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S 5 Abstract
g 6  This study presents an experimental and multiphysics modelling investigation of inductively
13 7 heated concrete thermal energy storage (CTES) systems incorporating different heat transfer
14 8 fluid (HTF) passages. Three HTF designs, including single-tube (ST), multiple-tube (MT), and
ig 9 triply periodic minimal surface (TPMS)-based heat exchanger structures, were experimentally

17 10 evaluated under different induction heating conditions. Thermal charging to 260 °C was
18 11 achieved using a 55 V, 50 kHz high-frequency induction heating system that takes advantage
20 12  of the metallic structures embedded in the CTES, while discharging was realised via forced-
2113 convection airflow. Temperature evolution and pressure drop were measured to evaluate the
23 14  thermal-hydraulic behaviour of the CTES modules. Furthermore, a coupled multiphysics
24 15  numerical model integrating electromagnetic induction, heat transfer, and fluid flow was
26 16 developed and validated against these experimental results. A £5% coil-current sensitivity
27 17  analysis across ST, MT, and TPMS identified 110 A and 130 A as the most representative
o9 18  currents for the 200 mm and 150 mm coils tested. Advanced metallic heat exchanger
30 19  geometries significantly improved inductive charging over the conventional ST configuration.
3> 20  For the 200 mm coil, MT and TPMS advanced configurations increased maximum charging
33 21  power by about 94% and 82%. The 150 mm coil further boosted charging, with TPMS showing
35 22  the best performance. The parametric modelling shows that improved induction coupling and
36 23 larger heat-transfer surfaces with helical fins helped achieve comparable charging/discharging
37 24 power and energy storage. The induction-assisted CTES system shows strong potential for
39 25 flexible thermal energy storage and offers new insights into integrating HTF metallic structures
40 26 with induction heating.
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Nomenclature

Symbol Definition Unit
Electromagnetic field

B Magnetic flux density T
D Electric displacement field Cm™2
E Electric field intensity Vm™!
f Excitation current frequency Hz
H Magnetic field intensity Am™1
J Electric current density Am™?
q; Volumetric Joule heat generation wm™3
é Skin depth m
N Vacuum permittivity Fm™1
& Relative permittivity -
Lo Vacuum permeability Hm™!
Uy Relative permeability -
Ue Magnetic permeability of conductor Hm™?
Pe Electric charge density Cm™3
o Electrical conductivity Sm~1
W Angular frequency rads™!
C Compensation capacitance F
I Induction coil current A

Lnax Maximum induction coil current A
L Induction coil inductance H
Q Quality factor of resonant circuit -
% Input voltage %4

Fluid field

Cie k — & turbulence model constant -
Coe k — & turbulence model constant -
Cy k — & turbulence model constant -

Cp f Specific heat capacity of fluid Jkg iK1
g Gravitational acceleration vector ms~?
Gy Production of turbulent kinetic energy Wm™3 %
k Turbulent kinetic energy m?s—2
ke Thermal conductivity of fluid Wm™tK~1
D Fluid pressure Pa

Qv,f Volumetric heat source in fluid domain Wm3
T¢ Fluid temperature K
t Time S
\4 Fluid velocity vector ms~1
v; j-direction fluid velocity component ms™1
X; Spatial coordinate in the j-direction m
£ Turbulent kinetic energy dissipation rate m?s~3
U Dynamic viscosity Pas
Us Turbulent dynamic viscosity Pas
pr Fluid density kgm™3
Oy Turbulent Prandtl number for k -
O¢ Turbulent Prandtl number for ¢ -
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Tin Inlet fluid temperature K

Vin Inlet fluid velocity vector ms~1

\i Fluid velocity vector at the fluid—solid interface ms~!
Solid thermal field

Cp,s Specific heat capacity of solid Jkg 1K1

kg Thermal conductivity of solid Wm iK1

Av,s Volumetric heat source in solid domain Wm™3

T Solid temperature K
Ps Solid density kgm™3
h Convective heat-transfer coefficient Wm2K™1!
q" conv Convective heat flux Wm™2
q" ad Radiative heat flux Wm™2
Tamb Ambient temperature K
&s Surface emissivity -
Osp Stefan-Boltzmann constant Wm™2K™*
Vs Solid velocity vector ms~!
n Unit normal direction at the fluid—solid interface —
Thermal-performance KPIs
Cp.c Specific heat capacity of concrete Jkg 1K1
m, Mass of concrete storage medium kg
Pecharge Charging power of concrete storage medium wW
Paischarge Discharging power of concrete storage medium W

Q. Sensible thermal energy stored/released by concrete J

T¢ ave Volume-averaged concrete temperature K
Teavgo Initial volume-averaged concrete temperature K

AT, Change in volume-averaged concrete temperature K

Ap Pressure drop across the CTES module Pa
Dinlet Inlet pressure Pa

Doutlet Qutlet pressure Pa
Abbreviations

TES Thermal energy storage -
CTES Concrete thermal energy storage -

DC Direct current —

EM Electromagnetic -
HTF Heat-transfer fluid —
ICFD Incompressible computational fluid dynamics -
SHS Sensible heat storage -
LHS Latent heat storage -
PCM Phase change material —

ST Single-tube configuration -

MT Multiple-tube configuration —

TPMS Triply periodic minimal surface -
MER Mean absolute error
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1. Introduction

Global renewable capacity is projected to rise from 666 GW in 2024 to approximately 935 GW
by 2030, with photovoltaic and wind power accounting for 95% of this growth [1]. The growth
of renewable energy production may cause supply-and-demand mismatches in the electricity
grid due to the less predictable nature of renewable sources, which may strain power grids and
require flexible strategies to address them. [2]. Meanwhile, significant amounts of energy are
constantly wasted as industrial waste heat in sectors like steel, aluminium, cement, chemicals,
and power generation, where much of the thermal energy is released into the environment at
low to medium temperatures (<230 °C for low-grade and 230-650 °C for medium-grade waste
heat) [3]. The combined issues of renewable energy intermittency and underused industrial
waste heat emphasise the increasing need for technologies that can temporarily separate energy
supply from demand [4-6].

To address these issues, thermal energy storage (TES) has been developed to convert surplus
heat or electricity into stored thermal energy for later use at the end user’s location [7]. A TES
system comprises three primary components: a power-to-heat module, a heat storage medium
(such as molten salt, silica sand, or water), and an energy conversion module that transfers
energy into electricity, thermal, or chemical forms [8]. This setup allows for energy arbitrage,
improves grid flexibility, and helps shift peak loads by aligning thermal energy requirements
with renewable energy availability, usually resulting in reduced costs and improved scalability.
In addition, TES methods encompass sensible, latent, and thermochemical heat storage, each
characterised by distinct mechanisms, energy densities, heat loss profiles, and applicability [9].
Sensible heat storage (SHS) involves retaining heat in a medium, governed by its specific heat
capacity, mass, and temperature differential. It is economically viable and widely utilised;
however, it requires large volumes and is prone to heat dissipation over time [10]. Optimising
storage density can be achieved with high specific heat capacitiy materials, while high thermal
conductivity facilitates efficient charging and discharging processes [11]. Common SHS
materials, such as sand, rocks, and concrete, are cost-effective and straightforward, enabling
scalability for utility-scale and industrial heat applications, although they inherently require
substantial volumetric space [12]. Among them, concrete exhibits a moderate specific heat
capacity of 0.88~1.0 kJ/(kg-K) and a wide operating temperature range of 20-500 °C, while
maintaining a low material cost of approximately $0.05~$0.3 per kg [13]. Its excellent
castability and geometric flexibility enable it to be easily moulded or additively manufactured
into diverse structural forms and integrated heat exchanger setups.

For concrete thermal energy storage (CTES), efficient heat transfer is vital to the performance
of TES systems [13]. The extensive use of steel pipes (Figure 1) and heat transfer fluids may
lead to high costs, thereby restricting their economic competitiveness [14]. Techniques to
enhance heat transfer include developing concrete mixes with high thermal conductivity [15],
optimising the geometry and configuration of the storage medium [16], improving contact
between the medium and the concrete, minimising thermal losses with insulation [17], and
using enhancements such as fins or heat exchangers [18]. The use of multiple embedded tubes
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has also been investigated as an effective approach to enlarge the heat-transfer area and shorten
the heat-conduction path within concrete-based TES units, thereby improving the thermal
charging and discharging rates [19, 20]. Conventional heat transfer fluid (HTF) structures with
straight fins often struggle to meet the requirements of high heat-transfer efficiency, thereby
motivating growing interest in advanced heat exchanger geometries [21]. Triply Periodic
Minimal Surface (TPMS) structures offer a promising alternative due to their unique geometric
and functional characteristics [22]. Their interconnected and nearly isotropic architectures
provide high surface-to-volume ratios, enabling efficient thermal management, while the
continuous and periodic nature of TPMS structures also leads to favourable hydraulic
properties that can enhance overall heat exchanger performance [23]. There has been a wide
range of research about the application of TPMS structures in latent heat storage (LHS) [24,
25]. With a relative density of just 10%, the TPMS structure shortened the melting time from
70 minutes for pure phase change materials (PCM) to about 50 minutes [26]. As a heat
exchanger for enhanced flow and thermal performance, the Gyroid emerged as the optimal
structure under the Nusselt number criterion, significantly outperforming the Diamond
structure [27]. The literature has shown that different HTF structures can significantly improve
the heat transfer efficiency of the CTES system [28].

U-shaped pipes

for HTF -
=5 : -‘-.. . :-',
 HEATCRETE®
Steel casing

Figure 1 Schematic and photographs of the CTES module with embedded HTF channels and
an external steel casing [29].

Furthermore, research scholars have investigated alternative heating mechanisms for SHS
systems. Unlike the conventional approach in which solar collectors are used to directly heat
HTF during the charging of SHS systems, different heating methods, such as resistive heating,
microwave heating, ohmic heating and induction heating [30], have been proposed for power-
to-heat SHS systems [31]. It has been shown that resistive-heating SHS systems could achieve
efficiencies of 85~95% round trip, which are affected by insulation quality and storage material
properties [32]. Recent studies have also investigated resistive heating for CTES applications,
demonstrating its feasibility for direct electrical charging of solid storage media with relatively
simple system integration [33]. The electrically charged system achieved comparable thermal
storage behaviour to conventional thermal charging, demonstrating the potential of resistive
heating as a relatively simple power-to-heat approach for medium-temperature CTES
applications. However, resistive heating is limited by direct heating between a heating element
and the heated object and short material lifespan under harsh conditions [8]. On the other hand,
electromagnetic (EM) induction heating offers a non-contact process with high heating
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efficiency, flexibility, and precise control [34]. In this context, Lu et al. [1] proposed a new
type of SHS with moving conductive particles heated with electromagnetic induction. The heat
transfer intensity could reach up to 784.6 W/(m?/K). Ibekwe [35] found that firebricks can be
induction-heated to temperatures exceeding 700°C. The rate of temperature increase is directly
proportional to electrical conductivity. Liu et al. [36] developed a multi-physical field model
for molten-salt induction heating. Increasing the current density could reduce the melting time
by up to 51.8%. Zhang et al [37] discovered that using cast iron as the thermal storage and
induction heating results in faster initial heating of 8.5 °C/min and higher storage temperatures
of 900 °C than traditional resistance devices. The literature on induction heating for SHS shows
great potential as a rapid, controllable, volumetric heating method to improve the performance
of CTES systems.

Despite existing studies on the induction heating of SHS systems, the comprehensive literature
review reveals several research gaps in current studies as follows:

1. Lack of systematic evaluation of induction heating mechanisms in CTES application.
2. Insufficient experimental-numerical coupled validation for induction-heated CTES.

3. Limited understanding of different HTF heat exchange structures, including multiple tubes
and TPMS-based configurations, regarding thermal and hydraulic performance under the
induction heating method.

This study contributes to the emerging research of induction heating of SHS in the literature
through an experimental and multiphysics modelling investigation. To address the identified
gaps, this study presents a unified experimental-numerical framework to systematically
evaluate the performance of an inductively heated CTES system with different HTF structures.
The scientific contribution of this study is as follows:

1. Experimentally compare charging and discharging power, thermal uniformity, and pressure
drop characteristics of an inductively heated CTES system with different HTF structure
geometries.

2. Develop and validate the numerical, multiphysics modelling of the inductively heated
CTES system.

3. Investigate the thermal enhancement potential of various HTF structures via parametric
modelling using the validated numerical models.

The following section presents the experimental testing. Next, Section 3 describes the
development of the multiphysics modelling. Section 4 presents the results and discussion.
Finally, Section 5 presents the conclusions and outlook.

2. Experimental Laboratory Testing

Here we summarise details of the experimental program, including the setup on elementary
volume testing specimens, the variety of testing undertaken over the different heat exchangers
and testing conditions and the key performance indicators used to evaluate results.



2.1 Experimental Setup

To investigate the performance of inductive heating for CTES, a laboratory-scale experimental
system was designed to integrate inductive heating and forced air convection for the charging
and discharging of the CTES module. The experimental program aims to systematically
evaluate the influence of EM -forced air coupling on the behaviour of CTES under controlled
conditions. Figure 2 illustrates the experimental setup and the configurations of HTF structures
(only the single-tube ST configuration is shown in Figure 2) used for inductive heating in the
CTES modules as well as for extracting the stored heat during discharge. Inductive heating is
achieved by placing an external induction coil around the CTES module, enabling non-contact
volumetric heating of the internal HTF structure. An industrial fan provides forced convection
through the HTF during the discharge phase. The CTES module consists of a cylindrical
concrete storage medium with a diameter of 100 mm and a height of 200 mm, surrounded by
a 50-mm-thick thermal insulation layer to minimise heat loss to the environment. The concrete
used in this study was prepared using a commercially available pre-mixed concrete obtained
from a local supplier. The compressive strength is 46 MPa, and the density is 2 200 kg/m®.
Samples were cast to measure thermal properties using the Hot Disk TPS 2 500. The thermal
conductivity and volumetric heat capacity of concrete are 1.95 W/(m-K) and 863 J/(kg-K),
respectively. The insulation material used in this study was AIS STONEWOOL™ 80 BL, a
non-combustible mineral wool insulation designed for high-temperature thermal applications
(up to a maximum service temperature of 650 °) [38]. The material has a nominal density of
80 kg/m® and a low thermal conductivity of 0.032 W/(m-K) at a mean temperature of 23 °C,
indicating excellent thermal insulation performance during the experiments.

Concrete Storage Metallic Airway
Media (® 100 (2 mm thickness)
mm x 200 mm) e

Induction
Heater E -

Insulation
(50 mm thickness)

S

(@) Test setup of the induction-heated CTES system  (b) Configuration of CTES module

Figure 2 Experimental setup of the induction-heated CTES system in this study: a) laboratory
setup, and b) detail of the CTES module with the ST configuration.

To evaluate the influence of the geometry of HTF structures on the thermal charge and
discharge performance of CTES, three different configurations, presented in Figure 2, were
considered in this study: a conventional single-tube design (ST), a multiple-tube design (MT),
and a TPMS design. The three HTF structures were designed to maintain a constant volume
within the CTES module (20% of the total volume), enabling a fair comparison of thermal
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storage and heat-transfer behaviours across tests, fabricated by metal additive manufacturing
using 18Ni300 maraging steel powder. The powder exhibited a spherical morphology, a
particle size range of 15-53 pum, and good flowability, enabling the stable fabrication of
complex airway geometries. The material density is taken as 7.88 kg/m3, with a thermal
conductivity of 25.1 W/(m-K) and a specific heat capacity of 377 J/(kg-K). The electrical
conductivity is taken as 1.0x10% S/m with a relative magnetic permeability of 100 [39].

The ST configuration in Figure 3(a) consists of a single circular metallic tube with a diameter
of 37 mm, representing a simplified baseline geometry commonly used in conventional CTES
systems. The MT configuration shown in Figure 3(b), employs four parallel circular tubes with
a diameter of 18.5 mm to increase the total heat-transfer surface area while maintaining
relatively simple flow channels. As depicted in Figure 3(c), the gap distance of the TPMS
configuration is set at 14 mm. The detail in Figure 3(d), shows that the TPMS design was
generated by extracting a continuous airflow passage from a 200x200x200 mm TPMS unit cell.
A cylindrical region with a characteristic diameter of 100 mm was intersected with the periodic
TPMS geometry to form a manufacturable internal structure while preserving the characteristic
curved topology of the TPMS surface.

dojjoge

(@) Single-tube metallic (b) Multi-tube metallic (c) TPMS metallic
airway (ST) airway (MT) airway (TPMS)

200 mm

~0 O
001 S N
& P

(d) Details of the geometry and dimensions of the TPMS airway

Figure 3 Geometric configurations of the metallic airways investigated for the CTES
modules: ST (a), MT (b), and TPMS (c) airways, including a detail of the extraction process
of the TPMS airway from a periodic TPMS unit cell (d)



2.2 Test Procedure

In this study, the thermal charging phase of the CTES module was achieved by inductive
heating, while discharging was realised by forced convection with an external fan to drive
airflow through the HTF structure (as shown earlier in Figure 2). During charging, the CTES
module was heated by an external water-cooled copper induction coil wrapped around the
concrete specimen, as illustrated in Figure 4. The tests used two coil configurations with
different diameters. For the ST/MT/TPMS-200 configurations, a 200 mm-diameter coil with
seven turns and a pitch of approximately 15 mm was used, resulting in a total coil height of
approximately 140 mm. For the ST/MT/TPMS-150 configurations, a 150 mm coil diameter
and a corresponding compact winding arrangement were adopted. The coils were positioned at
15 mm from the top of the specimen as shown in Figure 4. The induction heating system was
powered by a 55 V direct current (DC) power supply connected to a high-frequency resonant
inverter operating at approximately 50 kHz. The charging duration was 90 minutes for the
200 mm coil and 45 minutes for the 150 mm coil, respectively, due to the higher heating
efficiency of the 150 mm coil, as discussed later in Section 4. After the charging stage, the
induction coil was switched off, and the discharging stage was initiated. During thermal
discharging (90 minutes), an industrial fan was activated to induce airflow through the HTF
structures, thereby initiating convective heat extraction from the CTES module. The airflow
rate was maintained constant (2.6 m/s, 25 °C, 90 min) throughout all discharging tests to ensure
consistent boundary conditions and enable direct comparison of thermal discharge performance
among different configurations. Table 1 summarises the testing configurations in this study.

=t
L 150 mm q E
| 1 v
=
=
&
100 mm 100 mm
Concrete Concrete
Figure 4 Coil setup for ST/MT/TPMS-200 and ST/MT/TPMS-150
Table 1 Experimental conditions of the CTES system under induction and air heating
Test Group ST-200 ST-150 MT-200 MT-150 TPMS-200 TPMS-150
Airway Type Single Tube Multiple Tube TPMS
9
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Thermal

By Inducti
Charging y Induction
Coil Diamet
oil Diameter 200 150 200 % - -
(mm)
creralo 90 45 90 45 90 45
Duration (min)
Voltage (V) 55
Frequency (kHz) 50
Thermal )
ByC t
Discharging y Convection
Inlet Air ’e
Temperature (°C)
Inlet Air Velocity )6
(m/s) :
Discharging 0

Duration (min)

Temperature measurements were continuously recorded during both the thermal charging and
discharging stages to monitor the thermal response of the CTES modules. Six surface
thermocouples (TC1-TC6) were attached to the outer surface of each CTES specimen to
monitor the transient thermal behaviour, as illustrated in Figure 5. TC1 and TC2 were
positioned 20 mm above the bottom surface of the specimen, while TC3 and TC4 were located
at the mid-height region. TC5 and TC6 were positioned 20 mm below the specimen's top
surface. Two thermocouples, denoted TCI and TCO, were installed at the inlet and outlet of
the HTF structure, respectively. All CTES configurations used identical thermocouple layouts,
regardless of the HTF structure geometry. To further capture the spatial temperature
distribution, infrared (IR) thermography is employed, offering qualitative and semi-
quantitative insights into surface temperature uniformity and heat propagation characteristics.
In addition, a differential pressure sensor (PS, SLD-PTG, Nanjing Shunlaida Measurement and
Control Equipment Co., Ltd., China, £0.1 Pa) was also installed along the inlet airflow pipe to
monitor the pressure drop across the CTES module during the discharging stage. Atmospheric
pressure is assumed at the CTES module outlet.

10
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20 mm

80 mm

80 mm

20 mm

(@ ST (b) MT (c) TPMS
Figure 5 Thermocouple layout for CTES modules with different metallic airway
configurations

2.3 Performance Indicators

TCO

TCI

The key performance indicators (KPIs) described below were used to evaluate the performance
of the storage systems for the CTES module. Several KPlIs, listed and defined in Table 2, have
been investigated to analyse the thermodynamic performance of the CTES and to compare the

different cases.

Table 2 Key performance indicators for this study

KPI Definition Unit Eq.

Energy Storage Capacity [40] Qc =mecy, |Tc,m,g - Tc,avg,0| kJ 1)
Charging Power [41] Peharge = McCy dTZ?”Q w (2
Discharging Power [41] Paischarge = McCp % W (3
Charging Time [42] Time for the T, 44 to increase by 30 °C ~ min 4)
Discharging Time [42] Time for the T, 4,4 to decrease by 30 °C min (5)
Pressure Drop AP = Piyot — Poem Pa (6)

*  Qc is the energy storage capacity; m, is the mass of the storage medium; c,, is the specific heat capacity;
T avg IS the average temperature of the storage medium; T ., o IS its initial average temperature; Pparge
and Pgischarge are the charging and discharging powers; AP is the pressure drop between the inlet and

atmospheric pressure.

11



3. Multiphysics Modelling

To complement the experimental investigation and provide insight into the underlying physical
mechanisms, a multiphysics numerical model was developed to simulate the charging and
discharging processes of the CTES modules. The simulations were conducted using LS-DYNA
[43], which enables coupled electromagnetic—thermal—fluid analyses. Inductive heating was
modelled by solving Maxwell’s equations under the eddy-current approximation, capturing the
induced currents and associated Joule heating within the metallic HTF structure. The resulting
volumetric heat generation was then coupled to the thermal solver to predict heat transfer
within the HTF structure, surrounding concrete, and insulation. Convective heat extraction
during the discharging stage was modelled using the incompressible fluid dynamics (ICFD)
solver in LS-DYNA. In this study, air was modelled as an incompressible fluid with fixed
thermo-physical properties. This approach is common in low-Mach-number thermal-fluid
simulations, where density changes have little effect on the flow but can greatly increase the
computational load [44, 45]. This selection of modelling approach is to enhance numerical
stability and compatibility and lower computational demands, particularly in large-scale three-
dimensional multiphysics simulations in this study. Accordingly, the air properties were fixed
at 299 K as the inlet temperature, with a density of 1.293 kg/m® dynamic viscosity of
1.72x107° Pa/s, thermal conductivity of 0.024 W/(m-K), and specific heat of 1005 J/(kg-K).
Finally, heat conduction was employed to model heat transfer within the solid concrete domain
of the CTES module.

3.1 Governing Equations

The proposed CTES system was modelled using a coupled electromagnetic—fluid—thermal
framework. During charging, the electromagnetic solver was employed to resolve the time-
varying electromagnetic field generated by the induction coil and the resulting eddy-current
distribution within the electrically conductive components. The induced currents generate
volumetric Joule heating, which is subsequently transferred to the thermal solver as an internal
heat source. During discharging, the ICFD solver was used to resolve the forced airflow and
conjugate heat transfer between the fluid and solid domains. The governing equations adopted
for the coupled multiphysics model are summarised in Table 3.

Table 3 Governing equations for the coupled electromagnetic—fluid—thermal model

Physics Governing relation Definition Eq.
\ 3)))
Ampere—-Maxwell law VxH=]J+ = 7)
Electromagnetic
araday’s law VXE__E )
12
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Gauss’s law V-D = pe )
Gauss’s law for
magnetism V-B=0 (10)
Electric constitutive D= E
relation = fofr (11)
Magnetic constitutive _
relation B = tonH (12)
Ohm’s law J =0E (13)
. 2 1
Skin depth o= = (14)
WHo |\ Infu.o
Joule heat fi —q=]-E="]
oule heat generation Qvs=q =) -E= — (15)
Mass conservation aﬂ +V. (pfv) =0 (16)
at
Incompressible _
continuity V-v=0 (17)
av
Momentum Pr [6_ + (v V)v]
conservation t — Up+prg+ vy (18)
- f
<6k N 6k>
. . ot ] ax]
) Turbulent kinetic P ok
Fluid energy _ (‘u + &) R (19)
axj O ax]
+ Gk — pfg
(68 N oe )
ot J aX]
Turbulent dissipation 0 ( N ut> de
rate P Xj K o, axj (20)
£ g?
+ ClsEGk - CZepf?
k2
Turbulent viscosity e = psC, — 21)
13
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oT,

Fluid energy PrCp, s a_tf + prcp v - VT 22)
conservation —V. (kf VTf) + Gy s
Thermal Solid heat conduction PsCps a_; =V (kVTs) + Qo s (23)

* E is the electric field intensity; His the magnetic field intensity; Dis the electric flux density; Bis the
magnetic flux density; Jis the current density; p,is the electric charge density; ois the electrical
conductivity; gyand ,are the vacuum and relative permittivities; poand p,.are the vacuum and relative
permeabilities; §is the skin depth; fis the excitation frequency; q;is the volumetric Joule heat generation;
Prs Cpr» Kr, u, and p;denote the fluid density, specific heat capacity, thermal conductivity, dynamic
viscosity, and turbulent viscosity; vis the fluid velocity; p is the pressure; kis the turbulent kinetic energy;
€ is the turbulent dissipation rate; ps, ¢, ¢, ks, and Tsdenote the density, specific heat capacity, thermal
conductivity, and temperature of the solid; Tris the fluid temperature and q, rand q,, ;are the volumetric
heat-source terms in the fluid and solid domains.

The electromagnetic formulation is based on Maxwell’s equations [46] together with the
corresponding constitutive relations. In the present model, the alternating current supplied to
the induction coil generates a time-varying magnetic field, which induces eddy currents within
the electrically conductive components. The electromagnetic solution therefore provides the
spatial and temporal distributions of the electromagnetic field and induced current density
required to determine the corresponding Joule heat generation [47].

At the operating frequencies considered in this study, the induced current distribution is
affected by the skin effect, whereby the current density is concentrated near the conductor
surface and decreases with penetration depth [48]. The characteristic penetration distance is
represented by the skin depth, defined as the depth at which the current density decreases to
1/e (approximately 36.8%) of its surface value. In the numerical model, the skin effect arises
from the electromagnetic field solution rather than being imposed as an independent empirical
condition. The calculated skin depth provides a physical measure of the penetration of the
induced current into the conductive components.

To simulate the fluid (air) behaviour during the discharge stage of the proposed CTES system,
the ICFD solver [49] is employed. During discharge, the complex TPMS geometry produces
strongly three-dimensional flow passages with substantial local variations in velocity and flow
recirculation. Similar thermo-hydraulic behaviour in TPMS structures has been reported by
Kwasi-Effah et al. [50], who employed the turbulence model to represent the associated
turbulent flow and heat-transfer characteristics. Accordingly, the same turbulence modelling
framework was adopted in the present study to resolve the thermo-hydraulic behaviour of the
TPMS-based CTES system, with the model formulation following the work by Panchal et al.
[51].

Heat transfer within the fluid domain is governed by energy conservation, accounting for
transient thermal storage, convective transport by the airflow, and thermal diffusion [52]. No
internal volumetric heat source is prescribed within the fluid domain. Within the solid domains,
including the concrete storage medium and insulation, heat transfer is represented by transient

14
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heat conduction based on Fourier’s law. During induction charging, the volumetric Joule heat
from the electromagnetic solution is applied to the electrically conductive solid components,
heating the conductive regions. Specifically, the Joule heat q;, defined in Eq. (15), is
introduced as the volumetric heat-source term q,, ; in the solid energy conservation equation,
Eq. (23). This provides the coupling between the electromagnetic and thermal fields [53].

3.2 Boundary Condition

The boundary conditions applied in the coupled multiphysics model are summarised in Table
4 and illustrated schematically in Figure 6. They comprise the electromagnetic excitation of
the induction coil, heat loss from the external surfaces, airflow conditions at the inlet and outlet,
and thermal coupling between the fluid and solid domains. For each boundary condition, the
corresponding mathematical formulation and its physical role in the coupled model are
provided below.

Table 4 Summary of boundary conditions applied in the coupled multiphysics model

Boundary

.. Physical description Definition Eq.
condition y b 9

A sinusoidal current in the induction
coil produces an alternating magnetic
Electromagnetic  field, inducing eddy currents in
excitation conductive parts that generate Joule
heat, which then couples to the

thermal model.

[(t) = Ihax Sin(2uft)  (24)

Radiative heat loss occurs between
Radiation the exposed external surfaces of the
solid and the ambient environment.

"= e.0cp(TH
qrad S SB( S . (25)
- Tamb)
Convective heat loss from the
external surfaces to ambient air is

Convection ] ) o =h(T, —T, 26
represented using an effective heat- Geony = h(Ts = Tamp)  (26)

transfer coefficient.

A prescribed inlet velocity of

2.6 ms~! and inlet air temperature of UV ="Vin
2_5 °C are imposed during the T =T,
discharge stage.

Air inlet (27)

A pressure outlet is prescribed at the
Air outlet downstream boundary to allow air to P = Pout (28)
leave the computational domain.
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Velocity continuity is imposed at the

fluid—solid interface. For the

stationary solid domain, vy =0 , Ve =V (29)
corresponding to the no-slip

condition at the solid surface.

Fluid-solid
interface: velocity

Heat-flux continuity is enforced

. . across the fluid—solid interface to
Fluid-solid L . 0Ty aT¢
. couple heat conduction in the solid —k.— = —k,—
interface: heat flux . ) . S on T on

with convective heat transfer in the

airflow domain.

(30)

x  J(t) is the instantaneous coil current; I, is the maximum coil current; f is the excitation frequency; t is
time; &, is the surface emissivity; o is the Stefan—Boltzmann constant; Ty is the solid-surface temperature;
T.mp 1S the ambient temperature; h is the convective heat-transfer coefficient; v;, and T;, are the prescribed
inlet air velocity and temperature; p,,,. is the prescribed outlet pressure; v, and v, denote the fluid and solid
velocities at the fluid—solid interface; n denotes the outward unit normal direction at the interface.

In this study, the induction heating system is powered by a DC source with a measured input
voltage of 55 V during the induction thermal charging stage. A zero-voltage switching inverter
converts the DC power supply into a high-frequency alternating current. The inverter drives a
resonant inductor—capacitor (LC) circuit formed by the induction coil and the compensation
capacitor. At resonance, reactive energy oscillates between the inductance and capacitance,
significantly amplifying the circulating current. The inverter converts the DC input into a high-
frequency (f = 50 kHz) alternating current, forming a resonant LC circuit consisting of the
induction coil (inductance L) and the compensation capacitor (C = 4 uF). The resonant
frequency is given by:

1
~ 2nVIC

Therefore, the coil inductance is calculated as L = 2.7 4H. In the LC circuit, the circulating
current in the induction coil can be estimated as:

C
—0-V- / 32
Lnax = Q I (32)

where Q is the quality factor of the resonant circuit and V is the input voltage applied to the
inverter. Using the parameters reported in the literature [54] , the effective quality factor Q can
be calculated in the range of [1.7-2] in this study. Therefore, the maximum current in the
induction coil is calculated as 110 A for ST/MT/TPMS-200 and 130 A for ST/MT/TPMS-150.
The sensitivity of the numerical predictions to variations in the prescribed coil current, together
with the selection of these representative current values, is further examined in Section 4.2.

f (31)
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During the thermal discharge stage, the air inlet was prescribed with a velocity of 2.6 m/s and
a temperature of 25 °C, while a zero-gauge-pressure condition was imposed at the outlet. At
the fluid—solid interfaces, velocity and heat-flux continuity were enforced to represent the
conjugate heat transfer between the airflow and the HTF structure. Heat loss from all exposed
external surfaces was represented by combined radiation and natural convection. The ambient
temperature of 20 °C is used, and the surface emissivity &, of 0.8 with a convective heat transfer
coefficient h of 8 W/(m?-K) [55] were adopted.

a0 Ty

C)  Air Outlet
Pressure: 0 Pa
) Air Inlet
Temperature: 25 °C
Velocity: 2.6 m/s, Discharging
|:> Circuit Inlet
Tmposed current
110 A/130 A, 50 kHz, Charging
::) Circuit Outlet

|;’> Convection and Radiation
Heat transfer coefficient: 8 W/m?-K
Ambient temperature: 20 °C.
Emissivity: 0.8

\\\é

X////

403 0 407

i T A T A )

/s
N

g o0

Figure 6 Schematic illustration of the boundary conditions applied in the coupled
electromagnetic—thermal—fluid simulation, including induction heating, airflow inlet/outlet,
and external convection—radiation heat loss conditions

3.3 Modelling Techniques

The multiphysics simulations in this study involve complex coupling of EM fields, fluid
behaviour, and heat transfer, requiring advanced modelling techniques to address numerical
challenges. The LS-DYNA induction heating module heats metallic HTF structures by EM
induction, generating eddy currents within the HTF structures and subsequently Joule heating.
The module solver works in the time domain and requires a very small time step, compatible
with the frequency, to solve the eddy current problem [56]. To address this issue, the inductive
heating solver implemented in LS-DYNA employs separate electromagnetic “micro” and
“macro” time scales (Figure 7). These averages are then used in a larger time step in the thermal
solver (EM “Macro” time step), assuming material properties stay constant within this interval
[57].
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Thermal time step EM "Macro" time step
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Average Joule heating

Figure 7 Schematic illustration of the micro- and macro-time-step strategy used in the LS-
DYNA electromagnetic solver for inductive heating simulations [56]

As temperature evolves and material properties change, the EM solution is periodically updated
by re-solving the eddy current problem over another full cycle to obtain new averaged values.
In addition, a sequential coupling strategy was used to improve efficiency and stability by
decoupling the EM charging step and the forced-air convective discharging step. The EM
solver calculated the volumetric Joule heating generated in the conductive components, which
was subsequently used as the heat source in the solid energy equation to obtain the transient
temperature field during the charging stage. The final temperature was then used as the initial
condition for the next discharge-stage analysis, in which the coupled thermodynamic response
of the airflow field and heat transfer in the solid domain were resolved using the ICFD solver.
The EM induction solver was deactivated in the discharge stage, and vice versa.

A timestep convergence study indicated that 50 EM micro time steps per excitation-current
period were sufficient to resolve the high-frequency electromagnetic response and the
associated Joule heating. In the LS-DYNA inductive-heating solver, the electromagnetic field
is resolved over the current period using these micro time steps, from which the average Joule
heating is calculated and transferred to the thermal solver. The electromagnetic field and Joule-
heating source are subsequently updated at each EM macro time step. An EM macro time step
of 1 s was adopted in this study, providing stable and converged temperature predictions while
substantially reducing the computational cost. For the ICFD simulation during the discharging
stage, a smaller time step of 0.001 s was employed to capture the transient airflow behaviour
and maintain numerical stability.

In addition, Figure 8 illustrates the computational meshes used for the coupled
electromagnetic—thermal—fluid simulations in this study. Separate solid and fluid domains were
generated to accurately capture heat transfer within the concrete storage medium and airflow
behaviour inside the HTF structures. For the solid domain, an unstructured tetrahedral mesh
was employed for both the concrete and metallic airway regions to accommodate the complex
TPMS geometry and curved interfaces. A locally refined mesh with a minimum element size
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of approximately 0.5 mm was applied near the HTF surfaces to accurately resolve the steep
thermal gradients and electromagnetic-induced heat generation during induction charging. In
contrast, a coarser mesh size of approximately 3-5 mm was adopted in the bulk concrete region
to reduce computational cost while maintaining sufficient thermal accuracy. For the fluid
domain, a dedicated high-resolution mesh was used to capture airflow development, local
velocity gradients, and convective heat transfer during discharge. Similar local refinement near
the airway wall was used to improve predictions of wall heat transfer and fluid—solid thermal
interaction.

(a) Solid Domain (b) Fluid Domain

Figure 8 Computational meshes of the solid and fluid (air) domains in the coupled
multiphysics model in this study

4. Results and Discussion

This section presents an integrated performance evaluation and comparative analysis of the
proposed CTES system through comprehensive experimental measurements and numerical
results. First, the thermal behaviour of the CTES module is experimentally characterised using
embedded thermocouples distributed along the axial direction of the storage domain, providing
time-resolved temperature evolution and pressure drop development for each configuration
(Section 4.1). In addition to thermal performance, the system's hydraulic response is assessed
through pressure-drop measurements during the discharge stage. The developed multiphysics
model is validated in Section 4.3 and used for parametric modelling in Section 4.4.

4.1 Experimental Results

Figure 9 presents the temperature responses of the proposed CTES system during charging and
discharging. For all tested configurations, the inlet temperature (TCI) increased progressively
during charging and dropped sharply upon switching to discharging, clearly indicating the
transition between the two operating modes. Good agreement was generally observed between
the thermocouple measurements and the infrared thermal images, suggesting that the measured
temperature evolution reliably reflected the thermal behaviour of the specimens. A notable
feature of the induction-heating process was the relatively uniform temperature rise throughout
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the specimen during charging, particularly for the ST-200 and MT-200 cases, where the
temperature differences among TC1-TC6 remained comparatively small. The experimental
results further demonstrate that the heating response strongly depends on coil diameter and
metallic-airway configuration. Reducing the coil diameter from 200 to 150 mm substantially
intensified the electromagnetic interaction and resulted in considerably higher specimen
temperatures within the same charging period; for example, the 150 mm configurations reached
markedly higher temperatures after 45 min than their corresponding 200 mm cases. This
sensitivity to coil geometry provides additional design flexibility, as heating intensity and
spatial distribution can be tailored by optimising the coil and internal metallic structure. The
results demonstrate that electromagnetic induction heating offers a promising route toward
rapid and volumetrically distributed charging of concrete thermal energy storage systems,
while also providing substantial flexibility for thermal-performance optimisation.
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22 431 Figure 9 Thermal responses for ST, MT, and TPMS configurations with 200/150 mm coil.

j; 432  Figure 10 quantitatively compares the maximum 1-min temperature change rates during
49 433  charging and discharging for all configurations. For the 200 mm specimens, both the MT and
28 434  TPMS designs generally produced substantially faster thermal responses than ST-200.
52 435  Considering TC1-TC6 collectively, the mean of the maximum charging rates increased from
53 436  approximately 2.49 °C/min for ST-200 to 5.2 °C/min for MT-200 and 6.2 °C/min for TPMS-
55 437 200, corresponding to improvements of about 108% and 147%, respectively. The enhancement
56 438  was even more pronounced during discharging, for which the corresponding mean maximum
5g 439  rates increased from 2.8 °C/min to 10.5 and 13.3 °C/min, representing increases of
28 440  approximately 272% and 368%. At individual locations, the improvement could be
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considerably greater; for example, at TC4 the maximum charging rate increased from
3.4 °C/min for ST-200 to 6.9 °C/min for MT-200 and 8.8 °C/min for TPMS-200, while at TC6
the maximum discharging rate increased from 1.8 °C/min to 17.5 and 28.1 °C/min, respectively.

The results indicate that the embedded metallic and TPMS structures improve the effectiveness
of induction heating by extending the electromagnetically heated region into the concrete
domain and facilitating subsequent heat conduction from the metallic network to the
surrounding concrete. This reduces dependence on the proximity of the external coil and
promotes a faster, more spatially distributed thermal response. From an engineering perspective,
the MT configuration provides a particularly attractive balance between thermal performance
and manufacturability. Despite its relatively simple geometry, MT-150 achieves charging and
discharging rates comparable to, and in some cases exceeding, those of the more geometrically
complex TPMS configurations. More importantly, the results show that the internal inductively
heated structures can partly compensate for the weaker electromagnetic coupling associated
with the larger 200 mm coil, allowing the enhanced 200 mm configurations to approach, and
at some locations exceed, the thermal response observed for the smaller 150 mm specimens.
At the reduced coil size (150 mm), all configurations exhibit accelerated temperature evolution
due to the improved electromagnetic coupling associated with the smaller coil diameter. The
TPMS-150 specimen achieves the highest heating rate, reflecting the combined effects of a
reduced coil-to-structure distance and an enlarged conductive heat-transfer pathway.
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Figure 10 Maximum temperature change rates measured at the inlet, outlet, and internal
thermocouple locations for all configurations during (a) charging and (b) discharging.

Compared with ST, the MT configuration exhibits a more distributed temperature rise along
the specimen height, reflecting the presence of multiple metallic airways that act as spatially
distributed induction-heating elements. This arrangement promotes heat generation at multiple
locations within the specimen and facilitates subsequent heat diffusion into the surrounding
concrete. TPMS produces the highest overall heating rates; its temperature distribution is less
uniform, with more pronounced temperature differences among the thermocouple locations.
This behaviour is associated with the continuous TPMS geometry, which extends further
toward the outer region of the specimen and therefore places portions of the metallic structure
closer to the induction coil. The reduced coil-to-metal distance can locally enhance
electromagnetic interaction and eddy-current generation, leading to more intensive heating in
these regions [58]. Consequently, TPMS provides a stronger local induction-heating response,
whereas MT tends to distribute the induced heat generation more evenly throughout the
specimen. These observations are consistent with the thermocouple measurements and
demonstrate that the geometry and spatial location of the metallic airway govern not only the
magnitude of induction heating but also the distribution of heat generation within the concrete
specimen.

The pressure drop remains relatively stable for all three configurations throughout the
discharging period, indicating a steady flow regime (Figure 11). However, clear differences in
magnitude are evident. The TPMS configuration consistently exhibits the highest pressure drop
(=480-510 Pa), followed by MT (= 310-330 Pa), while ST shows the lowest values (= 260-

290 Pa). This trend suggests that the TPMS structure introduces greater flow resistance, likely
due to its more complex geometry, increased surface area, and enhanced flow tortuosity; which
conversely enhances heat transfer. In contrast, the simpler ST structure allows smoother airflow
with reduced frictional losses. Minor differences are observed between the 200 and 150 mm
coil tests for the same configuration, likely due to experimental variability rather than
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systematic effects, since the internal flow geometry remains unchanged. The higher pressure
drop of TPMS and, to a lesser extent, MT reflects increased flow resistance from their complex
internal geometries, larger surface areas, and flow tortuosity. This aligns with previous studies
showing that complex heat-transfer structures with more area and flow disturbance generally
have higher pressure losses. Conversely, the simpler, more open flow path of the ST
configuration results in lower frictional resistance.
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Figure 11 Pressure drop comparison for ST, MT, and TPMS configurations

4.2 Numerical Validation

To ensure the reliability of the proposed multiphysics electromagnetic-thermal coupling model,
a validation study was conducted by comparing numerical predictions with experimental
measurements in this section. To assess the sensitivity of the numerical predictions to the
prescribed coil current, I, Was varied by +5% relative to the baseline values for both coil
sizes. The agreement between the numerical and experimental results was quantified using the
mean absolute error (MAE) at TCI and TCO. The errors at the two measurement locations were
evaluated separately to avoid potential error compensation associated with averaging the
temperatures.

The overall mean absolute error was calculated by combining the prediction errors from both
TCI and TCO across all tested CTES configurations. As shown in Table 5, changing
Imax improved the agreement for some individual configurations but did not consistently
improve the predictions across all geometries. For the 200 mm coil, 110 A yielded the lowest
overall MAE of 5.71 °C, compared with 6.77 °C and 9.26 °C for 104.5 A and 1155 A,
respectively. Similarly, for the 150 mm coil, the baseline current of 130 A produced the lowest
overall MAE of 11.37 °C, compared with 16.83 °C at 123.5 A and 12.77 °C at 136.5 A.
Although the £5% cases provided lower errors for certain individual temperature locations,
their performance was less consistent when applied across the ST, MT, and TPMS
configurations. Therefore, 110 A and 130 A were selected for the 200 mm and 150 mm caoils,
respectively, as they provided the most robust overall agreement across the tested CTES
configurations.

Table 5 MAE between numerical and experimental temperatures for the current sensitivity
analysis.
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Coll Current TCI MAE (°C) TCO MAE (°C) Overall
(mm) (A) ST MT TPMS ST MT TPMS MAE (°C)
104.5
698 731 654 892 643 4.46 6.77
(=5%)
200 110 507 738 738 428 5.08 5.08 571
1155
566 10.03 1234 312 8.63 15.76 9.26
(+5%)
123.5
1092 559 6.85 1292 8.85 55.87 16.83
(=5%)
150 130 9.10 596 557 624 894 32.42 11.37
136.5
743 760 1439 194 1559 29.68 12.77
(+5%)

* The overall MAE was calculated from all individual temperature comparison points rather
than by averaging the MAE values of the individual configurations.

Figure 12 presents the comparison between the experimental and numerical results for the
thermal responses of all tested configurations. Overall, the numerical model reproduces the
measured temperature evolution and the principal charging—discharging trends with reasonable
agreement. In addition to the thermocouple-based comparison, the simulated temperature
distributions show good qualitative agreement with the infrared thermal images. The numerical
model reproduces the principal spatial characteristics observed experimentally, including the
location and overall extent of the high-temperature regions. The predicted temperature fields
also capture the radial temperature gradients from the internally heated metallic structure
toward the outer concrete region. Although some local differences in temperature magnitude
are present, the close correspondence in the overall thermal patterns indicates that the model is
capable of representing not only the temporal temperature evolution at discrete measurement

locations but also the spatial heat distribution within the CTES specimens.
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Figure 12 Comparison of temperature responses obtained from the experiments (solid line, -T
prefix) and the numerical simulations (dashed line, -S prefix). Note different scales used

Table 6 quantitatively evaluates the agreement between the experimental and numerical results
using the MAE calculated across TCI, TCO, TC1, TC3, and TC5 at different times during the
charging and discharging phases. Overall, the numerical model reproduced the measured
temperature evolution with reasonable accuracy across the six configurations. For most of the
selected time points, the MAE remained below 10 °C, and the discrepancy generally decreased
as the thermal response approached a quasi-steady condition. Larger deviations occurred at
several transient stages, with the maximum MAE of 20.36 °C for TPMS-150 at 60 min. This
discrepancy was primarily associated with local differences in the predicted cooling response
at TCO and TC5 rather than a systematic deviation across all measurement locations. Similar
transient discrepancies were observed for MT-200 at 90 min and for several configurations
during the earlier heating stage. These deviations may arise from the idealised thermal
boundary conditions and geometric representation adopted in the numerical model, together
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with the highly localised electromagnetic heating and subsequent heat transfer within the
metallic structures. Nevertheless, the generally low MAEs at later stages, together with the
agreement in the overall temperature evolution, indicate that the model adequately captures the
principal thermal behaviour of the proposed induction-heated CTES system.

Table 6 MAE between experimental and numerical temperatures (°C)

Configuration | ST-200 MT-200 TPMS-200 ST-150 MT-150 TPMS-150
30 min 7.6 11.7 14.3 16.1 5.2 10.2
60 min 5.4 6.3 10.0 6.9 5.3 20.4
90 min 3.6 12.8 7.2 3.4 2.7 3.7
120 min 1.2 6.3 4.8 4.9 2.7 0.6

4.3 Parametric Modelling

The previous sections experimentally and numerically investigated the thermal performance of
CTES systems with three different HTF structures under induction heating and forced-air
discharge conditions. Using the validated numerical model, this section presents the parametric
modelling of the proposed CTES module with a single tube (ST) HTF structure and extends it
with the incorporation of a straight fin (ST-S) and a helical fin (ST-H). It should be noted the
choice of ST-S and ST-H configurations for the parametric study is justified by the simplicity
and prevalence of the single tube and straight/helical fin in the literature [42]. Future research
could be conducted for the parametric study of multiple tubes and TPMS HTF structures.
Figure 13 presents the geometry of ST-S and ST-H configurations. To be specific, for each fin
type, three different fin surface areas (As = 0.043, 0.026 and 0.017 m?) were considered to
evaluate the effect of reducing fin material and contact area on the charging and discharging
behaviour of the proposed CTES module. The straight-fin configurations consist of four
longitudinal fins attached symmetrically around the central tube, while the helical-fin
configurations employ a continuous spiral fin with varying extension to achieve equivalent
surface areas. This comparison enables a systematic assessment of the trade-offs between heat
transfer enhancement, geometric complexity, and material usage for different fin topologies.
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Figure 13 Geometry and surface area comparison of the straight-fin (ST-S) and helical-fin
(ST-H) configurations considered in the parametric study.

Figure 14 presents the transient temperature distributions for different CTES configurations
investigated in this section. The fin-enhanced configurations further demonstrate that
introducing additional metallic conductive structures to the HTF structures can substantially
improve induction heating performance. As shown in Figure 14, both straight-fin and helical-
fin structures significantly increase heat penetration depth and accelerate temperature
propagation within the concrete specimen. As the internal heat transfer area increases from
0.017 to 0.043 m?, progressively larger high-temperature regions are observed during charging,
indicating enhanced conductive heat spreading from the metallic structures into the

surrounding concrete.
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Figure 14 Transient temperature distributions numerical results for various CTES
configurations during charging and discharging

Figure 15 presents the average concrete temperature evolution of various CTES modules
during induction thermal charging and forced-air discharging conditions. The results clearly
demonstrate that both fin topology and effective heat transfer area strongly influence the
induction heating efficiency and subsequent thermal discharge behaviour of the system. In
general, increasing A, significantly enhances the thermal interaction between the inductively
heated metallic part and the surrounding concrete, resulting in faster temperature rise, higher
average concrete temperatures, and improved discharging capability. For the straight-fin
configurations (ST-200-S1 to ST-200-S3), the charging and discharging performance
decreases progressively as the heat-transfer surface area is reduced. During induction charging,
the larger fin area promotes more effective conductive heat spreading from the metallic airway
into the concrete domain, thereby reducing localised overheating near the induction-heated
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core and improving radial thermal diffusion. Consequently, ST-200-S1 achieves the highest
average charging power among the straight-fin cases. In contrast, ST-200-S3 exhibits slower
temperature propagation and reduced thermal uniformity due to the smaller conductive
interface between the metallic structure and concrete. A similar trend is observed for the
helical-fin configurations (ST-200-H1 to ST-200-H3). Increasing the helical fin surface area
substantially improves both induction charging and thermal discharge performance. Among all
investigated cases, ST-200-H1 demonstrates the highest charging and discharging efficiency.
Compared with straight fins possessing similar surface areas, the helical fins exhibit more
uniform temperature distributions and enhanced thermal penetration throughout the concrete
volume, as presented in Figure 14.
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Figure 15 Average concrete temperature T, 4,,, €volution during induction charging and
forced convective discharging for different CTES HTF configurations

The charging/discharging power and energy storage capacity after 45 min of charging is
compared in Figure 16(a). Figure 16(c) further compares the charging and discharging times
(to increase/decrease the average concrete temperature by 30 °C) associated with different fin
surface areas. Both the straight-fin and helical-fin configurations showed clear improvement
over the conventional ST system. Increasing fin surface area consistently enhanced the stored
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thermal energy, indicating that enlarged metallic—concrete contact area promoted more
efficient volumetric heat distribution during induction charging. Like the observation in Figure
15, the helical-fin configurations generally exhibited superior performance compared with the
straight-fin cases at similar surface areas, which can be attributed to their continuous spiral
conductive pathways and improved spatial heat distribution characteristics. Increasing fin area
significantly reduced the charging time required to achieve a 30 °C average temperature
increase. For example, the charging time decreased from approximately 31 min for the
conventional ST configuration to below 15 min for the largest fin-enhanced cases. At the same
time, larger fin surface areas also accelerated the initial convective heat extraction during
discharging, leading to shorter times for a 30 °C temperature reduction. This behaviour reflects
the dual role of enhanced metallic structures in simultaneously improving both heat charging
and heat extraction processes. In particular, Figure 15 and Figure 16(a) show that for the
proposed CTES module, the ST-200-H1 configuration achieves better charging/discharging
behaviour compared to the MT-200 and TPMS-200 configurations, despite employing a
geometrically simpler HTF structure. This behaviour is attributed to the continuous spiral
conductive pathways provided by the helical geometry, which promote more distributed heat
transfer and enhanced interaction between the metallic structure and the surrounding concrete.
From a (scaled-up) manufacturing perspective, the ST-200-H1 configuration is also more
feasible due to its relatively simple geometry and potentially low fabrication cost. A further
comparison between the 150 and 200 mm coil cases provides useful insight into the trade-off
between electromagnetic coupling and practical system design. Reducing the coil diameter
generally strengthens the electromagnetic interaction with the metallic structure and therefore
improves the heating response. However, a larger coil may offer practical advantages for scaled
up CTES systems, including greater geometric flexibility, easier accommodation of larger
storage modules, and increased clearance for insulation, structural components, and
maintenance. The present results show that several fin-enhanced configurations tested with the
200 mm coil achieved thermal responses comparable to those obtained with the smaller
150 mm coil. This suggests that optimisation of the internal metallic heat-transfer structure can
partially compensate for the weaker coupling associated with a larger coil, while retaining the
practical benefits of a more spacious coil arrangement.
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5. Conclusions and Outlook
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Main lessons learned from this experimental and numerical study and future work arising from
it are summarised next.

5.1 Conclusions
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This study investigated the thermal performance of inductively heated CTES systems
incorporating different HTF heat exchanger structures. A unified framework integrating
induction charging, forced convective discharging, experimental validation, and multiphysics
modelling was developed to systematically evaluate the influence of induction heating and
HTF structures on the performance of the proposed CTES module. Based on the experimental
and numerical results, conclusions are drawn as follows:

1.

2.

The experimental results demonstrated that different HTF configurations significantly
enhanced the inductive charging behaviour of the proposed CTES. Among all investigated
cases, the TPMS-150 configuration achieved the highest charging performance, reaching
an average concrete temperature of approximately 173 °C within 45 min and reducing the
charging time required for a 30 °C temperature increase by approximately 73% compared
with the ST-200 configuration. The enhanced performance was primarily attributed to
improved electromagnetic coupling, increased heat-transfer surface area, and improved
conductive heat-transfer pathways.

The coupled multiphysics model successfully captured the electromagnetic induction
process, transient heat transfer behaviour, and forced-air convective cooling characteristics
of the proposed CTES system. A £5% coil-current sensitivity analysis across the ST, MT,
and TPMS configurations identified 110 A and 130 A as the most representative currents
for the 200 mm and 150 mm coils, respectively, yielding the lowest overall MAEs of 5.7 °C
and 11.4 °C. The consistent agreement across different airway geometries and temperature
measurement locations confirms the model’s capability to reproduce the principal thermal
response of the inductively heated CTES system and supports its application in the
subsequent parametric study.

The parametric study demonstrated that fin-assisted HTF structures (ST-200-S1 and ST-
200-H1) can substantially improve the thermal charging and discharging performance of
the proposed inductive heating CTES system while maintaining relatively simple geometric
configurations. Increasing the internal metallic surface area enhanced average charging
power, energy storage capacity, and thermal diffusion within the concrete medium.

Among the investigated fin-enhanced cases, the helical-fin structures generally exhibited
superior thermal performance compared with other investigated configurations. In
particular, the ST-200-H1 configuration achieved an average charging temperature of
approximately 151 °C after 45 min, corresponding to a stored thermal energy of
approximately 313 kJ and an average charging power exceeding 100 W. The charging time
required for a 30 °C average temperature increase was reduced from approximately 31 min
for the conventional ST-200 configuration to below 10 min for the ST-200-H1 case,
representing a reduction of approximately 68%.

5.2 Outlook

Future work should focus on extending the present laboratory-scale investigation towards
larger and more application-relevant CTES systems. Particular attention should be given to
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optimising the metallic heat-transfer network and induction-coil arrangement to balance
charging rate, discharge performance, pressure drop, energy-storage capacity, and
electromagnetic efficiency. Further experimental studies under repeated charging—discharging
cycles are also required to assess long-term thermal stability, material durability, and possible
degradation of the concrete-metal interfaces. In addition, system-level optimisation
incorporating power-electronics efficiency, thermal losses, and scale-up effects would help
establish the practical energy and economic performance of induction-assisted CTES. The
validated multiphysics framework developed in this study provides a useful basis for these
future investigations and for designing integrated thermal storage systems with controllable
and rapid charging capability. Future studies should also focus on topology optimisation of the
internal HTF and fin structures to further improve the thermo-hydraulic performance of the
proposed induction-heated CTES systems, particularly the coupled interactions among EM
heating behaviour, conductive heat spreading, and airflow dynamics.
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