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5 Abstract

6  Concrete thermal energy storage (CTES) is a promising technology for large-scale renewable
7  heat storage due to its low cost, durability, and thermal stability. However, the low thermal
8  conductivity of concrete material limits CTES performance, leading to slow charging and
9 discharging and an uneven temperature distribution. This study presents an integrated

10  experimental and numerical investigation for improving the heat transfer efficiency of CTES
11 system through the incorporation of innovative fin designs. Four CTES prototypes were tested,
12 including configurations with Triply Periodic Minimal Surface (TPMS) fins (Primitive and
13 Gyroid topologies). Thermal cycling tests were conducted at temperatures up to 300 °C, and a
14 coupled thermo-mechanical numerical model was developed and validated against
15  experimental observations. The model accurately captured temperature evolution, strain
16  development, and crack formation during repeated charge—discharge cycles. The results
17 highlight that TPMS fins significantly improve temperature uniformity and reduce local
18  thermal gradients compared to the conventional CTES configuration without fins. Specifically,
19  the average temperature of the TPMS-enhanced sample increased by 25.9% relative to the
20  control specimen, demonstrating a substantial enhancement in heat transfer performance.
21 Despite the development of surface cracking, the thermal performance over five charge-
22 discharge cycles remained stable, attributed to the heat transfer pathway and radiative heat
23 transfer across crack interfaces. The findings demonstrate the potential of TPMS fin structures
24 to improve the efficiency and durability of CTES systems, providing a practical pathway for
25 advancing sustainable and cost-effective thermal energy storage technologies for renewable

26  energy applications.
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1. Introduction

Renewable energy sources such as solar and wind play a pivotal role in reducing carbon
emissions and achieving Net Zero targets by 2050. However, their intermittent nature results
in fluctuations in energy supply, thereby intensifying the need for reliable energy storage
systems [1]. Thermal Energy Storage (TES) technologies enable the capture and retention of
heat from renewable sources for subsequent use in residential, industrial, and concentrated
solar power applications [2, 3]. TES can be categorised into three main types based on the
storage mechanism: Sensible Heat Thermal Energy Storage (SHTES), Latent Heat Thermal
Energy Storage (LHTES) and Thermochemical Thermal Energy Storage. Extensive research
has been performed to investigate the performance of LTES systems in the literature [4, 5].
While LTES has a relatively higher storage density, LTES systems face challenges of poor

thermal conductivity and high-cost nature of phase change materials [6-8].

Considering the challenges of LTES system, STES systems have been investigated in the field
of renewable energy storage due to their favourable economics and relative simplicity [9-11].
Among various TES materials, concrete has emerged as a promising medium for sensible heat
storage, with early investigations dating back to 2004 [12]. A typical concrete thermal energy
storage (CTES) system consists of concrete matrix as sensible storage media and a number of
pipes acting as heat exchangers (Figure 1) [13]. In recent years, research on CTES has gained
considerable momentum, driven by the global imperative for a sustainable energy transition
[14, 15]. A notable commercial implementation includes EnergyNest [16], which employ a
propriety concrete storage system to convert and retain renewable energy as high-temperature
heat. Concrete offers several advantages because it is cost-effective, non-toxic, non-flammable,
easy to cast, and thermally stable at operating temperatures up to 400 °C [17]. However, many
studies have concluded that efficient heat transfer is essential for optimising energy storage and
retrieval in CTES, as it directly influences heating charge/discharge times, thermal efficiency,
and overall system performance. To this end, researchers have extensively investigated various
concrete mixtures to improve the thermal conductivity and heat capacity of concrete in the
literature [14, 15]. Siliceous aggregates [18], steel fibre [19], supplementary cementitious
materials [20], and phase change materials [21-23] can be used to increase the thermal
properties and stability of concrete at room and elevated temperatures. In general, the literature
reveals that optimal concrete mixtures could achieve the thermal conductivity of 2.0-
2.5W/(m-K) and heat capacity of 3.0-3.2 MJ/(m*-K) [24]. A thorough literature review on the
thermal properties of concrete for CTES applications can be found in Wang et al. [14].
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Figure 1 An example of CTES system from the literature, showing concrete storage medium
and a number of pipes as heat exchanger [14]
While improving the intrinsic thermal properties of concrete can enhance CTES performance,
the extent of this improvement is often limited. In this context, Liu and Nguyen [25] recently
conducted a comparative study using three-dimensional numerical simulations to evaluate the
performance of CTES systems incorporating various fin designs. The results demonstrated that
incorporating fin design, especially Triply Periodic Minimal Surface (TPMS), could
significantly enhance the efficiency of CTES, outperforming strategies that focus solely on
improving the intrinsic thermal properties of concrete. In fact, their study showed a CTES
system incorporating TPMS design, even with a relatively low concrete thermal conductivity
of 1 W/m-K, significantly outperformed a conventional tube configuration without fins (Figure
1) using concrete with a higher thermal conductivity of 2.0 W/m-K. This finding confirms the
critical role of fin-based design for enhancing CTES performance, which corroborate the
findings of a great deal of the previous work in improving the heat transfer efficiency of phase
change material using fin design [26-28]. In another study of fin-based design CTES, Prasad
and Muthukumar [29] performed a numerical investigation on a 10 MJ CTES system
incorporating conventional straight fins and reported reductions in charging time of 35.4% and
41.4% for configurations with four and six fins, respectively. Building on this work, Aswin,
Karthik and Muthukumar [30] examined the optimisation of fin geometry, specifically
rectangular and trapezoidal shapes, for a 170 MJ CTES prototype. Their results showed that
the incorporation of fins reduced charging and discharging times by 36.9-48.1% for rectangular
fins and 36.9-45.6% for trapezoidal fins. Liu and Yang [31] developed a numerical model to
examine and optimise the thermal behaviour of CTES under various geometrical and

operational parameters. They concluded that the geometrical parameters of 22 tubes and 4
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straight fins was optimal to maximise the thermal performance of CTES. Skinner et al. [32]
conducted experiment s to examine the behaviour of concrete subjected to elevated
temperatures ranging from 400 to 500 °C. To enhance heat transfer performance, a helical fin
configuration was introduced; however, experimental results indicated that this modification

led to pronounced crack formation localised around the fin regions [32].

Although the effectiveness of fin designs in enhancing CTES performance has been widely
demonstrated in the literature, most studies have been limited to numerical simulations.
Therefore, this paper presents an integrated experimental and numerical investigation to
evaluate heat transfer enhancement in CTES systems through the use of innovative fin designs.
Four CTES configurations are examined, incorporating a conventional straight fin, a tree-
branched fin, and two Triply Periodic Minimal Surface (TPMS) fins (Primitive and Gyroid
topologies) within a simplified CTES setup. The key contributions of the paper are:

1) A comprehensive experimental programme was conducted to systematically evaluate
and compare the heat transfer performance of four distinct fin designs for CTES

applications.

2) Repeated thermal cycling tests were undertaken to assess the impact of thermally

induced damage on the thermal performance and durability of CTES specimens.

3) A coupled thermal-mechanical numerical model was developed and validated against
experimental data, providing a reliable tool to support the future design and

optimisation of CTES systems.

The structure of the paper is as follow. Section 2 presents the experimental program. The
numerical modelling is developed in Section 3. Sections 4 and 5 presents the experimental and

numerical results, respectively. Finally, Section 6 outlines the conclusions of the study.

2. Experimental Program

This section summarises the experimental program undertaken and the rationale behind the
design of each specimen, the materials and preparation methods and the overall testing setup.
The experimental results are presented in the following section and also used for validation of

a detailed coupled numerical model.
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2.1  Specimen Design

In CTES systems, heat is transferred between the heat transfer fluid (HTF) and the concrete
matrix via embedded pipe networks (Figure /). To enhance the thermal conductivity of the
system, metallic fins are often attached to or integrated with the pipes. These fins increase the
effective heat-exchange surface area, thereby accelerating both charging and discharging
processes. As illustrated in Figure 2a, heat transfer in fin-enhanced CTES systems occurs
simultaneously through the embedded pipes and the attached fins. To reduce experimental
complexity while preserving the essential thermal characteristics of the system, an elementary
section of the CTES module was developed for this study. A section of the full-scale module,
comprising a segment of the pipe, fin, and surrounding concrete, was selected, wherein the
HTF was substituted with a direct heat source applied to the pipe surface (Figure 2b).
Leveraging both geometric and thermal symmetry of the fin and concrete domains, the model
was further reduced to a quarter-section configuration for experimental testing (Figure 2¢). To
facilitate the fabrication of the CTES specimen for testing, the cylindrical geometry is finally
employed as shown in Figure 2c. This strategic simplification enabled the fabrication and
testing of a smaller, more manageable CTES unit, significantly reducing material usage and

fabrication effort while maintaining a consistent heat transfer pathway.

@i! T;ir”,f

a) b)

Figure 2 The simplification of elementary section in this study: a) A CTES unit with fins; b)
A section of CTES unit with heat applied directly to the pipe; and c) A simplified, symmetric
structure to examine CTES performance
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In this study, various fin configurations were employed and compared to a CTES sample
without fin design (C-0). The fin configurations include a standard normal fin (C-N), a tree-
branched fin structure (C-T); and two types of TPMS fins (C-TP/C-TG). Figure 3 illustrates
the geometry and dimension of the C-T, C-TP and C-TG fins in this study. Readers are
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encouraged to refer to our previous study [25] for the details on the geometry of the tree-

branched fin and TPMS fins.

(a) Tree Branch (b) Primitive (c) Gyroid
Figure 3 The geometry and dimension (in mm) of tree-branched fin (C-T) and TPMS fins (C-
TP and C-TG)

2.2 Specimen Preparation

In this study, an AlSi10Mg alloy has been used via 3D printing technology (selective laser
melting) to fabricate the TPMS fins due to their complex geometry. The same material and
method were used for the normal fin (C-N) and tree-branched fin (C-T) to assure the
consistency and comparability. The AlSil0Mg alloy material is commonly utilised in die-
castings that necessitate high corrosion resistance, strong performance at elevated temperatures,
and resistance to hot cracking [33]. The melting point is approximately 570-590 °C due to the
presence of about 10% silicon and trace amounts of magnesium [34], which is sufficient for
the current temperature range of CTES applications. The relative thermal expansion (Al/ly) of
the 3D-printed Al alloy was measured along the three principal orientations (x, y, and z) relative
to the build platform using a Dilatometer DL801. As shown in Figure 4, all directions exhibited
a nearly linear increase in expansion with temperature up to 300 °C. The calculated average
coefficients of thermal expansion were ox = 2.27x107/K, ay = 2.19x107/K, and a, =
1.97x107°/K. Using a Hot Disk TPS2500, the measured thermal conductivity values at ambient
temperature were 94.50 W/(m‘K), with a corresponding volumetric heat capacity of

2.00 MJ/(m*K). These properties of the 3D-printed Al alloy were used in the numerical
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simulation in this study. Figure 5 shows the 3D printed fins in this study. The fins have an

overall height of 200 mm and a base diameter of 100 mm.
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Figure 4 Relative thermal expansion (Al/lo) of 3D printed Al alloy used for the fin
fabrication in this study

(a) C-N (b) C-T (c) C-TP (d) C-TG
Figure 5 The 3D-printed fins for enhancing the CTES performance in this study

The concrete material used in this study was a normal concrete mixture using locally available
cement, sand, and aggregate with the compressive strength of 46 MPa. The ingredients were
mixed for five minutes to ensure homogeneity before casting into 100 x 200 mm cylindrical
moulds with embedded fins. Extra concrete samples were cast for measuring the thermal
properties using the Hot Disk TPS 2500. In this study, the thermal conductivity and volumetric
heat capacity of concrete are 1.95 W/(m'K) and 1.90 MJ/(m?*K), respectively.
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2.3 Test Setup

Figure 6a illustrates the setup and sensor configuration used in the experimental testing. Each
cylindrical concrete specimen (@100 mm % 200 mm) was placed on a steel base plate (®110
mm x 5 mm) that was heated using a hot plate equipment to provide a uniform bottom heat
source. Initially, the specimens were placed on top of the hot plate, which was set to 100 °C for
10 minutes, then to 200 °C for another 10 minutes, and finally to 300 °C. After thermally
charging for 180 min, the hot plate was turned off, allowing the module to cool naturally for

120 min through natural convection. The testing temperature regime is presented in Figure 6b.

Insulation (Earthwool, 30 mm)

KX

%,

Specimen (@100 mmx200 mm

-

115 mm

1~8 Thermocouples

S1, S2 Strain Gauges

w
100 mm

Base Plate (@110 mmx5 mm)

|

Heat Source (Hotplate)

300
S
% 200 Discharging
© . Phase
T Charging Phase BBt St
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0

0 100 200 300
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b)

Figure 6 a) The test setup and temperature and strain sensor placement in the CTES
experiment; b) The thermal charging and discharging phase
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The surface of the specimen was wrapped with a 30 mm-thick Earthwool (£ = 0.05 W/(m-K))
insulation layer to minimise heat loss to the surroundings [35]. Eight thermocouples (TC 1~8)
were embedded along the specimen height to record the temperature distribution. High-
temperature thermocouples (JXWRN-XYQ, up to 900 °C) with glass fibre insulation (PB-HH),
supplied by Taizhou Suou Electric Heating Appliance Co., Ltd. (Taizhou, China), were used
for temperature monitoring. TC 1, 2, 3, 4, 5, and 7 were positioned on the concrete surface,
while TC 6 and 8 were placed on the insulation surface as depicted in Figure 6a. Two high-
temperature resistance strain gauges (BAM120-3AA-G, up to 200 °C), supplied by Chengdu
Electrical Measurement Co., Ltd. (Chengdu, China), were attached on the surface to monitor
thermal strain responses. The strain gauges S1 and S2 were positioned 40 mm and 45 mm from

the bottom of the sample, respectively (Figure 6a).

3. Numerical Analysis

In this study, the finite element package LS-DYNA was employed for the coupled thermo-
mechanical analysis owing to its robustness and versatility in handling complex multiphysics
problems. It is worth noting that our previous study [25] only developed the transient heat
transfer model without considering the thermal-mechanical coupling effect. In this study, LS-
DYNA modelling is develop to provide a unified environment in which thermal and mechanical
fields are solved consistently [36]. This integration significantly simplifies the modelling
process, as temperature-dependent material properties, thermal strains, and structural responses
can be defined within a single input deck. Details of such implementation and analysis are

provided in the following subsection.

3.1 Governing equations

In LS-DYNA, the governing equations for thermo-mechanical coupling are based on the
conservation of energy and momentum, which are solved in a fully integrated framework.

Fourier’s law governs the transient heat conduction [37]:

aT
pcpg =V (kVT) + Q + Qmecn ()

where p is the density, Cp is the specific heat capacity, T is the temperature, k is the thermal
conductivity tensor, Q represents volumetric heat sources, and Qmech represents heat generated

from mechanical processes such as plastic deformation, which is negligible in this study.

The mechanical response is modelled using the following equilibrium equation:
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where ¢ is the Cauchy stress tensor, f is the body force vector, and ii is the acceleration vector.
The thermal and mechanical fields are coupled through temperature-dependent material

properties and thermal strain contributions to the constitutive relation as follows [38]:

e=e®+eP + T, e = a(T — Tyl 3)

where €€, P, and &' are the elastic, plastic, and thermal strain, a is the coefficient of thermal
expansion, 7y is a reference temperature, and I is the identity tensor. This thermal strain is then

incorporated into the constitutive equation to determine the thermal stresses [39]:

og=D(e—e") “4)

Here, D is the material constitutive matrix, which defines the relationship between stress and
strain. In thermal-mechanical analysis, D typically only maps mechanical strain to stress, while
thermal strain is included separately. In LS-DYNA, these coupled equations are solved
simultaneously, with the thermal solver handling heat transfer and the structural solver
managing stress—strain response, thereby ensuring consistent exchange of temperature and

strain fields within a single computational framework.

3.2 Description of Numerical Modelling

Figure 7 illustrates the schematic of the numerical model in this study, including insulation,
concrete and embedded fin domains. The behaviour of the concrete domain was modelled using
the Continuous Surface Cap constitutive law, which can accurately capture the nonlinear
compressive behaviour, tensile cracking, and volumetric compaction of concrete under both
static and dynamic loading conditions [40]. The measured material properties (described in
Section 2.2) were used as the inputs in the simulations. For the thermal properties of concrete
under elevated temperatures, the standard values from Eurocode 2, Part 1-2 are adopted [41].
The Al allow fins were modelled as linearly elastic materials. The assumption is appropriate
since the fins mainly serve as heat transfer component and it is expected that stresses are well
below the material’s yield limit during operation. summarises the material definition of the

concrete, fins, and insulation in this study.

10
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Figure 7 The schematic of numerical model of the CTES samples in this study

Table 1 The inputs of the concrete, fin and insulation materials for the numerical simulation

Material Input
Density: 2200 kg/m?
Specific heat capacity: 1.90 MJ/(m?-K)
Concrete Thermal conductivity: 1.95 W/(m-K)
Compressive strength: 46 MPa
Coefficient of thermal expansion: 9.0x107/K [41]
Density: 2670 kg/m?
Specific heat capacity: 2.0 MJ/(m*-K)
Al alloy Thermal conductivity: 94.5 W/(m-K)
Elastic modulus: 70 GPa [42]
Coefficient of thermal expansion: 2.14x107%/K
Density: 128 kg/m®
Insulation [43]  Specific heat capacity: 89.6 kJ/(m*K)
Thermal conductivity: 0.05 W/(m-K)

Since the fins were cast with the concrete, a perfect contact is assumed between the fin and
concrete domains where the fin and concrete share nodes to prevent slip. This is analogous to
the perfect-bond assumption in reinforced concrete modelling [44]. The outer surface of the
insulation layer was exposed to ambient environment through convective and radiative heat
transfer. As illustrated in Figure 7, convection was modelled with a heat transfer coefficient of

20 W/(m*K), while surface radiation was represented with an emissivity of 0.7 [41].

11
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Additionally, the bottom surface of the entire specimen is constrained in the vertical direction
to represent the physical support condition during the test. The average measured value from
thermocouples 1 and 2 in the experiment was used as the temperature boundary condition in
the simulation as shown in Figure 7 . The initial temperature of the model is set at the

environmental temperature (Tg) measured from the test.

The complex geometry of the model was meshed in Gmsh [45] using tetrahedral elements. To
ensure simulation accuracy while optimising computational efficiency, a grid independence
study was performed using various mesh sizes and time step intervals. The results indicated
that a mesh size of 1 mm is sufficient for the concrete and fin domains, while a 2 mm mesh was
adopted for the insulation domain. Additionally, four time steps (5s, 2s, 1s, and 0.5s) were
evaluated, with a 1s interval found to provide an optimal balance between accuracy and
computational cost. For brevity and readability, detailed results of the grid independence study

are not included in this paper.

4. Experimental Results

Figure 8 presents the measured temperature evolution of the normal fin sample (C-N) during
both the thermal charging and discharging phases. As a reminder, thermocouples (TC) 1, 2, 3,
4, 5, and 7 were positioned on the concrete surface, while TC 6 and 8 were placed on the
insulation surface. The results from TC 1 and 2 show a rapid temperature rise during the first
50 minutes, followed by a quasi-steady plateau until the hotplate was switched off at 180
minutes, after which a gradual cooling phase occurred. The temperatures recorded by TC 6 and
8 remained very low, with a maximum of approximately 40 °C, indicating minimal heat loss to
the environment. The temperature profiles of TC 3, 4, 5, and 7 follow a similar trend to TC 1
and 2, but with clear evidence of strong vertical gradients, as illustrated in Figure 8. Notably,
the temperature difference between TC 1/2 and TC 7 (separated by 200 mm) is approximately
170 °C at peak conditions. This observation aligns the findings reported by Wang et al. [43],
who observed a maximum radial temperature difference of approximately 75 °C in a CTES
module with a circular cross-section of 82.5 mm in diameter. These results highlight the limited
thermal conductivity of concrete, which restricts effective heat transfer via conduction in CTES

applications.

12
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Figure 8 Measured temperature profile of normal fin sample (C-N) during the thermal forced charge and
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The temperatures recorded by TC 3, 4, 5, and 7 for the various fin designs are presented in
Figure 9. The results indicate a similar temperature profile at TC 3 across all configurations,
while TC 4 shows slightly higher temperatures for the two TPMS fin designs (C-TP and C-
TG). This is expected, as TC 3 and TC 4 are positioned only 20 mm from the bottom of the
sample (i.e., the heat source), resulting in minimal variation among the designs at this location.
In contrast, the influence of fin design becomes more pronounced at TC 5 and TC 7, where
temperatures increase significantly with the inclusion of fins. As shown in Figure 9, the control
sample without a fin (C-0) reaches maximum temperatures of only 115 °C (TC 5) and 84 °C
(TC 7). The normal fin (C-N) and branched/tree-like fin (C-T) designs produce similar
enhancements, achieving peak temperatures of 141°C and 104°C at TC 5 and TC 7,
respectively, representing an approximate 24% increase compared to the C-0 sample. This
increase reflects a reduced temperature gradient within the sample, indicating improved
internal heat transfer. The higher temperature increase of TC 5 and 7 means lower temperature
gradient in C-N and C-T samples. The most substantial temperature rise is observed for the
TPMS fin designs, particularly the C-TG sample, followed by the C-TP sample (Figure 9). The
C-TG configuration reaches maximum temperatures of 167 °C (TC 5) and 124 °C (TC 7),
corresponding to a 46% increase over the C-0 sample. This improvement can be attributed to

the intrinsic geometric characteristics of TPMS structures, which offer a high surface area-to-

13
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volume ratio, facilitating enhanced heat transfer. These results demonstrate that incorporating

fin structures, especially TPMS designs, provides a more effective heat transfer pathway within

the concrete domain, thereby reducing thermal gradients in CTES systems. However, it is worth

noting that the complex structure of TPMS design could lead to high manufacturing costs, as

discussed in the authors' previous study [25]
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Figure 9 Comparison of temperature profile for different fin designs at different TC locations
In CTES systems, the brittle nature of concrete, combined with temperature gradients, can lead
to damage and cracking during repeated thermal charge—discharge cycles, raising concerns
regarding structural integrity and performance consistency [15, 32]. To assess the thermal strain
behaviour, two strain gauges (S1 and S2) were installed on the surface of each sample. S1
measured longitudinal strain, while S2 measured circumferential strain, with both positioned
40 mm from the bottom of the sample (Figure 8). The strain evolution of the five sample types
during charging and discharging is presented in Figure 10. It is noted that for the C-N sample,
S2 malfunctioned during testing and therefore no data were recorded for circumferential strain
in this case. The results show a clear correlation between strain development and temperature
rise: as temperature increases, strain increases accordingly, followed by a decrease during the
cooling phase. Figure 10 shows that all samples incorporating fin designs (C-N, C-T, C-TP, and
C-TG) exhibit significantly higher strain responses compared to the control sample without a
fin (C-0). This is consistent with the lower temperature development observed in the C-0
sample in Figure 9(c), which results in reduced thermal expansion. Notably, the samples with
fins exhibit peak strain values approaching 3000 microstrain, a level comparable to the failure
strain of normal concrete under compressive loading. This observation aligns with the cracking
patterns observed post-testing, as presented Figure 11. Samples with high recorded strain (C-
N, C-T, C-TP, and C-TG) displayed extensive surface cracking, whereas the C-0 sample, which
exhibited the lowest strain, showed no visible surface cracks. Furthermore, the crack patterns
in the finned samples appear to follow the geometry of the embedded fins (Figure 11), which
1s similar to the finding reported by Skinner et al. [32]. This can be attributed to the mismatch
in thermal expansion coefficients between the metallic fins and the surrounding concrete.
During the thermal charging phase, the metallic fins heat and expand more rapidly than the
adjacent concrete, generating interfacial stresses that can lead to local debonding. These
localised stresses may initiate microcracking at the fin—concrete interface, which can propagate

into macrocracks observable on the sample surface, as confirmed by experimental observations.
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The experimental results in this study confirm the potential for crack development in CTES

samples incorporating fin designs (Figure 11). To further evaluate the effect of cracking on

system performance under repeated thermal cycles, the C-TG sample was subjected to four
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additional heating—cooling cycles. This sample was intentionally selected due to its high strain
response and pronounced cracking observed during the initial cycle. The second and third
cycles were completed on the same day as the first, while the fourth and fifth cycles were
conducted the following day. The corresponding temperature and strain data are presented in
Figure 12. As shown in Figure 12, the temperature profiles recorded by all thermocouples
remained highly consistent across all five cycles, exhibiting near-identical heating and cooling
trends. Similarly, the strain data from S2 showed consistent responses between cycles 2—5. One
possible explanation for this consistency, despite visible cracking, is the pathway of heat
transfer. As seen in Figure 11, the cracks were formed in vertical direction, which does not
disrupt the heat transfer pathway (from bottom to top). This could explain the minimal impact
of crack on the performance of CTES sample in the cyclic thermal testing. Another possible
explanation is the role of radiative heat transfer across the crack interfaces. At elevated
temperatures (above 150°C, as in this study), radiation can act as a thermal bridge,
compensating for the loss of conductive heat transfer caused by crack formation [46]. Miao et
al. [47], through numerical simulations of CTES systems accounting for concrete cracking,
reported a temperature difference of over 200 °C between damaged and undamaged scenarios,
concluding that thermally induced damage significantly reduces thermal performance.
However, it is important to note that radiative heat transfer was not included in the study by
Miao et al. [47]. Other studies, such as those by Gaitero et al. [48] and Barbhuiya et al. [15],
frequently cite the work of Skinner et al. [32], which identified cracking as a key concern for
long-term CTES performance. Although Skinner et al. [32] provided evidence of extensive
cracking in CTES, cyclic thermal testing was not conducted, and thus the impact of cracking
on thermal performance was not directly assessed. In contrast, the present study suggests that
the initiation and propagation of cracks may have a negligible effect on heat transfer
performance during repeated thermal cycling, likely due to the contribution of both the heat
transfer pathway and radiative heat transfer across crack interfaces. Nonetheless, it is important
to recognise that excessive cracking may still compromise the structural integrity of CTES
units, potentially affecting their long-term reliability and safety. Future research should focus
on a more comprehensive assessment of CTES systems under extended operational cycling,
incorporating both thermal and structural performance metrics to better understand the long-

term implications of crack development.

17



©CO~NOOOTA~AWNPE

300
~ 250
)]
)
e 200
2
S
‘12)4 150
= 100
50
0
0 200 400
Time (min.)
——TCI1-Cyc 2&3 TC3-Cyc 2&3 TC5-Cyc 2&3 ——TC7-Cyc 2&3
- = =TCI-Cyc 4&5 TC3-Cyc4&5 = = =TC5-Cyc 4&5 = = =TC7-Cyc 4&5
a) Temperature evolution
4000
3000
B
5 2000
=
H
=
1000
——S2-Cyc 2&3
- = =82-Cyc 4&5
0
0 200 400 600 800
Time (min.)

Figure 12 The temperature and strain evolution of C-TG sample under four heating and cooling cycles
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354 5. Numerical Results

% 355  This section provides a detailed comparison between numerical predictions and experimental
4 356  observations regarding temperature changes, strain responses, and crack behaviour. Figure 13
2 357 illustrates the temperature distribution contours at 90 minutes, alongside a comparison between
; 358 experimental and simulated temperature profiles. As shown in Figure 13(a) that the
18 359  incorporation of straight (C-N) and branched (C-T) fin designs effectively enhances vertical

11 360  heat transfer along the fin pathways, extending the hot zone and reducing the temperature
13 361  gradient between the bottom and mid-height regions of the sample. However, some thermal
15 362  stratification persists in the upper section due to the predominantly one-dimensional heat flow
17 363 in these configurations. In contrast, the TPMS-based fin design (C-TG) demonstrates superior
19 364  three-dimensional heat propagation, resulting in a more uniform temperature field with a
365  markedly lower vertical gradient. This observation is corroborated by experimental data at TC
22 366 5 and TC 7 (Figure 9c and d), which shows that the C-TG sample achieves the highest
24 367  temperatures among all tested configurations. Figure 13(b) presents the comparison between
26 368  simulated and measured temperature development at TC 3, TC 5, and TC 7. The numerical
28 369  results show good agreement with experimental data for all specimens, accurately capturing
30 370  both the heating and cooling phases. The predicted temperature curves for TC 3 and TC 5
371  closely follow the experimental trends. The largest discrepancy is observed at TC 7, located
33 372 near the top of the specimen, where longer heat transfer pathways may introduce greater
35 373  uncertainty and variability. Nonetheless, the maximum deviation between simulated and
37 374 measured temperatures remains within 5%, indicating the validity and accuracy of the
39 375 numerical model. These results confirm that the developed numerical framework can reliably

41 376  predict transient heat transfer behaviour in concrete specimens incorporating various fin

377  geometries, and can serve as a valuable tool for optimising CTES designs.

Temp (°C)
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58 (a) Temperature distribution at 90 min. obtained from the numerical simulation (90 min)
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Figure 13 (a) Contour plot of temperature distribution; (b) and validation of numerical results

The average concrete temperatures obtained from the numerical simulations reveal a clear
enhancement in heat transfer performance of the CTES system with the incorporation of fins
(Figure 14). Compared to the control specimen (C-0), which reached a peak average
temperature of 143 °C, the C-N and C-T samples showed moderate improvements, reaching
155 °C, an approximate increase of 8.4%. The C-TP specimen achieved a peak temperature of
162 °C (+13.3%), while the C-TG specimen exhibited the highest temperature of 180 °C,

corresponding to a 25.9% improvement.

These results indicate that while straight and branched fin designs (C-N and C-T) offer modest
thermal performance gains, the TPMS-based fins (C-TP and especially C-TG) provide
significantly greater enhancement in heat transfer. This trend aligns with the experimental
observations presented in Figure 9, reinforcing that the optimised gradient TPMS fin (C-TG)

delivers the most effective improvement in thermal performance within the concrete matrix.
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Figure 14 Average temperature of five CTES samples obtained from the numerical
simulation

Figure 15 compares the strain evolution obtained from experimental measurements and
numerical simulations across all test specimens. Overall, the numerical results exhibit trends
consistent with the experimental data: strain increases with rising temperature, peaking around
180-200 minutes, and subsequently decreases during the cooling phase. The predicted strain
magnitudes show good agreement with the measured values for all configurations (C-0 to C-
TG), thereby validating the accuracy of the developed thermo-mechanical coupling model.
Minor discrepancies are observed in specific cases, such as the S1 strain in the C-0 specimen
and the S2 strain in the C-T specimen. These deviations can largely be attributed to the inherent
complexity of thermally induced stress and strain behaviour, including localised temperature
gradients, simplified boundary conditions in the model, and potential inconsistencies in the
bonding quality between strain gauges and the concrete surface in the experimental setup. It is
also worth noting that high-fidelity thermo-mechanical modelling typically requires detailed
calibration of temperature-dependent material properties and constitutive law [49]. While such
calibration was beyond the scope of the present study, the results demonstrate that the current
numerical model provides a sufficiently accurate representation of the strain behaviour in

CTES specimens under thermal loading.
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Figure 15 Comparison of experimental (solid line) and simulated (dashed line) strain evolution of five
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CTES samples subjected to one thermal cycle

Figure 16 presents the distribution of effective plastic strain (EPS) in the specimens, as obtained
from numerical simulations. In this study, EPS is used as a damage indicator to predict crack
initiation and propagation, in line with established practices in the literature [50]. Regions
exhibiting elevated EPS values correspond to zones of stress concentration and are indicative
of potential crack formation. The EPS contours clearly reveal the influence of fin geometry on
crack development. In specimens incorporating fins, distinct cracking patterns emerge that
correspond with the fin configurations, consistent with the experimental observations. For
instance, the straight fin (C-N) induces a vertical tensile zone along the fin—concrete interface
(Figure 16a), while the branched fin (C-T) promotes diagonal crack propagation following the
fin arms (Figure 16b). The predicted crack paths based on the EPS distribution demonstrate a
strong correlation with the crack propagation patterns observed through experimental
procedures, thereby affirming the accuracy of the numerical model in predicting the thermally
induced cracking behaviour of the specimens. The validated numerical model will be used to
conduct parametric study on the influence of fin parameters on the performance of CTES in

the authors’ future study.
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6. Conclusion

This study experimentally and numerically investigated the thermo-mechanical behaviour of
fin-enhanced concrete thermal energy storage (CTES) modules incorporating different fin
morphologies, including straight, branched, and triply periodic minimal surface (TPMS)
designs. Based on the combined experimental observations and numerical analyses, it is
concluded that he incorporation of metallic fins substantially enhances heat transfer and
temperature uniformity within the concrete domain. Compared with the control specimen
without fins (C-0), TPMS fin configurations significantly reduce temperature gradients and
increase mid-depth temperatures by up to 46%, demonstrating their superior capability for heat
transfer enhancement relative to straight and branched fin designs. Additionally, thermal
cycling tests confirm the robustness of heat transfer performance in TPMS-based CTES
modules. Despite the occurrence of visible surface cracking, the temperature evolution remains
highly consistent across repeated cycles. This behaviour is attributed to the heat transfer
pathway and radiative heat transfer across crack interfaces. The results indicate that thermally
induced cracking has a negligible effect on the overall heat transfer performance of CTES under

the tested conditions. Finally, the developed thermo-mechanical numerical model accurately
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predicts both temperature and strain evolution in CTES specimens, demonstrating good
agreement with experimental results. Simulation results show that straight (C-N) and tree-
branched (C-T) fins provide only marginal thermal improvements (~8.4%) over the control
sample (without fin), whereas TPMS fins achieve a significantly higher enhancement (~25.9%).
These findings highlight that heat transfer efficiency in CTES systems is strongly governed by

fin geometry, rather than fin presence alone.

Overall, this study demonstrates the strong potential of TPMS fin designs for improving the
thermal performance of CTES systems while maintaining stable performance under thermal
cycling. The experimental programme was conducted using a simplified laboratory-scale
configuration; therefore, future work will focus on full-scale CTES modules operating with
heat transfer fluids under realistic conditions. In addition, further investigation is required to
comprehensively assess the long-term effects of thermally induced cracking on both the
structural integrity and performance consistency of CTES systems under extended charge—

discharge cycling.
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