. 
αg is the solar absorptivity of the glass cover; and G is the solar irradi
ance, W•m− 2. 

The convective heat transfer coefficient between the glass cover and 
PV module can be described as [51]: 

hamb,g = 2.8 + 3.0uw (15)  

where uw is the ambient wind speed, m•s− 1. 
The radiative heat transfer coefficient between the glass cover and 

PV module is shown as follows [52]: 

hsky,g = εgσ
(

T2
sky − T2

g

)(
Tsky +Tg

)
(16)  

where εg is the emissivity of the glass cover; σ is the Stefan–Boltzmann 
constant; and Tsky is the sky temperature and can be calculated by 
Ref. [47]: 

Tsky = 0.00552T1.5
amb (17) 

In this model, the emissivity of the PV module and black surface is set 
to be equal, and thus the heat transfer coefficient between the glass 
cover and PV module can be described as [53]: 

hPV,g = σ
(

T2
PV + T2

g

)(
TPV +Tg

)
(

1
1
/

εPV + 1
/

εg − 1

)

+ Nu
ka

dag
(18)  

where Nu is the Nusselt number; ka is the thermal conductivity of air, 
W•m− 1⋅K− 1; and dag is the air gap height between the glass cover and PV 
module, m. 

For collectors with inclinations from 0◦ to 75◦, the Nusselt number 
can be obtained by Ref. [54]: 

Nu= 1+ 1.44

(

1 −
1708(sin 1.8 β)1.6

Ra⋅cos β

)[

1 −
1078

Ra⋅cos β

]+

+

[(
Ra⋅cos β

5380

)1/3

− 1

]+

(19)  

where β is the inclination angle of the solar collector; and Ra is the 
Rayleigh number. The + indicates that only positive values are adopted 
for the terms within square brackets; in the case of negative, the term 
adopts zero. 

3.2.2. Energy balance equation for the PV module 
The energy balance equation for the PV module is expressed as: 

ρPVCPV
∂TPV

∂t
+ ξEPV = kPV∇

2TPV + hPV,g
(
TPV − Tg

)
+
(TAl − TPV)

Rth
+ G(τα)PV

(20) 

Table 1 
Key parameters of the TCES reactor.  

Parameters Description Value 

Mv Molecular mass of water vapour (g•mol− 1) 18.02 
Ms Molecular mass of salt hydrate (g•mol− 1) 219.08 
cs,i Molar concentration (mol•m− 3) 609 
φ Permeability of salt hydrate (m2) 2.7•10− 12 

Tin,r Airflow temperature at reactor inlet (◦C) 90 
Pref Reference pressure (Pa) 101,325 
Dg Gas diffusion coefficient (m2•s− 1) 2.82⋅10− 5 

Δ Porosity 0.64 
Ea Activation energy ((J•mol− 1) 5.5•104 

R Ideal gas constant (J•mol− 1•K− 1) 8.134 
ΔHr Reaction enthalpy (kJ•mol− 1) 53.4 
kins Thermal conductivity of the insulating material 

(W•m− 1•K− 1) 
0.0035 

L Length of the reaction bed (m) 0.4 
W Width of the reaction bed (m) 0.4 
H Heigh of the reaction bed (m) 0.05 
dr Heigh of the airflow channel (m) 0.02  
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where ρPV, CPV, and kPV are the density, specific heat capacity, and 
thermal conductivity of the PV module, kg•m− 1, J•kg− 1•K− 1, and 
W•m− 1•K− 1, respectively; TAl is the temperature of the aluminium 
substrate, K; ξ is the packing factor of the PV module; EPV is the output 
electrical power of the PV module, W•m− 2; Rth is the thermal resistance 
of the adhesive layer between the PV module and the aluminium sub
strate, m2⋅K•W− 1; and (τα)PV is the effective transmissivity–absorptivity 
product of the PV module and is expressed as [52]: 

(τα)PV =
τgαPV

1 − (1 − αPV)ρg
(21)  

where αPV is the absorptivity of the PV module; τg is the transmissivity of 
the glass cover; and ρg is the reflectivity of the glass cover. 

The output electrical power of the PV module is expressed as [55]: 

EPV =Gτgηref
[
1 − Br

(
TPV − Tref

)]
(22)  

where ηref is the reference efficiency of the PV module at Tref (25 ◦C); and 
Br is the temperature coefficient of the PV module. 

3.2.3. Energy balance equation for the aluminium substrate 
The energy balance equation for the aluminium substrate is written 

as: 

ρAlCAl
∂TAl

∂t
= kAl∇

2TAl +
(TPV − TAl)

Rth
+ hAl,a(Ta − TAl) + hAl,ins(Tins − TAl)

(23)  

where ρAl, CAl, and kAl are the density, specific heat capacity, and 
thermal conductivity of the aluminium substrate, kg•m− 1, J•kg− 1•K− 1, 
and W•m− 1•K− 1, respectively; Ta and Tins are the temperature of the air 
and insulation plate, K; hAl,a is the convective heat transfer coefficient 
between the aluminium substrate and airflow, W•m− 2⋅K− 1; and hAl,ins is 
the radiative heat transfer coefficient between the aluminium substrate 
and insulation plate, W•m− 2⋅K− 1. 

The convective heat transfer coefficient between the aluminium 
substrate and airflow is described as [54]: 

hAl,a =Nu
ka

dAl,ins
= 0.023Re0.8Pr0.4 ka

dAl,ins
(24)  

where dAl,ins is the height of the air channel, m; Re is the Reynolds 
number; and Pr is the Prandtl number. 

The heat transfer coefficient between the aluminium substrate and 
insulation plate is derived by Ref. [52]: 

hAl,ins = σ
(
T2

Al +T2
ins

)
(TAl +Tins)

(
1

1/εAl + 1/εins − 1

)

(25)  

where εAl and εins are the emissivity values of the aluminium substrate 
and insulation plate, respectively. 

3.2.4. Energy balance equation for the airflow in the air channel 
The energy balance equation for the airflow in the air channel is 

described as: 

ρaCa
∂Ta

∂t
+ ρaCp,a u→∇Ta = ka∇

2Ta + hAl,a(TAl − Ta) + hins,a(Tins − Ta) (26)  

where ρa, Ca, and ka are the density, specific heat capacity, and thermal 
conductivity of the airflow, kg•m− 1, J•kg− 1•K− 1, and W•m− 1•K− 1, 
respectively; hins,a is the convective heat transfer coefficients between 
the airflow and insulation plate, and it is the same as hAl,a in expression. 

3.2.5. Energy balance equation for the insulation plate 
The energy balance equation for the insulation plate is written as: 

ρinsCins
∂Tins

∂t
= kins∇

2Tins + hins,a(Tins − Ta)+ hAl,ins
(
Tins − Tap

)

+ Uins,amb(Tamb − Tins) (27)  

where ρins, Cins, and kins are the density, specific heat capacity, and 
thermal conductivity of the insulation plate, kg•m− 1, J•kg− 1•K− 1, and 
W•m− 1•K− 1; and Uins,amb is the overall heat transfer coefficient between 
the insulation plate and ambient and can be calculated by Ref. [52]: 

Uins,amb =
1

(
1

hins,amb
+ dins

kins

) (28)  

where hins,amb is the convective heat transfer coefficient between the 
insulation plate and ambient air, and it is the same as hamb,g in 
expression. 

The design parameters of the PV/T collector and their respective 
values used in this simulation study are listed in Table 2. 

3.3. Performance evaluation metrics 

The power assurance rate of the PV/T collector to the PV/T-TCES- 
HEX system is defined as: 

PARPV/T =
WPV/T

Wsys
=

WPV/T

WPV/T + We
(29)  

where WPV/T is the energy from the PV/T collector, kWh; Wsys is the total 
energy consumption of the system, kWh; and We is the external elec
tricity consumption (excluding the electricity provided by the PV/T 
collector), kWh. 

The energy from the PV/T collector (WPV/T) can be expressed as: 

WPV/T =

∫
[
ṁCa

(
Tout,c − Tin,c

)
+EPV

]
dt (30)  

where ṁ is the mass flow rate of the airflow, kg•s− 1; Tin,c and Tout,c are 
the airflow temperature at the inlet and outlet of the solar collector, 
respectively, K. 

The external electricity consumption can be expressed as: 

We =Wh + Wfan (33)  

where Wh is the external electricity consumed by the heater, kWh; and 

Table 2 
Design parameters of the PV/T collector.  

Component Parameters Value 

Glass cover Area (m2) 1.89 
Solar absorptivity 0.038 
Emissivity 0.88 
Solar transmissivity 0.912 
Thermal conductivity, W•m− 1•K− 1 0.038 
Specific heat capacity, J•kg− 1•K− 1 750 
Density, kg•m− 3 2203 

PV module Solar absorptivity 0.9 
Emissivity 0.95 
Packing factor 0.59 
Thermal conductivity, W•m− 1•K− 1 149 
Specific heat capacity, J•kg− 1•K− 1 700 
Density, kg•m− 3 600 
Reference efficiency 0.135 
Temperature coefficient, K− 1 0.0045 

Aluminium substrate Emissivity 0.1 
Thermal conductivity, W•m− 1•K− 1 237 
Specific heat capacity, J•kg− 1•K− 1 903 
Density, kg•m− 3 2700 

Insulation plate Emissivity 0.2 
Thermal conductivity, W•m− 1•K− 1 0.046 
Specific heat capacity, J•kg− 1•K− 1 670 
Density, kg•m-3 30  
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Wfan is the external electricity consumed by the air fan, kWh. 
The external electricity consumed by the heater can be expressed as: 

Wh =

∫ [
ṁCa

(
Tin,r − Tout,c

)
− ηhEPV

]
dt

ηh
(34)  

where Tin,r is the airflow temperature at the inlet of the reactor, K; ηh is 
the auxiliary heater efficiency and is set at 0.9. 

The external electricity consumed by the air fan can be calculated by: 

Wfan =

∫
(ΔPγ̇)dt

ηfan
(35)  

where ΔP is the differential pressure between the system inlet and 
outlet, Pa; γ̇ is the volume flow rate of air, m3•s− 1; and ηfan is the fan 
efficiency [56]. 

The thermal efficiency of the proposed system in the charging pro
cess is defined as: 

ηE =
Qch

We
(32) 

The stored heat of the system in the charging process (Qch) can be 
expressed as: 

Qch =

∫

ṁCa
(
Tin,r − Tout,r

)
dt (31)  

where Tout,r is the airflow temperature at the outlet of the reactor, K. 

4. Model validation 

The equations, initial and boundary conditions are coupled and 
solved by the finite element analysis software COMSOL Multiphysics 
5.6, and the fine mesh is selected after grid independence analysis. The 
established mathematical model is validated by comparing it with the 
experimental data reported in the literature, including an experimental 
study of an open TCES system using vermiculite- CaCl2•6H2O as the 
TCM [44] and an experimental investigation of a tri-functional PV/T 
collector working in air-heating mode [57]. The RMSD (root mean 
square deviation) of some key parameters is evaluated via Eq. (34) [58]: 

RMSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ [(

xsim,i − xexp,i
)/

xexp,i
]2

n

√

(36) 

The temperature curve of the reactor bed obtained by the simulation 
and experiment are compared in Fig. 5. The first stage is the discharge 
process, in which the simulated and measured bed temperatures reach 
the highest at the 7th and 9th minute, respectively. The maximum 
temperature difference is only 0.2 ◦C. The second stage is the charging 
process, during which the bed temperature difference between the 
experiment and simulation peaks at 4.6 ◦C and is less than 1 ◦C at the 
end. The RMSD of the bed temperature in the discharging and charging 
phases are 1.67% and 9.76%, respectively. Regarding the validation of 
the sub-model for the PV/T collector, the simulated and experimental 
results of the airflow temperature at the outlet of the PV/T collector, the 
PV module temperature and the electrical output power are shown in 
Fig. 6. The RMSD of these three parameters is 2.28%, 4.67% and 
13.61%, respectively. The comparison indicates that the simulation re
sults using the above mathematical model are in good agreement with 
the experimental data. Therefore, the mathematical model developed in 
Section 3 is valid in predicting the performance of the proposed PV/T- 
TCES-HEX system. 

5. Results and discussion 

Based on the mathematical modelling, the thermal performance of 
the PV/T-TCES-HEX system in the charging process is numerically 
analyzed and compared with a stand-alone TCES system (hereafter 
referred to as the “TCES-only system”) and a hybrid TCES and HEX 
system (hereafter referred to as the “TCES-HEX system”). In addition, 
the effect of some key parameters on the charging performance of the 
PV/T-TCES-HEX system is evaluated. 

5.1. Full-day charging performance of the PV/T-TCES-HEX system 

The full-day charging performance of the PV/T-TCES-HEX system is 
investigated firstly. The typical meteorological year data on 17th June 
for Nottingham, UK are employed from Climate.OneBuild.Org [59] (as 
seen in Fig. 7). The average solar radiation in the studied period (i.e., 
from 06:00 to 18:00) is 556.58 W•m− 2, and the average ambient tem
perature, relative humidity level, and wind velocity are 16.28 ◦C, 
58.61% and 1.17 m•s− 1, respectively. The airflow temperature at the 
system inlet is equal to the ambient temperature in this case study, and 
the mass flow rate of the airflow is 0.03 kg•s− 1. During the whole 
charging process, the airflow is constantly heated up to 90 ◦C before 
entering into the TCES reactor. The airflow temperatures at the outlet of 
the TCES reactor (Tr,out), the outlet of the HEX (PV/T side, THEX,out), and 

Fig. 5. Simulation and experiment results of vermiculite-CaCl2 cyclic 
testing [50]. 

Fig. 6. Simulated outlet air temperature, PV module temperature and electrical 
output compared with the experimental measurements [57]. 

Y. Zhang et al.                                                                                                                                                                                                                                   

http://Climate.OneBuild.Org


Renewable Energy 206 (2023) 722–737

729

the outlet of the PV/T collector (Tc,out) during the charging process are 
depicted in Fig. 8, and the temperature distributions of the combined 
TCES reactor and HEX unit (including that of the section cutting plane 
along the central axis) and the PV/T collector at 7:00, 12:00 and 15:00 
are shown in Fig. 9. In the very beginning (unsteady state), the Tr,out 
shows a sharp rise until it reaches around 70 ◦C. After that, the Tr,out 
reaches a plateau until around 12:00, indicating that the TCES reactor 
operates in a quasi-steady state with a relatively stable conversion rate 
during this period. At the next stage, the Tr,out experiences a gradual 
increase till the end, suggesting a gradual decrease in the conversion 
rate. The THEX,out is affected by both the Tin and Tr,out but mainly follows 
the variation trend of the Tr,out due to the significant fluctuation of the 
latter. Besides, an average temperature difference of 33.44 ◦C between 
the THEX,out and Tin signifies the effective heat recovery attributed to the 
integration of the HEX. The variation of the Tc,out is generally in line with 
the solar irradiance curve. The Tc,out is lower than the THEX,out before 
6:58 and after 16:33, indicating that the PV/T collector is incapable of 
further upgrading the airflow temperature during these periods due to 
the insufficiency of solar radiation. However, the Tc,out is higher than the 
THEX,out in most working hours and peaks at 68.34 ◦C at noontime. Due 
to the contribution of the HEX and PV/T collector in terms of airflow 
temperature upgrading and power generation, less external electricity is 
consumed by the auxiliary electric heater and thus better performance of 
the whole system is realised. Overall, the total stored heat and thermal 
efficiency of the PV/T-TCES-HEX system is 6.64 kWh and 63.61% in the 
all-day charging process. 

5.2. Performance comparison among three TCES systems 

Thermal efficiency (ηth) and external heat input (Qin) are two critical 
parameters for evaluating the energy storage capacity of a TCES system 
during the charging process. Fig. 10 shows the thermal efficiency vari
ations of the TCES-only, TCES-HEX, and PV/T-TCES-HEX systems dur
ing the one-day charging operation. For all the three systems, the airflow 
temperature at the inlet of the TCES reactor is maintained constantly at 
90 ◦C, and thus the conversion degree of the hydrated salt and stored 
heat in the three systems are identical, as presented in Fig. 10 (a) and 
(b). The conversion degree of the hydrated salt ascends to 0.99 at the 
end, indicating that most of the salt can be dehydrated within the 12 h. 
The stored heat of the three TCES systems has a noticeable decrease at 
the start, then slowly descends from 7:00 to 18:00 with decreasing 
conversion rates. The thermal efficiency variations of the TCES-only and 
TCES-HEX systems are similar, with a notable drop at the beginning (i.e., 
from around 90% to around 22% and 41%, respectively). As shown in 
Fig. 10 (a), their maximum and average thermal efficiency differences 

are about 19% and 17%, respectively, which reflects the effect of the 
involvement of the HEX or not on the system performance. The thermal 
efficiency of the PV/T-TCES-HEX system also sees a dramatic decline at 
the beginning and then rises from the bottom (i.e., about 45%) at around 
7:00 to a peak (i.e., approximately 85%) at noontime. In general, the 
PV/T-TCES-HEX system offers higher thermal efficiency than the other 
two systems during most working hours of the charging process. 
Particularly, its thermal efficiency is nearly four times that of the TCES- 
only system and two times that of the TCES-HEX system at noontime. As 
seen from Fig. 10 (c), the external electricity consumption of the TCES- 
only system has a slow decrease in the whole charging process. How
ever, the external electricity consumption of the TCES-HEX system 
sharply drops at the beginning (unsteady state) until it reaches around 
1550 W and then slightly decreases in the remaining time. Besides, an 
average difference in external electricity consumption of 1113.22 W 
between the TCES-HEX and TCES-only systems is observed, which is 
attributed to the integration of the HEX. The external energy con
sumption of the PV/T-TCES-HEX system keeps falling as the solar irra
diation increases from 6:00 to 12:00, and then it increases till the end. 

The total energy from the PV/T collector, total external electricity 
consumption, total energy from the PV/T collector and overall thermal 
efficiency of the three systems are listed in Table 3. The TCES-only 
system requires 29.26 kWh of external electricity for the entire 
charging process, while integrating a HEX unit into the TCES system 
could save nearly half of the electricity input. The total amount of the 
external electricity consumption required by the PV/T-TCES-HEX sys
tem is 11.86 kWh, which is approximately 40.53% and 74.66% of that of 
the TCES-only and TCES-HEX systems. In the PV/T-TCES-HEX system, 
the total amount of energy from the PV/T collector is 3.83 kWh, and the 
power assurance rate of the PV/T collector is 32.32%. Moreover, the 
overall thermal efficiency of the PV/T-TCES-HEX system reaches 
56.00%, corresponding to an improvement of 146.80% and 33.81% 
compared to the TCES-only and TCES-HEX systems, respectively. 
Overall, due to the contribution of the HEX and PV/T collector in 
reducing external power consumption, the thermal efficiency of the PV/ 
T-TCES-HEX system considerably improves during the charging process 
compared to the TCES-only and TCES-HEX systems. 

5.3. Parametric study 

In this section, the effect of some key operational and structural 
parameters on the charging performance of the PV/T-TCES-HEX system 

Fig. 7. Typical meteorological year data on 17th June for Nottingham, 
UK [59]. 

Fig. 8. Airflow temperatures at the outlet of the TCES reactor, HEX (PV/T 
side), and PV/T collector in the PV/T-TCES-HEX system. 
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is investigated. The baseline operating conditions (i.e., weather data, 
reactor structural parameters, system operating parameters, etc.) of the 
PV/T-TCES-HEX system are mentioned in previous sections. 

5.3.1. Effect of air mass flow rate 
The charging performance of the PV/T-TCES-HEX system under five 

different air mass flow rates is investigated, and the simulation results 
are shown in Fig. 11. As seen from Fig. 11 (a), the conversion rate of salt 
hydrate improves with the increase of the air mass flow rate, as higher 

air mass flow rates lead to more thermal energy transferred from the 
airflow to the salt. The conversion rates under all air mass flow rates 
increase dramatically at the beginning stage, followed by a period of 
gradual rise until they reach their peak for the system operating at the 
mass flow rate of 0.04 kg•s− 1 and 0.035 kg•s− 1; others descend slowly in 
the rest of the charging process as the content of salt hydrates decreases. 
The maximum conversion rate is 4.08 × 10− 5 s− 1 for the system oper
ating at the mass flow rate of 0.04 kg•s− 1, nearly twice that at the mass 
flow rate of 0.02 kg•s− 1. Because the salt hydrates are charged faster 

Fig. 9. Temperature distributions of the reactor-HEX and PV/T collector in the PV/T-TCES-HEX system at 7:00, 12:00, and 15:00, respectively.  

Fig. 10. Comparison of instantaneous thermal efficiency and conversion degree of the PV/T-TCES-HEX, TCES-HEX, and TCES-only systems.  
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under a higher air mass flow rate, the salt hydrate conversion rate 
greatly drops with the increasing air mass flow during the decline phase, 
as shown in Fig. 11 (a). On the other hand, the amount of heat stored in 
the systems increases with the air mass flow rate, as shown in Fig. 11 (b). 
Fig. 11 (c) shows the variations of the external electricity consumption 
of the systems under the five air mass flow rates. Although higher air 
mass flow rates indicate better heat transfer coefficients in the HEX and 
PV/T air channels and thus more heat gains for the airflow when passing 
through the two components, the airflow temperature at the outlet of the 
PV/T collector (i.e., the inlet of the auxiliary electric heater) is lower at 
higher air mass flow rates and more heat input is needed for the airflow 
to reach 90 ◦C. In addition, higher mass flow rates require higher fan 
power. Therefore, more external electricity consumption is demanded 
with the increase of the air mass flow rate. The bottommost external 
electricity consumption is 283.46 W for the system operating at the mass 
flow rate of 0.02 kg•s− 1, which is nearly 25% of the input power at the 

mass flow rate of 0.04 kg•s− 1. Fig. 11 (d) presents the thermal efficiency 
of the PV/T-TCES-HEX system under the five different air mass flow 
rates. The system has a higher increasing rate in thermal efficiency and a 
higher peak thermal efficiency at a lower mass flow rate. For instance, 
the peak thermal efficiency of the system achieves approximately 
148.45% when the air mass flow rate is 0.02 kg•s− 1, which is more than 
twice that of the system operating at an air mass flow rate of 0.025 
kg•s− 1, and the peak thermal efficiency is only 62.31% for the system 
operating at an air mass flow rate of 0.04 kg•s− 1. 

It can be noted from Table 4 that a higher air mass flow rate leads to a 
high conversion degree and total energy from the PV/T collector. An 
almost complete conversion can be achieved for the air mass flow rate 
equal to or greater than 0.03 kg•s− 1. The total energy from the PV/T 
collector is 4.25 kWh when the air mass flow rate is 0.04 kg•s− 1, which 
is around 1.2 times that of the system operating at an air mass flow rate 

Table 3 
Total energy from the PV/T collector, total external electricity consumption and 
overall thermal efficiency of three TCES systems.   

TCES- 
only 

TCES- 
HEX 

PV/T-TCES- 
HEX 

Total energy from the PV/T collector 
(kWh) 

– – 3.83 

Total external electricity consumption 
(kWh) 

29.26 15.86 11.86 

Overall thermal efficiency (%) 22.69 41.85 56.00  

Fig. 11. The change of (a) salt hydrates conversion rate, (b) stored heat, (c) external electricity consumption, and (d) instantaneous thermal efficiency of the PV/T- 
TCES-HEX system over time under different air mass flow rates. 

Table 4 
Charging performance of the PV/T-TCES-HEX system under different air mass 
flow rates.  

Mass flow rate (kg•s− 1) 0.02 0.025 0.03 0.035 0.04 

Conversion degree (%) 79.48 91.64 99.01 99.73 99.99 
Total storage energy (kWh) 5.57 6.24 6.64 6.81 6.85 
Total energy from the PV/T 

collector (kWh) 
3.32 3.58 3.83 4.03 4.25 

Total external electricity 
consumption (kWh) 

6.96 9.4 11.86 14.42 17.06 

Power assurance rate of the PV/T 
collector (%) 

32.32 27.61 24.44 21.86 19.95 

Overall thermal efficiency (%) 80.02 66.38 56.00 47.23 40.15  
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of 0.02 kg•s− 1. However, the power assurance rate of the PV/T collector 
drops from 32.32% to 19.95% when the air mass flow rate increases 
from 0.02 kg•s− 1 to 0.04 kg•s− 1. The growth of air mass flow leads to 
faster improvement of external electricity consumption compared to 
storage energy, therefore decreasing the overall thermal efficiency of the 
system. In specific, the overall thermal efficiency of the system is 
80.02% when the air mass flow rate is 0.02 kg•s− 1, which is twice that of 
the system operating at an air mass flow rate of 0.04 kg•s− 1 (i.e., 
40.15%). The simulation results reveal that increasing the air mass flow 
rate can improve the conversion rate of the salt hydrate and reduce the 
time taken for the charging process. However, a higher air mass flow 
rate results in higher power consumption and lower thermal efficiency. 

5.3.2. Effect of reaction bed thickness 
This section examines the effect of the reaction bed thickness on the 

charging performance of the PV/T-TCES-HEX system. The simulation 
results of six different cases are shown in Fig. 12. It can be seen from 
Fig. 12 (a) that the conversion rate increases with the decrease in the 
thickness of the reaction bed. They reach their respective maximum at 
the starting stage of the charging process, and the peaking time point 
varies with the reactor bed thickness. For instance, at 6:20, the peak of 
the conversion rate is achieved for the reaction bed with a thickness of 
0.01 m, while at 6:30 for the reaction bed with a thickness of 0.02 m. 
However, there is a significant difference in the maximum conversion 
rate among the six cases. The maximum conversion rate of the 0.01 m 
thick reaction bed is around ten times that of the 0.06 m thick reaction 
bed. According to Fig. 12 (b), the hydrated salts are fully charged at the 
end for the reaction beds with thicknesses of 0.01 m, 0.02 m, 0.03 m, and 

0.04 m, and the corresponding completion time points are 11:07, 13: 00, 
14:30, and 16:02, respectively. The airflow temperature at the reactor 
outlet reaches 87.73 ◦C upon completion. There is an airflow tempera
ture difference of 2.27 ◦C between the reactor inlet and outlet, resulting 
from a part of heat being lost through the reactor wall to the external 
environment. However, approximately 99% of the hydrated salts are 
charged for the reaction bed thickness of 0.05 m, and only about 35% of 
the salts are charged for the reactor bed with a thickness of 0.06 m, and 
their outlet airflow temperatures are 83.9 ◦C and 81.3 ◦C, respectively. 

As seen in Fig. 12 (b), the airflow temperature at the outlet of the 
reactor and PV/T collector does not change regularly with the variation 
of the reactor bed thickness. The heat absorbed by the TCM during the 
charging process is directly influenced by the conversion rate and the 
volume of the reaction bed. A thinner reaction bed offers a higher 
conversion degree and conversion rate, which leads to an increase in the 
amount of heat absorbed by the salt hydrate and a reduction in the bed 
temperature. However, a thinner reaction bed has a smaller TCM vol
ume, causing less heat absorbed and a faster temperature increment. 
This could explain why the airflow temperature at the reactor outlet 
varies irregularly under the superimposed influence of the conversion 
rate and reactor volume with the change in the thickness of the reaction 
bed. Fig. 12 (c) shows the variation of the external electricity con
sumption under different reactor bed thicknesses. Because the airflow 
temperature at the reactor outlet is the most critical factor affecting the 
external electricity consumption in this case study, the irregular change 
of the former with the thickness of the bed causes the latter also change 
irregularly. 

The instantaneous thermal efficiency of the system for the six cases is 

Fig. 12. The variation of (a) salt hydrates conversion rate, (b) airflow temperature at the reactor outlet, (c) external electricity consumption, and (d) instantaneous 
thermal efficiency of the PV/T-TCES-HEX system over time under different reaction bed thicknesses. 
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shown in Fig. 12 (d). It can be observed that the increase in the bed 
thickness results in an improvement in the system thermal efficiency 
when the bed thickness is below 0.04 m. However, the thermal effi
ciency of the system with a bed thickness of 0.05 m drops rapidly in the 
initial phase and is smaller than that of the system with a bed thickness 
of 0.02 m, 0.03, and 0.04 m between 7:00 and 9:00. The thermal effi
ciency of the system with a bed thickness of 0.06 m is less than that of the 
0.05 m thick reactor bed during most of the charging process as the 0.05 
m thick reactor bed absorbs more heat than the 0.06 m thick one. 

As shown in Table 5, more energy can be stored in the system with a 
reactor bed of larger thickness, owing to the increasing TCM volume. 
Based on the simulation results, the reactor bed with a thickness of 0.05 
m offers the best energy storage performance and PV/T power supply, 
with which in total 6.64 kWh energy is stored and 3.83 kWh energy is 
provided by the PV/T collector. In terms of thermal performance, the 
reactor bed with a thickness of 0.04 m exhibits the highest overall sys
tem thermal efficiency (i.e., 57.55%). Simultaneously, it shows the 
highest power assurance rate of the PV/T collector (i.e., 28.45%). The 
simulation results indicate the importance of optimising the reactor 
design to improve the overall performance of the PV/T-TCES-HEX 
system. 

5.3.3. Effect of reaction bed length 
In addition, the effect of reaction bed length on the charging per

formance of the PV/T-TCES-HEX system is assessed, and the simulated 
results are shown in Fig. 13. The conversion rate of the salt hydrate 
increases with the decrement in the length of the reaction bed, as shown 
in Fig. 13 (a). The maximum conversion rate peaks at 4.07 × 10− 5 s− 1 

when the length of the reaction bed is 0.3 m, which is approximately 
twice that of the 0.5 m length case. The change in stored heat and 
external electricity consumption are presented in Fig. 13 (b) and (c), 
respectively. It can be seen that the stored heat and external power 
consumption vary non-monotonically with the change in the length of 
the reaction bed, which is because the stored heat of the system is 
affected by both the conversion rate and content of salt hydrate. Affected 
by stored heat and external power consumption, the instantaneous 
thermal efficiency of the system also demonstrates irregular variations, 
as seen in Fig. 13 (d). 

The charging performance of the PV/T-TCES-HEX system under 
different reaction bed lengths is summarized in Table 6. The system with 
a reaction bed length of 0.5 m shows the best performance in the all-day 
charging process, with the total storage energy and thermal efficiency of 
7.07 kWh and 58.73%, respectively, corresponding to a 6% and 4% 
improvement roughly compared to the reference length case (i.e., 0.4 
m). Simultaneously, the maximum amount of energy (3.88 kWh) is 
provided by the PV/T collector when the bed length is 0.5 m. However, 
the power assurance rate of the PV/T collector remains at around 24% in 
the five bed-length cases. The increase in the reaction bed length leads to 
faster decline of storage energy compared to external electricity con
sumption when the reaction length exceeds 0.5 m, therefore resulting in 
a decrement in the overall thermal efficiency of the system. 

6. Conclusions 

In this study, a solar-driven thermochemical energy storage (TCES) 
system combined with a heat recovery unit (heat exchanger, HEX) and a 
PV/T collector (PV/T-TCES-HEX system) is proposed. A mathematical 
model is developed, and simulations are conducted using COMSOL to 
investigate the charging performance of the proposed system operating 
on a typical summer day in Nottingham, UK. Performance comparisons 
are implemented for the PV/T-TCES-HEX system with a system 
combining a TCES reactor and a heat exchanger (TCES-HEX system) and 
a stand-alone TCES system (TCES-only system). A parametric study is 
carried out to evaluate the effect of different parameters on the system 
performance. The following conclusions can be drawn.  

(1) An average airflow temperature difference of 33.44 ◦C between 
the HEX outlet and system inlet of the PV/T-TCES-HEX system is 
observed during the charging process, demonstrating that the 
integration of the HEX leads to effective heat recovery to the 
system. The total stored heat and thermal efficiency of the PV/T- 
TCES-HEX system is 6.64 kWh and 63.61% in the all-day 
charging process.  

(2) Integrating the HEX and PV/T collector into the TCES system can 
contribute to the reduction in the required external electricity 
consumption and the increase in the system thermal efficiency. 
The PV/T-TCES-HEX system requires an external electricity 
consumption of 11.86 kWh, which is 67.39% and 36.54% of that 
of the TCES-HEX and TCES-only systems, respectively. The 
overall thermal efficiency of the PV/T-TCES-HEX system is 
56.00%, which is respectively 33.81% and 146.80% greater than 
that of the TCES-HEX and TCES-only systems.  

(3) A higher air mass flow rate contributes to a higher conversion 
degree at the cost of more external electricity consumption and 
therefore leads to a lower overall thermal efficiency of the PV/T- 
TCES-HEX system. The overall thermal efficiency of the system is 
80.02% under an air mass flow rate of 0.02 kg•s− 1, which is about 
twice that under an air mass flow rate of 0.04 kg•s− 1.  

(4) Since the thermochemical reaction of the system is affected by 
both the conversion rate and content of salt hydrate, the length 
and thickness of the reaction bed show non-monotonic effects on 
the charging performance of the PV/T-TCES-HEX system. The 
reactor bed with a thickness of 0.05 m provides the highest en
ergy storage capacity (i.e., 6.64 kWh), and the reactor bed with a 
thickness of 0.04 m offers the highest total system thermal effi
ciency (i.e., 57.55%). Besides, the system with a reaction bed 
length of 0.5 m shows the best charging performance, with the 
total energy storage capacity and thermal efficiency being 7.07 
kWh and 58.73%, respectively. 

Overall, the proposed PV/T-TCES-HEX system provides an effective 
solution to improve the thermochemical energy storage performance 
during the charging phase by harvesting solar heat and waste heat from 
the TCES reactor. It is worth noting that, the airflow temperature is 
heated up to the set point before entering into the TCES reactor by an 
electric heater for analysis simplicity as the emphasis of this feasibility 
study is to investigate the effect of the heat recovery unit and PV/T 
collector. In future work, more energy-efficient device such as a heat 
pump can be introduced to replace the electric heater for further per
formance improvement. In addition, further structural optimizations of 
the reactor bed and PV/T air channel will be carried out to realize better 
thermal performance of the PV/T-TCES-HEX system. The charging 
performance of the PV/T-TCES-HEX system under dynamic airflow 
temperatures at the reactor inlet and different climatic regions will also 
be evaluated. 

Table 5 
Charging performance of the PV/T-TCES-HEX system under different reaction 
bed thicknesses.  

Reaction bed thickness 
(m) 

0.01 0.02 0.03 0.04 0.05 0.06 

Conversion degree 1 1 1 1 0.99 0.35 
Total energy from the PV/ 

T collector (kWh) 
1.23 2.33 3.11 3.61 3.83 3.29 

Total external electricity 
consumption (kWh) 

5.09 6.53 7.88 9.55 11.86 11.01 

Total storage energy 
(kWh) 

1.71 3.03 4.26 5.50 6.64 4.61 

Power assurance rate of 
the PV/T collector (%) 

19.60 26.40 27.69 28.45 24.71 23.38 

Overall thermal efficiency 
(%) 

33.66 46.39 54.09 57.55 56.00 41.85  

Y. Zhang et al.                                                                                                                                                                                                                                   



Renewable Energy 206 (2023) 722–737

734

CRediT authorship contribution statement 

Yong Zhang: Software, Formal analysis, Investigation, Writing – 
original draft, Writing – review & editing. Mingke Hu: Conceptualiza
tion, Supervision, Methodology, Formal analysis, Investigation, Writing 
– review & editing. Ziwei Chen: Formal analysis, Writing – review & 
editing. Yuehong Su: Conceptualization, Supervision, Project adminis
tration, Funding acquisition, Writing – review & editing. Saffa Riffat: 
Resources, Project administration, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to acknowledge the Engineering and Physical 
Sciences Research Council (grant number: EP/T021233/1) for the 
financial support to this research.  

Nomenclature 

A Area, m2 

Afreq Pre-exponential Arrhenius factor, s− 1 

B Temperature coefficient of PV cells, K− 1 

C Specific heat, J•kg− 1•K− 1 

c Mole concentration, mol•m− 3 

Dg Gas diffusivity in reactive bed, m2•s− 1 

d Thickness or depth, m 
E Electrical power, W 
Ea Arrhenius activation energy, J•mol− 1 

G Solar irradiance, W•m− 2 

Fig. 13. The change of (a) salt hydrates conversion rate, (b)stored heat, (c) external electricity consumption, and (d) system instantaneous thermal efficiency over 
time under different reaction bed lengths. 

Table 6 
Charging performance of the PV/T-TCES-HEX system under different reaction 
bed lengths.  

Reaction bed length (m) 0.3 0.4 0.5 0.6 0.7 

Conversion degree 0.99 0.97 0.8 0.48 0.49 
Total energy from the PV/T 

collector (kWh) 
3.62 3.84 3.88 3.74 3.71 

Total external electricity 
consumption (kWh) 

11.30 11.86 12.04 11.79 11.49 

Total storage energy (kWh) 5.31 6.64 7.07 6.53 5.83 
The power assurance rate of the PV/ 

T collector 
24.25 24.45 24.39 24.45 24.39 

Overall thermal efficiency (%) 46.96 56.00 58.73 54.31 50.68  
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H Enthalpy, J 
h Heat transfer coefficient, W•m− 2•K− 1 

k Thermal conductivity, W•m− 1•K− 1 

M Molecular mass, g•mol− 1 

ṁMass flow rate, kg•s− 1Nu Mass flow rate, kg•s− 1NuNusselt number 
P Pressure, Pa 
PAR Power assurance rate, % 
Pr Prandtl number 
q̇Volume power source, W•m− 3Q Volume power source, W•m− 3QHeat 
R Ideal gas constant, J•mol− 1•K− 1 

Ra Rayleigh number 
Rkin Kinetic factor, s− 1 

Rth Thermal resistance, m2⋅K•W− 1 

S Entropy, J•mol− 1•K− 1 

Sw Mass source of water vapour, kg•m− 3⋅s− 1 

T Temperature, K or ◦C 
t Time, s 
u→Velocity vector, m•s− 1V Velocity vector, m•s− 1VVolume of salt bed, m3 

X Reaction conversion degree, % 
z Stoichiometric number  

Greek symbols 
ρ Density or reflectivity, kg•m− 3 or 
τ Transmissivity 
(τα) Transmissivity–absorptivity product 
α Absorptivity 
ε Emissivity 
σ Stefan–Boltzmann constant 
β Inclination angle, ◦
ξ Packing factor 
η Efficiency 
δ Porosity of the salt bed 
φ Permeability, m2 

γ Volume flow rate, m3•s− 1  

Subscripts 
a Air 
Al Aluminium substrate 
ch Charging 
eff Effective 
eq Equilibrium state 
f Final 
fan Air fan 
g Glass cover 
i Initial 
in Inlet 
ins Insulation plate 
ind Indoor air 
kin Kinetic 
out Outlet 
PV PV module 
r Reactor 
ref Reference 
s Salt hydrate 
sys System 
th Thermal 
v Water vapour 
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