
Thermal enhancement of PCM-based latent heat storage with perforated fin 
networks and coupled effects of geometry, natural convection, and PCM 
melting using MLP/GA optimization

Motrih Al-Mutiry a,*, Hyder H. Abed Balla b, Mohamed Arbi Khlifi c,*, Banaz Shahab Haji d,  
Mohammad Abdulhadi O. Althobaiti e, Ashrf althbiti f, Norah Alsairy g, Hanaa Abu-Zinadah h,*,  
Duc Chuan Nguyen i,*, Ibrahim Mahariq j,k,l,m,**

a Department of Geography and Environmental Sustainability, College of Humanities and Social Sciences, Princess Nourah bint Abdulrahman University, 11671 Riyadh, 
Saudi Arabia
b Department of Unmanned Aviation Technical Engineering, Najaf polytechnic College, Al Furat Al Awsat Technical University, Najaf, Iraq
c Department of Electrical Engineering, Faculty of Engineering, Islamic University of Madinah, Madinah 42351, Saudi Arabia
d Medical Radiology Imaging Department, College of Health Sciences, Lebanese French University (LFU), Kurdistan Region, Erbil, Iraq
e Department of Foreign Languages, College of Arts, Taif University, Taif 21944, Saudi Arabia
f Department of Information Technology, College of Computers and Information Technology, Taif University, Taif 21944, Saudi Arabia
g Department of Physics, College of Turabah, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia
h Department of Mathematics and Statistics, College of science, University of Jeddah, Jeddah, Saudi Arabia
i Institute of Maritime, University of Transport Ho Chi Minh City, Ho Chi Minh City, Viet Nam
j College of Engineering and Architecture, Gulf University for Science and Technology, Mishref, Kuwait
k Department of Electrical and Electronic Engineering, Faculty of Engineering and Architecture, Istanbul Gelisim University, Avcılar- Istanbul, 34310, Istanbul, Türkiye
l Department of Medical Research, China Medical University Hospital, China Medical University, Taichung, Taiwan
m University College, Korea University, Seoul 02481, South Korea

A R T I C L E  I N F O

Keywords:
Thermal enhancement
Latent heat storage system
Phase change materials (PCM)
Perforated fins
Multilayer perceptron
Genetic algorithm

A B S T R A C T

The growing demand for sustainable and efficient energy systems has significantly increased the importance of 
latent heat storage systems (LHSSs) in renewable energy applications, particularly in solar thermal technologies. 
Despite the high energy storage density of PCMs, their inherently low thermal conductivity remains a major 
obstacle that limits charging performance and practical utilization. In the present study, a novel perforated fin- 
assisted LHSS is proposed and numerically investigated to enhance the charging performance of PCM-based 
storage systems. The effects of three key geometrical parameters, including perforation length (L), tube diam
eter (D), and storage body inclination angle (α), are systematically examined through a full factorial design 
approach. Furthermore, a multilayer perceptron neural network is established to estimate the system's thermal 
behavior, while genetic algorithm-based optimization identifies optimal configurations for short- and long-term 
heat absorption. The optimized short-term energy absorption design (OSTE) absorbs 7763 kJ during the short- 
term charging period. In contrast, the optimized long-term energy absorption design (OLTE) absorbs 7343 kJ, 
indicating that OSTE achieves approximately 5.72% higher short-term energy absorption than OLTE. Compared 
with the core design without perforated fins, which absorbs only 3077 kJ under the same conditions, the OSTE 
and OLTE configurations improve short-term energy absorption by approximately 152.3% and 138.6%, 
respectively. Under long-term operating conditions, OLTE absorbs 10,011 kJ, while OSTE absorbs 9957 kJ, 
corresponding to only 0.54% higher long-term energy absorption for OLTE. In contrast, the core design absorbs 
only 5395 kJ under the same conditions, demonstrating that OLTE and OSTE improve long-term energy ab
sorption by approximately 85.6% and 84.6%, respectively. The results reveal that OSTE's superiority during most 
stages of the charging process is substantially greater than OLTE's slight long-term advantage. The findings 
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demonstrate the strong potential of combining perforated fin networks, machine learning prediction models, and 
optimization algorithms to develop high-performance LHSSs for renewable energy applications.

1. Introduction

The contemporary energy landscape is no longer defined solely by 
how energy is produced, but increasingly by how effectively it is 
managed across time [1]. In modern grids, energy is often generated 
when it is least needed and demanded when it is least available, creating 
a persistent temporal imbalance that challenges system stability and 
efficiency [2]. For instance, solar energy peaks at midday, while resi
dential and industrial demand typically surges in the evening [3]. 
Similarly, waste heat from industrial processes is frequently dissipated 
into the environment despite its significant energetic value [4]. This 
mismatch leads not only to energy losses but also to increased opera
tional costs, reliance on auxiliary systems, and higher greenhouse gas 
emissions [5]. Consequently, the role of energy storage has evolved from 
a supportive component to a central pillar in enabling flexible, resilient, 
and sustainable energy infrastructures [6].

Among the various storage strategies developed to address this 
challenge, thermal energy storage (TES) systems offer a particularly 
compelling solution for applications where heat accounts for a major 
fraction of energy consumption [7]. TES technologies capture excess 
thermal energy during surplus periods and release it when required, 
decoupling energy generation from utilization [8]. These systems are 
generally categorized as sensible heat storage, latent heat storage, and 
thermochemical storage, each characterized by distinct storage mecha
nisms and performance attributes [9]. Sensible heat storage relies on 
temperature variation within a material, while latent heat storage ex
ploits phase transitions to store energy at nearly constant temperatures 
[10]. Thermochemical storage, by contrast, involves reversible chemical 
reactions with high energy densities but often greater system complexity 
[11]. Among these, latent heat storage systems (LHSS) have attracted 
increasing attention because they can deliver higher storage densities 
and more stable thermal outputs than conventional sensible storage 
approaches, making them highly attractive for compact, efficient energy 
systems [12].

Phase change materials (PCMs) lie at the core of LHSS, offering a 
unique capability to absorb and release large quantities of thermal en
ergy during phase transitions, typically between solid and liquid states 
[13]. This characteristic enables PCM-based systems to achieve signifi
cantly higher energy storage densities, often several times greater than 
sensible heat systems operating over comparable temperature ranges, 
while maintaining near-isothermal conditions during operation [14]. 
Such behavior is particularly advantageous in applications requiring 
precise thermal regulation, including solar energy systems, building 

thermal management, and electronic cooling [15]. Nevertheless, the 
major challenge restricting the widespread use of PCMs is their limited 
ability to transfer thermal energy efficiently. This bottleneck has moti
vated extensive research into performance enhancement techniques 
[16]. These include high-conductivity additives, cascaded or multi-PCM 
arrangements, and active methods such as forced convection or oscil
latory flows [17]. While each strategy offers measurable improvements, 
it often introduces additional complexity, cost, or stability concerns 
[18].

Recent studies have further investigated different approaches to 
overcome the inherent limitations of PCMs and improve their applica
bility in LHSSs. Liu et al. [19] investigated the rheological behavior of 
multi-walled carbon nanotube-enhanced liquid paraffin nanofluids and 
showed that incorporating nanoparticles significantly affects the vis
cosity characteristics of PCM-based fluids. Their results revealed non- 
Newtonian shear-thinning behavior, where both temperature and 
nanoparticle concentration played important roles in determining the 
nanofluid's rheological response. Such findings highlight the importance 
of considering modified thermophysical properties when designing 
advanced PCM-based storage systems. Besides material enhancement 
approaches, recent investigations have focused on improving heat 
transfer through innovative geometrical configurations. Said et al. [20]
developed novel wavy channel structures for a triplex-tube LHSS and 
evaluated their influence on PCM solidification performance. Their re
sults showed that optimized wavy geometries can substantially accel
erate heat recovery by increasing thermal interaction between the heat 
transfer fluid and PCM domain. Similarly, Bahlekeh et al. [21] numer
ically studied the optimization of annular fin parameters in a triple-tube 
latent heat storage system. They showed that fin number, location, and 
thickness significantly influence melting behavior, with optimized fin 
arrangements providing considerable reductions in charging time due to 
enhanced heat communication between the conductive structures and 
PCM.

The incorporation of heat transfer enhancement structures, such as 
fins, pin arrays, and other conductive protrusions, has emerged as a 
particularly effective and practically viable solution [22]. The under
lying mechanism is both simple and powerful. By embedding conductive 
structures within the PCM domain, the effective heat-transfer area in
creases dramatically, creating highly conductive pathways that channel 
thermal energy deep into regions that would otherwise remain ther
mally isolated [23]. Instead of heat slowly diffusing through the PCM 
bulk, these extensions act as thermal bridges, rapidly distributing energy 
and initiating multiple melting fronts simultaneously [24]. This funda
mentally alters the melting dynamics, shifting from a conduction- 

Nomenclature

Cp specific heat (J‧kg− 1‧K− 1)
D HTF tube diameter (mm)
Em melting enhancement ratio (%)
F latent enthalpy of melting (J‧kg− 1)
I characteristic height (m)
L perforation length)mm)
P pressure (Pa)
Ra Rayleigh number
S source term
t time (s)
T temperature (K)

u velocity in x direction (m‧s− 1)
v velocity in y direction (m‧s− 1)
β coefficient of thermal expansion (K− 1)
μ dynamic viscosity (kg‧m− 1‧s− 1)
φ liquid fraction
α storage inclination angle (degree)

Abbreviations
LHSS latent heat storage systems
MLP multilayer perceptron
PCM phase change material
RMSE root mean square error
TES thermal energy storage
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dominated, sluggish process to a more spatially uniform, accelerated 
phase transition, thereby significantly reducing charging time and 
enhancing overall system responsiveness [25]. Moreover, the geometry, 
orientation, and distribution of these extended surfaces introduce 
additional degrees of freedom, enabling precise control over thermal 
gradients and phase-front evolution [26].

In addition to conventional thermal enhancement techniques, recent 
studies have explored intelligent strategies and advanced fin architec
tures for improving PCM-based energy storage systems [27]. Homod 
et al. [28] proposed an artificial intelligence-assisted thermal energy 
management strategy by integrating deep reinforcement learning clus
tering with multi-stage PCM storage systems. Their results indicated that 
combining advanced PCM arrangements with intelligent control stra
tegies can reduce energy consumption and improve storage efficiency in 
building applications. Furthermore, Wu et al. [29] investigated toothed 
fin configurations as an alternative to conventional fin structures and 
showed that these designs can enhance melting performance while 
requiring less fin material. Their findings showed that optimized toothed 
openings and spacing improve heat transfer while preserving a larger 
effective PCM volume. These studies confirm that both material-level 
modifications and geometry-based enhancements play essential roles 
in advancing PCM thermal storage technologies. Niketan et al. [30]
examined an X-shaped fin-based shell-and-tube configuration integrated 
with nanoparticle-enhanced solid–solid PCMs. Their results showed that 
an advanced fin configuration with branched X-fins significantly 
improved heat transfer uniformity and reduced charging time. In addi
tion, selecting copper as the fin material improved charging perfor
mance by about 10.81% compared to carbon steel, while incorporating 
4% by volume of graphene nanoparticles led to a notable additional 
improvement in thermal response. Moreover, increasing the inner wall 
temperature from 498 K to 544 K (a 9.23% increase) resulted in a 
remarkable 96.65% reduction in charging time. Tang et al. [31] intro
duced a discontinuous fin design for a vertical storage unit to more 
effectively regulate the solidification process. Their numerical findings 
revealed that fin geometry plays a decisive role in controlling heat- 
release dynamics, with a critical main-fin length of 15 mm. Deviations 
below this value had minimal influence, whereas longer fins gradually 
degraded performance due to delayed heat extraction. Furthermore, the 
bifurcation angle exhibited an optimal range of 0.45–0.6, within which 
the system achieved the fastest solidification. Under optimized condi
tions (L1 = 15 mm and α = 0.45), the proposed configuration reduced 
total solidification time by 22.14% and increased the heat release rate by 
28.45% compared to conventional longitudinal fin designs. Mao et al. 
[32] proposed a triangular-rib-based configuration to analyze its 
melting behavior under varying design and operating conditions. The 
enhanced system achieved complete melting in less than 5 h, whereas 
the conventional configuration achieved only 48% melting in the same 
period. Furthermore, the selected configurations increased thermal en
ergy storage capacity by nearly 75% and reduced the economic payback 
period by approximately 13.4%. Alnakeeb et al. [33] analyzed the effect 
of tube arrangement and orientation in a system employing elliptic 
channels while maintaining a constant heat transfer area. Their results 
indicated a strong dependence of melting behavior on flow-induced 
convection patterns. Specifically, the configuration with four vertically 
oriented tubes in a vertical array achieved the highest melting rate of 
0.0175 kg/min. In contrast, a horizontal arrangement with three hori
zontally oriented tubes resulted in a significantly lower rate of 0.00785 
kg/min. This represents more than a twofold enhancement in melting 
performance due solely to geometric orientation. The superior perfor
mance of vertical configurations was attributed to the intensified natural 
convection currents, which effectively augment heat transport within 
the PCM and accelerate the phase transition process. Deng et al. [34]
proposed a modular multi-section system composed of dome-shaped 
units, where each dome wall functions as an independent heat transfer 
channel, removing the requirement for internal fins. The optimized 
configurations showed substantial improvements over the baseline 

design; one configuration achieved approximately 21,980 kJ of stored 
energy in 5 h, about 222% higher than the reference case, while 
capturing nearly 99.7% of this energy within the first 170 min. Another 
configuration reached a maximum energy storage of 23,495 kJ over the 
same duration, corresponding to a 115% enhancement. Additionally, a 
balanced design selected through multi-criteria decision analysis ach
ieved improvements of about 207% and 105% in energy absorption over 
3 and 5 h, respectively.

In parallel with these physical enhancement strategies, the meth
odological approach to analyzing LHSS has undergone a notable trans
formation [35]. Traditionally, researchers have investigated the 
performance of such systems through detailed numerical simulations or 
carefully controlled experimental studies, both of which, while accurate, 
are often time-intensive and computationally demanding when dealing 
with large parametric spaces [36]. In recent years, data-driven modeling 
techniques, particularly artificial neural networks such as multilayer 
perceptrons (MLPs), have gained prominence as efficient predictive 
tools [37]. These models learn the complex, nonlinear relationships 
between input parameters (e.g., geometric features, material properties, 
and operating conditions) and system responses, effectively creating a 
fast, reliable surrogate for high-fidelity simulations [38]. Rather than 
repeatedly solving governing equations, a well-trained MLP can predict 
system behavior almost instantaneously with remarkable accuracy [39]. 
This shift enables researchers to explore vast design spaces, identify 
optimal configurations, and perform sensitivity analyses with unprece
dented speed [40]. In essence, neural networks transform the problem 
from repeated physical computation into intelligent inference, opening 
new pathways for rapid design and optimization of advanced LHSSs 
[41].

Mahboobtosi et al. [42] explored data-driven modeling to analyze 
the solidification behavior of PCM systems enhanced with vascular- 
inspired fin structures and advanced hybrid nanofluids. In their work, 
they developed an MLP to accurately predict key thermal performance 
indicators, including solid fraction, average temperature, and total 
stored energy. The study showed that variations in radiative heat 
transfer significantly influence system dynamics: increasing the radia
tion parameter notably accelerated solidification while slightly reducing 
average temperature and stored energy. Zhao et al. [43] introduced a 
hybrid modeling framework to improve state estimation in LHSSs under 
practical operating constraints. Their approach integrates a physics- 
informed neural network for temperature field reconstruction with an 
MLP dedicated to state-of-charge prediction, forming a unified physics- 
informed state estimator. By embedding governing physical principles 
directly into the learning process, the model effectively overcomes 
common limitations of purely data-driven approaches, particularly in 
situations with limited training data. The proposed framework demon
strated high predictive accuracy, achieving very low errors in both 
temperature estimation and state-of-charge evaluation. Moreover, the 
study highlighted the model's robustness to variations in sampling in
tervals and showed that an appropriately designed network architecture 
can balance accuracy and generalization. Khalid et al. [44] examined 
enhancing an LHSS through the combined use of nanoparticle-enriched 
PCMs and optimized fin geometries, alongside data-driven prediction 
techniques. In their study, they modified paraffin wax with nano
particles to improve thermal conductivity and numerically analyzed a 
triplex-tube unit equipped with V-shaped fins using the ent
halpy–porosity method. To complement the numerical approach, an 
MLP model was developed for rapid prediction of thermophysical 
behavior, achieving high accuracy with a coefficient of determination 
exceeding 0.998 and a mean square error below 1.5 × 10− 3. The results 
demonstrated that geometric configuration plays a critical role in 
melting performance; specifically, selected fin arrangements enabled 
more than 98% of the PCM to melt within 3600 s, whereas less favorable 
designs resulted in only 84.86% melting over the same period.

Although considerable efforts have been devoted to improving the 
thermal response of PCM-based LHSSs through fin structures, advanced 
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materials, and optimization techniques, several challenges remain. 
Conventional fin-assisted designs generally enhance heat conduction; 
however, excessive fin integration may reduce the effective PCM volume 
and restrict natural convection within the storage domain. Moreover, 
most previous studies have focused on optimizing individual design 
parameters, while simultaneous consideration of thermal enhancement, 
structural integration, and rapid performance prediction remains 
limited. Therefore, innovative storage architectures are still needed that 
can provide enhanced heat transfer while maintaining high storage ca
pacity and operational flexibility. To address this research gap, the 
present study proposes a novel perforated fin-assisted LHSS in which an 
interconnected fin network is integrated around the HTF tubes. The 
proposed design simultaneously improves conductive heat transfer 
through extended thermal pathways and promotes natural convection 
through strategically distributed perforations. Structurally, the inter
connected fin network acts as a supporting framework that firmly sta
bilizes the HTF tubes in the storage body. The proposed architecture also 
offers remarkable material flexibility. The interconnected fin framework 
provides a general thermal platform that can accommodate various 
PCMs with different melting temperatures and thermophysical proper
ties. This characteristic significantly broadens the system's applicability 
to diverse thermal management requirements. In addition, a machine 
learning-based prediction framework using a multilayer perceptron 
(MLP) model is developed to rapidly estimate the system's thermal 
performance, while a combined genetic algorithm (GA) and TOPSIS 
approach identifies optimal configurations. The main objective of this 
work is to develop and evaluate an efficient PCM-based thermal storage 
architecture that achieves accelerated charging performance while 
maintaining effective energy storage capacity. The outcomes of this 
study provide new insights into the design and optimization of advanced 
latent heat storage systems for renewable energy and thermal manage
ment applications.

2. System description and material properties

2.1. Integration with a solar thermal application

Fig. 1 illustrates the practical implementation of an LHSS within a 
solar thermal application. The system is designed to operate as an in
termediate thermal management unit between the solar collector and 
the domestic hot water tank, enabling efficient storage and redistribu
tion of thermal energy under fluctuating operating conditions. After 
gaining heat from the solar collector, the HTF flows into the thermal 
storage unit and releases its energy to the PCM. The PCM then stores 
thermal energy as latent heat during melting. The thermal storage unit 
acts as an energy buffer that decouples heat generation from heat 

utilization. During high-solar-radiation periods, hot HTF enters the 
storage unit and transfers thermal energy to the PCM domain. Once 
thermal demand arises, the stored energy can be recovered and utilized 
to support domestic heating applications. The directional arrows pre
sented in the figure indicate the HTF circulation path throughout the 
system during operation.

2.2. Geometrical design of the proposed LHSS

The thermal storage system integrated within the solar-assisted 
application shown in Fig. 1 is systematically developed and geometri
cally detailed in Fig. 2. Fig. 2(a) presents the 3D view of the introduced 
LHSS equipped with removable upper and lower covers. These covers 
provide easy access to the internal storage unit for assembly, mainte
nance, and replacement. Fig. 2 (b) illustrates the internal geometrical 
configuration of the storage unit. It contains multiple HTF tubes 
embedded within the PCM domain to transfer thermal energy directly 
into the storage medium. Surrounding the HTF tubes, an interconnected 
perforated fin network is introduced to improve thermal transport and 
mechanical stability simultaneously. The fin structure extends 
throughout the complete PCM storage region and surrounds the HTF 
tubes over the full length of the thermal storage unit. This continuous 
arrangement was considered to provide uniform thermal pathways 
along the storage domain and maintain consistent mechanical support 
for the internal tube arrangement. Besides, the present design in
corporates strategically distributed perforations within the fin network. 
They reduce flow obstruction and promote buoyancy-driven motion of 
the molten PCM. In Fig. 2, the PCM region has a total length of 500 mm.

2.3. Thermophysical properties of the applied materials

The present LHSS employs RT50 as the phase change material 
because of its favorable thermal characteristics for medium-temperature 
latent heat storage applications. Specifically, RT50 has a melting tem
perature range of 318.15–324.15 K and a latent heat of 168 kJ/kg, 
which enables the storage and release of a considerable amount of 
thermal energy within a relatively narrow temperature interval. This 
characteristic is particularly advantageous for thermal energy storage 
applications because it allows a large amount of energy to be stored 
through phase change while keeping the PCM temperature within a 
limited range. In addition, the relatively stable thermo-physical 
behavior of RT50 during repeated melting and solidification cycles 
makes it suitable for cyclic thermal storage applications. Its melting 
temperature range is also compatible with the operating temperature 
considered in the present solar-assisted thermal storage system, making 
RT50 a suitable PCM for medium-temperature solar thermal energy 

Fig. 1. Schematic representation of a thermal storage system integrated with a solar-assisted domestic hot water application.

M. Al-Mutiry et al.                                                                                                                                                                                                                             International Communications in Heat and Mass Transfer 180 (2026) 112469 

4 



storage and domestic heating applications. For the solid structures, 
including the storage body, HTF tubes, and the perforated fin network, 
copper is selected for its excellent thermal conductivity. Copper's high 
conductivity substantially improves thermal uniformity throughout the 
storage unit. In addition, copper provides favorable mechanical strength 
and structural durability, which are essential for maintaining the 
integrity of the modular fin-supported architecture during long-term 
operation. Table 1 summarizes the thermo-physical properties of RT50 
and copper used in the numerical simulations.

3. Mathematical formulation and physical modeling

3.1. Phase change modeling via enthalpy–porosity framework

The PCM charging process is implicitly incorporated via the 
enthalpy-porosity approach, which circumvents explicit interface 
tracking while preserving thermodynamic consistency. The phase evo
lution is represented by a continuous liquid-fraction field that quantifies 
the proportion of material in the liquid state and governs local latent- 
heat storage. The intermediate region between solid and liquid phases 
forms the mushy zone, where both conductive and convective heat 
transfer mechanisms coexist. In the mentioned zone, the PCM is treated 
as a pseudo-porous medium, and its flow characteristics are gradually 
suppressed as the solidification proceeds. The mushy-zone constant 
governs the strength of this suppression and is important for stabilizing 
the numerical solution and preventing non-physical velocity penetration 
into solid regions. Furthermore, buoyancy-driven flow in the liquid 
phase is resolved using the Boussinesq approximation, allowing 
temperature-induced density changes to drive natural convection. This 

integrated formulation enables a consistent coupling between heat 
transfer and fluid flow, capturing the shift from conduction-dominated 
behavior at early stages to convection-enhanced transport during 
melting.

3.2. Model simplification and underlying assumptions

The simplifying assumptions are grouped into four categories to 
reduce computational complexity and maintain the dominant heat 
transfer physics: 

• Body forces and gravity effects: A gravitational field with an accel
eration of 9.81 m/s2 was imposed along the negative vertical axis, 
thereby driving natural convection currents during PCM melting.

• Flow regime and dimensionality: The physical model is developed in 
a 2D, transient framework to capture coupled heat transfer and fluid- 
flow phenomena during the energy-absorption process. The fluid is 
assumed to be incompressible. The molten PCM flow is considered to 
remain laminar, justified by a Rayleigh number below 109 [46].

• Material properties and phase behavior: All materials are assumed 
isotropic and homogeneous throughout the computational domain. 
The thermo-physical properties of the employed materials are 
considered constant within each phase to simplify the simulation 
process (Table 1). Nevertheless, density variations in the liquid PCM 
are accounted for utilizing the Boussinesq approximation, allowing 
buoyancy-driven flow to be accurately represented without intro
ducing full compressibility effects.

• Heat transfer simplifications: Viscous dissipation is neglected due to 
its negligible contribution relative to conductive and convective 
mechanisms under the considered operating conditions.

3.3. Principal equations of the system

The thermofluid characteristics of the proposed LHSS are governed 
by the coupled conservation equations of mass, momentum, and energy. 
These equations are solved simultaneously to capture the interaction 
between heat transfer, fluid motion, and phase transition. Eq. (1) rep
resents the Rayleigh number (Ra), which indicates the intensity of nat
ural convection generated by temperature-induced density variations 
[47]. 

Fig. 2. (a) 3D representation of the proposed LHSS with removable upper and lower covers, and (b) geometrical details of the PCM storage unit incorporating HTF 
tubes and perforated fin network.

Table 1 
Thermo-physical properties of the PCM and solid materials employed in the 
present study.

Material properties RT50 [24] Copper [45]

Solid Liquid

ρ (kg‧m− 3) 880 760 8960
k (W‧m− 1‧K− 1) 0.2 0.2 386
Cp (J‧kg− 1‧K− 1) 2000 2000 383
μ (kg‧m− 1‧s− 1) – 0.0038 –
β (K− 1) 0.0006 –
F (J‧kg− 1) 168,000 –
Tm (K) 318.15–324.15 –
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Ra =
gβCpρ2(THTF − TPCM)I3

μk
(1) 

Eq. (2) corresponds to the continuity equation, which expresses the 
conservation of mass within the liquid PCM domain. This equation en
sures that the net mass entering and leaving any differential control 
volume remains balanced during fluid motion. Since the PCM is assumed 
incompressible, the divergence of velocity becomes zero [48]. 

∂u
∂x

+
∂v
∂y

= 0 (2) 

Eqs. (3) and (4) describe the momentum conservation equations in 
the horizontal (x) and vertical (y) directions, respectively. These equa
tions are derived from the Navier–Stokes formulation and account for 
inertial forces, pressure gradients, viscous diffusion, and velocity sup
pression within the mushy region. In the vertical momentum equation, 
the buoyancy term introduced by the Boussinesq approximation drives 
natural convection in the molten PCM. The source terms Sx and Sy are 
associated with the enthalpy–porosity method and gradually damp fluid 
motion as the PCM solidifies [49]. 

ρ0,l

(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

)

= −
∂P
∂x

+ μ
(

∂2u
∂x2 +

∂2u
∂y2

)

+ Sx (3) 

ρ0,l

(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

)

= −
∂P
∂y

+ μ
(

∂2v
∂x2 +

∂2v
∂y2

)

+ gρ0,l(1 − β(T − T0) )+ Sy

(4) 

In Eq. (4), T0 corresponds to the initial temperature of the PCM 
before the charging process begins. Eq. (5) is the energy conservation 
equation for the PCM region. This equation governs the combined 
transport of sensible and latent heat during melting. The left-hand side 
represents transient and convective heat transport, while the right-hand 
side describes conductive heat diffusion [50]. 

ρ0,l

(
∂H
∂t

+ u
∂H
∂x

+ v
∂H
∂y

)

= kl

(
∂2T
∂x2 +

∂2T
∂y2

)

(5) 

Eq. (6) represents the heat conduction equation within the solid re
gions, including the storage body, HTF tubes, and perforated fin 
network. Since no fluid motion occurs within these solid components, 
heat transfer occurs solely by conduction [51]. 

ρsCP,s
∂T
∂t

= ks

(
∂2T
∂x2 +

∂2T
∂y2

)

(6) 

Eq. (7) defines the total enthalpy (H) as the summation of sensible 
enthalpy (h) and latent heat contribution (ΔH). This formulation enables 
continuous modeling of phase change without explicitly tracking the 
solid–liquid interface [52]. 

H = h+ΔH (7) 

Eq. (8) expresses the sensible enthalpy formulation, where the 
temperature-dependent thermal energy is calculated relative to a 
reference state [53]. 

h = href +

∫T

Tref

CpdT (8) 

Eq. (9) quantifies the portion of energy stored as latent heat within 
the PCM. Here, ΔH represents the thermal energy absorbed or released 
due to phase change, φ is the local liquid fraction, and F denotes the total 
latent heat content of the material. Physically, it links the phase evolu
tion to energy storage, meaning that only the fraction of PCM that has 
melted contributes to latent energy accumulation [54]. 

ΔH = φF (9) 

The piecewise relation in Eq. (10) defines the PCM's phase state as a 

function of temperature. When the PCM temperature is below the soli
dus temperature, it is fully solid (φ = 0). Between the solidus (Ts) and 
liquidus (Tl) temperatures, the PCM exists in a mushy zone, where it is 
partially liquid. The fraction is linearly interpolated to ensure a smooth 
transition. Above Tl, the PCM is fully liquid (φ = 1). This formulation is 
central to the enthalpy–porosity method, allowing the model to capture 
continuous melting without explicitly tracking interfaces [55]. 

φ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 if TPCM < Ts

TPCM − Ts

Tl − Ts
if Ts ≤ TPCM ≤ Tl

1 if TPCM > Tl

(10) 

Eqs. (11) and (12) show the source terms that are added to the mo
mentum equations to suppress fluid motion in partially solid regions. u 
and v are velocity components in the x- and y-directions. A(φ) is a 
damping coefficient that depends on the local liquid fraction. Physically, 
these equations simulate the resistance imposed by solidifying PCM, 
ensuring that the velocity decreases smoothly as the PCM transitions 
from liquid to solid. This prevents unrealistic penetration of fluid motion 
into solid regions and stabilizes the numerical solution [56]. 

Sx = − A(φ)u (11) 

Sy = − A(φ)v (12) 

In Eq. (13), A(φ) determines how strongly the mushy zone sup
presses fluid motion. Mf is the mushy zone constant controlling the 
maximum damping strength. The numerator (1 − φ)2 ensures that 
damping is strongest when the PCM is mostly solid. The denominator φ3 

+ ε prevents numerical singularities and ensures that damping reduces 
rapidly as the PCM melts (φ → 1). In essence, this equation provides a 
smooth transition from solid-like to liquid-like behavior, enabling ac
curate modeling of convective flow within the molten PCM while ac
counting for partially solid regions [57]. 

A(φ) = Mf
(1 − φ)2

φ3 + ε (13) 

The melting enhancement ratio (Em) in Eq. (14) quantifies the in
crease in PCM charging performance resulting from fin incorporation. φ 
is the local liquid fraction in the system with fins. φcd is the corre
sponding fraction in a core design (finless) configuration. By expressing 
the difference as a percentage, Em indicates how much faster or more 
effective the melting process is with the fin network. Positive Em values 
represent enhanced heat transfer and accelerated phase change, directly 
linking the fin design to thermal performance [58]. 

Em =

[
φ

φcd
− 1

]

×100% (14) 

3.4. Initial and boundary condition specification

To accurately simulate the PCM charging process, initial and 
boundary conditions are specified to ensure numerical stability and 
physical consistency: 

• All solid boundaries, including the walls of the containment, HTF 
tubes, and fin surfaces, enforce a no-slip condition (u = v = 0), which 
ensures that the fluid velocity at the solid interface is zero. Simul
taneously, a no-temperature-jump condition is applied, maintaining 
thermal continuity between solid surfaces and the adjacent PCM.

• The system is assumed to operate at atmospheric pressure (P = 1 
atm) both inside the LHSS and in the ambient domain. This simplifies 
the momentum formulation by maintaining incompressibility and 
removing the need for pressure-driven boundary modifications.

• The enclosure boundaries were considered under an isothermal 
condition with a prescribed temperature of 333.15 K, depicting the 
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thermal boundary provided by the HTF. The PCM and solid parts are 
uniformly initialized at 298.15 K.

• The thermal storage unit is designed and numerically evaluated 
under well-insulated operating conditions. Accordingly, adiabatic 
boundary conditions are applied to the enclosure's external surfaces, 
assuming negligible heat exchange between the storage unit and the 
surrounding environment.

3.5. Numerical methodology and solution procedure

The present LHSS was numerically studied utilizing the commercial 
computational fluid dynamics (CFD) software ANSYS Fluent. It provides 
a robust framework for handling coupled thermo-fluid problems and has 
been extensively validated for phase change simulations in thermal 
energy storage applications. To solve the governing equations, the 
computational domain was discretized into a large number of finite 
control volumes through the finite volume method (FVM). The 
convective terms appearing in the momentum and energy equations 
were discretized using a second-order upwind scheme. Compared with 
first-order discretization methods, the second-order approach provides 
higher numerical accuracy. Since the liquid PCM is treated as an 
incompressible fluid, the pressure and velocity fields are strongly 
coupled through the continuity equation. To establish this coupling, the 
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algo
rithm was employed. The SIMPLE scheme iteratively corrects the pres
sure and velocity distributions until mass conservation is satisfied 
throughout the computational domain.

For pressure interpolation at the cell faces, the Pressure Staggering 
Option (PRESTO) scheme was adopted. The PRESTO formulation is 
particularly suitable for buoyancy-dominated flows because it improves 
pressure-field accuracy in regions with strong natural convection. To 
ensure numerical stability during the iterative solution procedure, 
appropriate under-relaxation factors were specified for the governing 
variables. The under-relaxation factor for pressure was set to 0.3 to 
maintain stable pressure correction behavior, while a value of 0.7 was 
assigned for the momentum equations to achieve balanced velocity 
convergence. For the liquid-fraction equation associated with the phase 
change process, a higher relaxation factor of 0.9 was used to accelerate 
convergence of the melting field. In contrast, the energy and density 
equations were solved with a full relaxation value of 1.0 to preserve 
thermal accuracy during the transient simulation. The iterative calcu
lations were continued until convergence was achieved for all governing 
equations. Convergence was monitored through normalized residuals of 
the continuity, momentum, and energy equations, and the solution was 
considered converged when all residuals decreased below 10− 5. This 
strict convergence criterion ensures high numerical precision and gua
rantees the physical reliability of the obtained thermal and flow 
predictions.

4. Numerical validation and assessment of the 2D modeling 
approach

Before conducting the detailed parametric analysis, the numerical 
model used in this study was validated against the experimental study by 
Kousha et al. [59]. In their experimental study, the HTF volumetric flow 
rate was reported as 0.4 L/min for each tube. In the present work, the 
LHSS is primarily analyzed using a 2D computational model. This 
simplification is physically justified because the HTF temperature vari
ation along the storage unit's longitudinal direction remains very limited 
during operation. Once the HTF flow rate reaches a sufficiently high 
level, axial thermal variations become insignificant, with the tempera
ture difference generally limited to values below 0.5 K, indicating that 
the dominant thermal gradients occur mainly in the transverse direction 
rather than along the flow path. Consequently, heat transfer and melting 
behavior can be accurately represented using a 2D formulation, thereby 
significantly reducing computational cost and simulation time. 

Nevertheless, to ensure that the 2D assumption does not compromise the 
physical accuracy of the obtained results, an additional 3D simulation 
was also performed under the same operating conditions. The results 
from both the 2D and 3D numerical models were then compared with 
the experimental data of Kousha et al. [60] to assess the reliability of the 
adopted simplification. In all validation simulations, the mushy zone 
constant was fixed at 106, which stably suppressed non-physical veloc
ities within the solidifying PCM regions while preserving numerical 
convergence. To evaluate the influence of the mushy zone constant on 
the numerical predictions, we performed an additional sensitivity 
analysis by varying this parameter between 105, 106, and 107. As illus
trated in Fig. 3(a), reducing the mushy zone constant to 105 slightly 
accelerates melting because weaker momentum damping within the 
mushy region enhances buoyancy-driven convection and thermal 
transport. Conversely, larger values increase the resistance against fluid 
motion and slightly delay melting. Nevertheless, the results obtained 
using 106 and 107 show similar trends, demonstrating that this param
eter's influence decreases at higher values. Furthermore, after complete 
melting, all cases converge because the mushy-zone resistance vanishes 
in the fully liquid PCM region. Given the excellent agreement with 
experimental measurements and its widespread use in previous PCM 
studies, 106 was selected as the mushy-zone constant for all subsequent 
simulations.

Fig. 3(a) presents the average PCM temperature obtained from the 
experimental measurements, the 2D simulation, and the 3D simulation. 
Both numerical approaches show excellent agreement with the experi
mental data throughout the charging process. The numerical predictions 
successfully capture the thermal behavior and closely reproduce the 
experimental trend. A detailed comparison further indicates that the 
discrepancy between the 2D and 3D simulations is very limited. The 
predicted temperature profiles from both models remain nearly over
lapping throughout most of the charging period, confirming that axial 
thermal variations have a negligible impact on the storage unit's per
formance. Moreover, the 2D model shows slightly better agreement with 
the experimental data at certain stages, while maintaining substantially 
lower computational demand than the full 3D simulation. These obser
vations validate the suitability of the 2D approach for the present 
investigation. To further verify the physical accuracy of the numerical 
model, the numerically obtained melting patterns were visually 
compared with the experimental observations, as shown in Fig. 3(b). 
The figure illustrates the solid–liquid interface at different charging 
times. Strong similarity can be observed between the experimentally 
captured melting fronts and the numerically predicted ones.

5. Grid independence test

A systematic grid-refinement study is conducted to ensure that the 
mesh resolution does not influence the solution. Table 2 summarizes the 
results of this analysis. A non-uniform quadrilateral grid divides the 
simulation domain. Additionally, a boundary-layer mesh is applied 
adjacent to solid boundaries to capture sharp variations in temperature 
and velocity near the walls. Grid reliability is verified by maintaining 
skewness below 0.31, indicating a well-shaped element distribution 
suitable for accurate flow and heat transfer simulations. Four different 
mesh densities, ranging from 58,120 to 989,677 elements, are tested. 
The average change in liquid fraction relative to the previous mesh is 
used as the convergence criterion. As shown in Table 2, refinement 
beyond approximately 490,025 elements produces negligible variation 
in liquid fraction (less than 1%), while further mesh densification 
significantly increases computational time. Based on this analysis, the 
mesh with 490,025 elements is selected for all subsequent simulations.

6. Time-step independence test

In addition to spatial discretization, the influence of temporal reso
lution on the simulation results is evaluated through a time-step 
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independence study, summarized in Table 3. The average change in 
liquid fraction relative to the previous time step is used to assess 
convergence with respect to temporal discretization. Four different time 
steps, ranging from 1 s to 0.05 s, are investigated. Larger time steps 
speed up simulations but can introduce significant temporal discretiza
tion errors. Excessively small steps increase computational demand 
while providing negligible gains in solution accuracy. As shown in 
Table 3, the average variation in the liquid fraction decreases substan
tially as the time step decreases. A time step of 0.1 s is chosen to achieve 
accurate results with deviations below 4% relative to the finer step while 
maintaining reasonable computational efficiency. Smaller time steps, 
such as 0.05 s, offer only a marginal improvement (<0.6%) at the 
expense of a significant increase in CPU time. Therefore, 0.1 s is adopted 

for all subsequent simulations to ensure reliable yet efficient predictions 
of the PCM melting process.

7. Machine learning-based prediction and multi-objective 
optimization framework

7.1. Development of the MLP prediction model

To accelerate analysis and prediction of the thermal behavior of the 
proposed LHSS, an MLP model was developed in this study. The objec
tive of the MLP framework is to establish an accurate relationship be
tween the geometrical design parameters and the thermal performance 
indicators of the storage system. Fig. 4 (a) illustrates the overall 

Fig. 3. Validation of the present numerical model against the experimental study of Kousha et al. [59]: (a) comparison of PCM temperature evolution obtained from 
experimental measurements, present 2D simulations under different mushy zone constants, and present 3D simulations, and (b) comparison of melting front evo
lution and phase distribution at different charging times.

Table 2 
Grid independence analysis for the PCM charging simulation, showing the 
average change in liquid fraction and computational time for varying mesh 
densities.

Number of mesh 
elements

Average change in liquid fraction 
relative to previous mesh (%)

Computational time 
(h)

58,120 – 0.8
119,010 10.220 2.2
490,025 5.316 8.0
989,677 0.852 16.5

Table 3 
Time-step independence study for the PCM charging process, presenting the 
average variation in liquid fraction and corresponding computational cost for 
different temporal resolutions.

Time- 
step

Average change in liquid fraction relative to 
previous time-step (%)

Computational time 
(h)

1 – 1.0
0.5 7.159 1.9
0.1 3.888 8.0
0.05 0.550 15.3

M. Al-Mutiry et al.                                                                                                                                                                                                                             International Communications in Heat and Mass Transfer 180 (2026) 112469 

8 



procedure adopted to construct the MLP model. The multilayer per
ceptron (MLP) model developed in this study was implemented using 
the MATLAB Feedforward Network (feedforwardnet) tool. The feed
forward neural network was trained using the back-propagation 
learning algorithm, which iteratively updates the connection weights 
and biases by minimizing the difference between the predicted and 
numerical responses. The developed network follows a conventional 
feedforward architecture consisting of three sequential components: an 
input layer, one hidden layer, and an output layer. The input layer 
contains the geometrical design parameters of the latent heat storage 
system, including perforation length (L), HTF tube diameter (D), and 
storage body inclination angle (α). These parameters were previously 
illustrated in Fig. 2(b). The hidden layer extracts nonlinear relationships 
between the input variables and thermal responses. In contrast, the 
output layer provides the predicted thermal performance indicators, 
including short-term energy absorption (STE) and long-term energy 
absorption (LTE). The dataset used to train and evaluate the MLP model 
was generated using a full-factorial design of experiments. Three vari
ables were considered (each at three levels), resulting in 33 = 27 
different design configurations. Table 4 summarizes the variables and 
corresponding levels used in the full factorial method, where the first, 
second, and third levels correspond to coded values of − 1, 0, and + 1, 
respectively. This approach enables systematic coverage of the entire 
investigated design space rather than selecting data points arbitrarily. 
Therefore, the obtained 27 datasets represent all possible combinations 
of the selected input parameters within the considered parameter ranges 
and provide a reliable basis for developing the predictive model.

Due to the limited number of available datasets, careful consider
ation was given to data division and model validation. The 27 available 
datasets were randomly divided into training and unseen datasets, with 

70% of the data assigned for model training and the remaining 30% 
reserved for independent evaluation of the developed model. Random 
allocation was used to prevent bias caused by the dataset's ordering. 
Moreover, because a small dataset may cause prediction accuracy to 
depend on the selected data partition, K-fold cross-validation was also 
performed. This method is particularly suitable for limited datasets 
because it repeatedly changes the training and testing subsets and 
evaluates whether the obtained model performance remains consistent 
regardless of the data division. As shown in Fig. 4(a), the network 
development procedure included initialization of weights and biases. 
This study employed the Levenberg–Marquardt (LM) algorithm to train 
the MLP model. The LM algorithm was selected for its fast convergence 
and strong performance in nonlinear regression problems, making it 
suitable for training the MLP model used to predict the thermal per
formance indicators of the proposed LHSS. During training, the LM al
gorithm iteratively updated the network weights and biases by 
minimizing the prediction error between the numerical simulation re
sults and the MLP outputs. The final network performance was evalu
ated using several statistical indicators, including root mean square 
error (RMSE) and the coefficient of determination (R2) [60]. Fig. 4 (b) 
presents the general structure of the developed MLP model 

Fig. 4. (a) Workflow of the MLP model development and training procedure, and (b) schematic representation of the feedforward neural network architecture 
employed in the present study.

Table 4 
Design factors and levels employed in the full factorial design methodology.

Design factors Factor levels

− 1 0 +1

L (mm) 5 10 15
D (mm) 10 20 30
α (degree) 60 90 120
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schematically. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

i=1

(
rpred-rnum

)2

m

√
√
√
√
√

(15) 

R2 = 1-

∑m

i=1

(
rnum-rpred

)2

∑m

i=1

(
rnum-rpred

)2
(16) 

7.2. GA-based optimization

The developed MLP prediction model was coupled with the GA 
optimizer to rapidly evaluate large numbers of candidate configurations 
without repeatedly performing computationally expensive numerical 
simulations. The optimization process used the geometrical design 
variables. The GA used stochastic uniform selection as its selection 
operator. This method was selected because it provides a balanced 
mechanism for choosing parent solutions by assigning selection proba
bilities proportional to their fitness values while maintaining population 
diversity. As a result, highly suitable solutions have a greater probability 
of contributing to the next generation. In contrast, less dominant solu
tions still retain a chance of being selected, helping prevent premature 
convergence. The GA was configured using a population size of 1000 
individuals to ensure broad exploration of the design space. An elite 
count of 50 was used to preserve the best-performing solutions across 
generations and prevent the loss of highly favorable designs. In addition, 
the mutation probability and crossover probability were set to 0.01 and 
0.8, respectively. The crossover operation enables information exchange 
between parent solutions to generate potentially superior offspring, 
whereas mutation introduces random variation that helps avoid pre
mature convergence and enhances global search. The optimization 
procedure was continued for up to 300 generations to ensure sufficient 
convergence toward the optimal solution.

Initially, the optimization analysis was performed separately using 
single-objective optimization. The first optimization target focused on 
maximizing the system's short-term energy absorption capability. The 
second objective aimed to maximize long-term energy absorption. 
Although single-objective optimization provides useful insight into the 
influence of design variables, optimizing one performance indicator 
independently may negatively affect another competing objective. 
Therefore, this study extends beyond conventional single-objective ap
proaches by performing a multi-objective optimization analysis that 
considers both short- and long-term energy absorption characteristics 
simultaneously. This approach enables the identification of balanced 
geometrical configurations that deliver improved overall thermal per
formance rather than favoring a single operating condition.

7.3. TOPSIS-based decision analysis and optimal solution ranking

After generating optimal candidate solutions via multi-objective 
optimization, the TOPSIS method was used to rank the configurations 
and identify the most favorable overall design. The TOPSIS procedure 
begins with normalization of the decision matrix, as expressed in Eq. 
(17). This equation converts the performance values into dimensionless 
quantities, ensuring that objective functions with different magnitudes 
can be compared consistently. The normalization process prevents pa
rameters with larger numerical values from dominating decision- 
making [61]. 

rij =
xij
̅̅̅̅̅̅̅̅̅̅̅
∑m

i=1
x2

ij

√ (17) 

After normalization, weighting factors are incorporated using Eq. 

(18) to obtain the weighted normalized matrix [62]. 

vij = wj⋅rij (18) 

Eq. (19) specifies the ideal point, defined by selecting the most 
favorable value of each criterion across all available alternatives. In 
maximization-type optimization problems, the ideal point is the highest 
attainable weighted performance for each objective [63]. 

xideal
j = max

{
vij
}

(19) 

In contrast, Eq. (20) defines the anti-ideal point as the worst- 
performing values among the available alternatives [64]. 

xanti− ideal
j = min

{
vij
}

(20) 

Once the ideal and anti-ideal points are identified, the distances 
between each candidate solution and the mentioned points are 
computed using Eqs. (21) and (22) [65]. 

Dideal
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

j=1
wj

(
xij − xideal

j

)2
√
√
√
√ (21) 

Danti− ideal
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

j=1
wj

(
xij − xanti− ideal

j

)2
√
√
√
√ (22) 

Eq. (23) defines the closeness coefficient (CC), which represents each 
design's relative proximity to the ideal solution. A larger closeness co
efficient indicates a more favorable configuration because it minimizes 
the distance from the ideal solution and maximizes the distance from the 
anti-ideal solution [66]. 

CC =
Dideal

i

Dideal
i + Danti− ideal

i
(23) 

8. Results and discussion

8.1. Thermal performance analysis of the full factorial designs

Table 5 summarizes the thermal performance results from the 27 
full-factorial design configurations. The table presents the geometrical 
variables of each design, including L, D, and α, along with the corre
sponding absorbed energy values at three charging durations. The 
selected charging times are 1 h (3600 s), 2 h (7200 s), and 5 h (18,000 s). 
Selecting multiple charging durations is particularly important in LHSSs 
because the PCM's thermal behavior changes significantly throughout 
melting. During the early stages, heat transfer is primarily dominated by 
conduction near the HTF tubes and fin surfaces. As melting progresses, 
buoyancy-driven natural convection gradually becomes stronger in the 
liquid RT50 region, altering the heat transfer mechanism and acceler
ating thermal transport. In the final stages of melting, the remaining 
solid PCM regions become increasingly limited and localized, leading to 
another shift in thermal behavior. Therefore, evaluating absorbed en
ergy at different time intervals provides a more comprehensive under
standing of the proposed system's charging characteristics. In addition, 
the total simulation duration was fixed at 5 h to represent realistic solar 
thermal operating conditions, where effective sunlight availability is 
typically limited to 6 h per day. Consequently, the system's thermal 
response within this operating window becomes highly important for 
practical energy storage applications.

Table 5 additionally presents the outcomes for the reference core 
configuration, where only HTF tubes are incorporated into the storage 
medium and no perforated fin structure is utilized. This reference 
configuration enables a direct evaluation of the thermal enhancement 
achieved by the interconnected perforated fin structure introduced in 
the present work. All fin-network-assisted configurations show a clear 
improvement in thermal energy absorption compared to the core design. 
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During the early charging stage at 1 h, Design 25 exhibits the highest 
absorbed energy (5616 kJ). In contrast, the core design absorbs only 
1813 kJ during the same period. This indicates that Design 25 enhances 
the short-term energy absorption capability by approximately 209.8% 
compared with the reference configuration. These results highlight the 
strong influence of the perforated fin arrangement in enhancing thermal 
propagation and intensifying the early charging process of RT50, where 
conductive heat transfer dominates. The superior performance of the 
perforated fin-assisted configurations during early charging can be 
explained by the dominant role of conduction heat transfer in the 
initially solid PCM region. At this stage, the thermal energy transferred 
from the HTF tubes must propagate through the low-conductivity PCM, 
resulting in a considerable thermal resistance. The interconnected fin 
network reduces this resistance by providing highly conductive path
ways that transfer heat deeper into the PCM domain. Furthermore, 
perforations prevent excessive obstruction of PCM movement, allowing 
the enhanced conductive mechanism to coexist with the development of 
natural convection as melting progresses. At the 2 h intermediate 
charging stage, Design 23 achieves the highest thermal energy absorp
tion of 7763 kJ. In comparison, the baseline configuration stores just 
3077 kJ of energy, indicating that the modified design achieves nearly 
153.2% more energy absorption capacity. The combined influence of 
conduction via the perforated fin and intensified natural convection in 
the molten RT50 becomes more pronounced, enabling significantly 
faster thermal transport throughout the storage domain. At the final 
charging stage of 5 h, Designs 2, 6, and 13 achieve the maximum 
absorbed energy value of 9996 kJ among all investigated configurations. 
Under the same operating conditions, the core design stores only 5395 
kJ. Therefore, the optimized fin-assisted configurations provide 
approximately 85.3% greater absorbed energy than the reference stor
age unit. Although the percentage enhancement decreases with longer 
charging durations, the thermal improvement remains highly significant 

because the PCM approaches complete melting during the later stages of 
charging.

8.2. Detailed thermal behavior of selected configurations

Six representative configurations with distinct geometrical charac
teristics are selected from the 27 full factorial designs and compared in 
detail with the reference core design. The selected designs include De
signs 1, 9, 10, 19, 21, and 23, which exhibit different thermal responses 
throughout the charging process. Fig. 5(a) represents the alterations of 
total absorbed energy over time. A substantial difference is immediately 
apparent between the fin-network-assisted configurations and the core 
design without perforated fins. The LHSS containing only HTF tubes 
exhibits significantly weaker charging behavior throughout the process, 
confirming that the HTF tubes alone cannot distribute heat effectively 
within the PCM domain. Even increasing the HTF tube diameter, which 
naturally enlarges the direct heat transfer surface area, cannot 
compensate for the absence of the perforated fin network. This clearly 
demonstrates that the interconnected fin structure plays the dominant 
role in accelerating thermal transport and distributing energy 
throughout the storage body.

Among the investigated configurations, Design 23 (L = 5 mm, D =
10 mm, and α = 120◦) exhibits the fastest total energy absorption during 
a considerable portion of the charging process. However, this configu
ration's superiority is mainly observed during the early and intermediate 
stages of melting, while some configurations with initially lower per
formance eventually surpass it during the later stages. A representative 
example is Design 19 (L = 5 mm, D = 10 mm, and α = 60◦), which has 
identical perforation length and HTF tube diameter but differs only in 
the inclination angle. This orientation variation significantly modifies 
the buoyancy-driven flow pattern inside the molten PCM region and, 
consequently, affects the interaction between natural convection and 
heat transfer through the perforated fin network. In Design 23, the 120◦

inclination angle promotes upward movement of the molten PCM due to 
the thermosiphon effect generated by density differences between the 
hotter liquid PCM near the HTF tubes and the colder regions away from 
the heat source. As the heated PCM rises, it reaches the upper regions of 
the storage domain where the frontal sections of the fin network provide 
relatively restricted flow passages. Therefore, the upward movement of 
the molten PCM is partially hindered, forcing the fluid to redistribute 
through the available perforation openings. Although this restriction 
limits the large-scale circulation of liquid PCM, it increases the residence 
time of the high-temperature molten PCM within the central regions 
surrounding the heat transfer structures. Consequently, thermal energy 
remains concentrated near regions with stronger conductive pathways 
for longer, allowing more effective interaction between the hot PCM, fin 
surfaces, and surrounding solid PCM. This combined effect enhances 
heat penetration into the adjacent PCM layers and results in a higher 
energy absorption rate during the intermediate stages of melting.

In contrast, Design 19 with an inclination angle of 60◦ provides a 
more open pathway for upward buoyancy-driven flow. The molten PCM 
generated near the HTF tubes can move more freely toward the upper 
regions of the storage domain, resulting in stronger and more extensive 
natural convection circulation. However, during the early and inter
mediate stages, this rapid upward transport also decreases the residence 
time of the high-temperature liquid PCM in the central regions. As a 
result, although circulation intensity is higher, some thermal energy is 
transported away from the most effective heat-transfer regions before it 
is fully distributed throughout the PCM domain. Therefore, Design 19 
exhibits a slightly lower energy absorption rate compared with Design 
23 during these stages. This behavior indicates that a configuration's 
effectiveness is mainly determined by its ability to maintain strong 
thermal interaction between the heated PCM region and the conductive 
fin network. Since only a limited portion of PCM has melted during this 
period, the contribution of large-scale natural convection remains rela
tively limited. Therefore, configurations that enhance heat conduction 

Table 5 
Thermal performance of the 27 full factorial designs in terms of absorbed energy 
at different charging durations, together with the reference core design without 
a perforated fin network.

Design 
number

Factors Energy absorption (kJ)

L 
(mm)

D 
(mm)

α 
(degree)

3600 s 
(1 h)

7200 s 
(2 h)

18,000 s 
(5 h)

1 15 30 120 5457 7510 9471
2 15 10 120 5268 7501 9996
3 15 30 60 5087 6978 9520
4 15 20 90 5216 7258 9838
5 15 30 90 5155 7151 9532
6 15 10 90 5267 7501 9996
7 15 20 120 5230 7265 9839
8 15 20 60 5124 7087 9814
9 15 10 60 5119 7128 9972
10 10 20 90 5409 7427 9815
11 10 20 60 5338 7246 9803
12 10 30 60 5268 7111 9499
13 10 10 90 5382 7463 9996
14 10 10 120 5419 7636 9979
15 10 10 60 5309 7291 9975
16 10 20 120 5464 7629 9803
17 10 30 90 5383 7324 9505
18 10 30 120 5429 7514 9498
19 5 10 60 5513 7679 9975
20 5 30 120 5562 7620 9473
21 5 30 60 5491 7526 9480
22 5 10 90 5514 7610 9970
23 5 10 120 5570 7763 9957
24 5 20 90 5553 7591 9788
25 5 20 120 5616 7738 9779
26 5 30 90 5521 7548 9479
27 5 20 60 5547 7625 9791
Core- 

design
– – – 1813 3077 5395
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and increase the residence time of hot molten PCM near the heat transfer 
structures can achieve higher energy absorption rates. As charging 
continues, the storage system's thermal behavior gradually changes. The 
PCM temperature approaches the HTF temperature, reducing the tem
perature difference between the heat source and the PCM and conse
quently weakening the conductive heat-transfer contribution. Under 
these conditions, maintaining high-temperature PCM near the central 
region becomes less dominant, and the ability to establish a broader 
natural convection circulation becomes increasingly important. Due to 
its more open flow pathway, Design 19 benefits from enhanced 
buoyancy-driven circulation during the later stages of melting, allowing 
thermal energy to be transported more uniformly into previously less- 
affected PCM regions. Therefore, Design 19 gradually improves its 
relative performance and eventually surpasses Design 23 in terms of 

total energy absorption during the final charging stage. The observed 
performance reversal is associated with the transition of the dominant 
heat transfer mechanism from conduction-controlled melting to 
convection-enhanced thermal transport. When a large liquid PCM re
gion develops, buoyancy-driven circulation becomes increasingly 
important because it determines the system's ability to distribute ther
mal energy to regions farther from the HTF tubes and fin surfaces. 
Consequently, geometries that provide less restricted flow pathways can 
achieve more effective thermal redistribution during the later stages of 
charging. This transition demonstrates that the optimal configuration in 
PCM thermal storage systems depends strongly on the dominant heat 
transfer mechanism at different stages of melting. While Design 23 
benefits from controlled PCM circulation and enhanced thermal inter
action during the conduction-dominated stages, Design 19 provides 

Fig. 5. The thermal characteristics of the selected perforated-fin-assisted designs and the reference core design.
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superior convective redistribution when natural convection becomes the 
primary heat transfer mechanism.

Fig. 5(b) demonstrates the latent absorbed energy. Once again, 
Design 23 initially demonstrates stronger latent heat absorption than 
Design 19. Since both designs have identical PCM volumes and nearly 
identical geometries, their maximum latent energy storage capacities 
are theoretically identical. However, the difference lies in the rate at 
which latent energy is absorbed. In Design 23, the trapped circulation of 
high-temperature molten PCM within the central regions enables more 
effective thermal distribution across the storage body. Instead of rapidly 
escaping upward, the liquid PCM continuously rotates and transfers 
energy within the interior regions before gradually moving through the 
perforations. This behavior promotes more uniform melting and allows 
the PCM to absorb latent energy more rapidly during intermediate 
stages. In Design 19, the molten PCM quickly gains energy from the HTF 
tubes and rises because the flow path is less obstructed. Although this 
enhances fluid mobility, it reduces the ability of thermal energy to 
penetrate less accessible PCM regions. Therefore, some areas within the 
storage body receive heat less effectively during intermediate stages. 
Nevertheless, the more open circulation path in Design 19 improves 
overall temperature uniformity within the PCM domain, thereby helping 
the design exceed Design 23 during later stages of melting.

Fig. 5(c) presents variations in the sensible absorbed energy. 
Compared with latent energy, differences between the selected config
urations are smaller because sensible heat storage mainly depends on 
the temperature rise before and after the phase-transition intervals. 
However, all perforated-fin-assisted designs still absorb considerably 
more sensible energy than the core design, confirming the fin network's 
strong enhancement of overall thermal transport. Fig. 5 (d) shows the 
evolution of the liquid fraction. Among all investigated configurations, 
Design 21 (L = 5 mm, D = 30 mm, and α = 60◦) achieves the highest 
liquid fraction throughout the charging process. Compared with Design 
19, the main difference between these two configurations is the larger 
HTF tube diameter in Design 21. Increasing the tube diameter directly 
increases the contact surface area between the HTF tubes and the sur
rounding PCM, thereby enhancing the thermal interaction at the solid
–liquid interface. Consequently, thermal energy penetrates more rapidly 
into the surrounding PCM, accelerating the phase transition process and 
resulting in a faster enhance in liquid fraction. In addition to the 
enhanced heat-transfer area, the larger HTF tubes change the geomet
rical distribution of the PCM within the storage domain. Because the 
HTF tubes occupy a larger portion of the storage volume, less PCM 
surrounds the tubes. Therefore, the remaining PCM experiences a higher 
effective heat input per unit mass, allowing a greater fraction of the 
available PCM to reach the melting temperature within a shorter period. 
This combination of increased conductive heat transfer and reduced 
PCM mass explains the superior melting response and higher liquid 
fraction observed for Design 21 compared with configurations con
taining smaller HTF tubes. This result demonstrates that melting rate 
and energy storage capacity represent two different performance aspects 
in PCM-based systems. Increasing the HTF tube diameter increases the 
available heat-transfer surface and accelerates phase transition; how
ever, it simultaneously reduces the volume of PCM available for latent 
heat storage. Therefore, a configuration that achieves faster melting 
does not necessarily provide the highest thermal energy storage capa
bility. However, the higher liquid fraction achieved by Design 21 should 
not be interpreted as a direct indication of higher total energy storage 
capability. The total latent energy stored in a PCM-based system is 
strongly dependent on both the latent heat of the material and the total 
mass of PCM undergoing phase transition. Although Design 21 melts a 
larger fraction of its PCM more rapidly, the available PCM mass is lower 
because of the increased HTF tube volume. As a result, the total amount 
of latent heat that can be stored is reduced compared with configura
tions containing a larger PCM volume. Therefore, Design 21 demon
strates superior melting kinetics and faster phase transition, while 
configurations with a greater PCM volume may provide higher overall 

energy storage capacity. This finding highlights the importance of dis
tinguishing between melting-rate indicators, such as liquid fraction, and 
storage-capacity indicators when evaluating the thermal characteristics 
of PCM-based LHSSs.

Fig. 5(e) illustrates the melting enhancement ratio (Em), used to 
evaluate the melting performance increment of the perforated-fin- 
assisted designs relative to the core design without fins. The enhance
ment values are remarkably high during the early charging stages, 
highlighting the fin network's strong influence on accelerating melting. 
Design 21 exhibits the maximum enhancement ratio, reaching approx
imately 301% at nearly 3000 s. This means that the melting performance 
of Design 21 is more than 3 times that of the core design at this stage. As 
charging progresses, the enhancement ratios gradually decrease because 
the core continues to melt, and the relative performance gap narrows. 
Fig. 5(f) illustrates the average PCM temperature evolution. In the later 
phase of the melting, Design 21 exhibits the highest PCM temperature 
among all investigated configurations. This behavior is directly linked to 
its reduced PCM volume and increased HTF surface area. Since a smaller 
quantity of PCM absorbs the supplied thermal energy, the average 
temperature rises more rapidly. Simultaneously, the larger HTF tubes 
intensify conductive heat transfer and accelerate energy delivery 
throughout the storage domain. Although Design 21 achieves higher 
temperatures and faster melting, its sensible energy storage capacity 
remains lower because the total PCM mass available for energy storage 
is reduced.

Fig. 6 presents radar-plot comparisons of the total absorbed energy 
for six representative perforated-fin-assisted configurations discussed in 
Fig. 5. These plots provide a clearer visualization of how the relative 
thermal performance of the selected designs changes across different 
stages of the charging process. Rather than showing the full transient 
curves, the radar plots focus on three specific operating times: early- 
stage charging (1 h), intermediate charging (2 h), and long-term 
charging (5 h). Such a representation allows the evolution of the 
dominant thermal mechanisms to be interpreted more effectively. Fig. 6
(a) illustrates the absorbed energy after 1 h of charging. At this early 
stage, Design 23 exhibits the highest energy absorption capability 
among all investigated configurations, followed closely by Design 19. In 
contrast, Design 9 (L = 15 mm, D = 10 mm, and α = 60◦) demonstrates 
the lowest energy absorption during this period. The overall pattern 
observed in Fig. 6(a) arises from the fin network's ability to accelerate 
conductive heat transfer during the initial melting stages.

A very similar behavior is observed in Fig. 6(b), which corresponds to 
the absorbed energy after 2 h of charging. Once again, Design 23 
maintains the highest energy absorption, while Design 19 remains the 
second-best configuration. Design 9 still exhibits the weakest thermal 
response among the selected cases. The similarity between the 1 h and 2 
h radar patterns suggests that the thermal mechanisms governing the 
early and intermediate stages of melting remain relatively unchanged. 
During these periods, the perforated fin network's effectiveness in 
distributing heat and controlling natural convection plays the dominant 
role in determining thermal performance. However, Fig. 6(c) shows 
distinctly different behavior, representing the absorbed energy after 5 h 
of charging. At this stage, the relative ranking of the designs changes 
noticeably. Design 19 surpasses Design 23 and becomes the best- 
performing configuration in terms of total absorbed energy. More 
importantly, Design 9, which previously performed the weakest in the 
earlier stages, now shows significantly improved long-term energy ab
sorption and approaches the performance of Designs 19 and 23. 
Conversely, Design 21 shows reduced relative performance during the 
later charging stages.

This transition in thermal behavior can be explained by examining 
how the geometrical parameters influence the total PCM volume within 
the storage body. Design 9's higher energy-absorption capacity than 
Design 19 is mainly due to its longer perforation length (L). Since the 
other geometric parameters are identical, the difference in thermal 
behavior originates from the fluid flow path created by the larger 
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perforations. In Design 9, the molten PCM can move upward more easily 
due to reduced flow resistance, thereby strengthening the natural con
vection currents within the storage body. As a result, thermal energy is 
transported more rapidly toward the upper regions of the system. 
Although this initially reduces the heat transfer intensity in the lower 
and side regions adjacent to the storage body, the continuous circulation 
of the molten PCM gradually redistributes the absorbed thermal energy 
throughout the domain. Therefore, over long operating times, Design 9 
benefits from improved overall energy distribution and ultimately ach
ieves higher total energy absorption than Design 19. In the long term, as 
the system approaches its maximum liquid fraction and the PCM tem
perature approaches the HTF temperature, the total PCM mass becomes 
increasingly important. Under these conditions, a larger PCM volume 
enables the system to absorb and store more thermal energy, which 
explains the improved long-term performance of Design 9. Design 21 
shows the opposite thermal behavior. In this configuration, the HTF tube 
diameter D is the largest among the selected designs. Enlarging the HTF 
tubes increases the heat transfer surface area and accelerates melting 
during the early stages, which explains the strong short-term thermal 
response of this design. However, larger HTF tubes occupy a larger 
portion of the storage domain, thereby reducing the available PCM 
volume. As the charging process progresses toward completion, the 
lower PCM quantity reduces the system's overall thermal energy storage 
capability. Therefore, although Design 21 exhibits rapid melting and 
high liquid fractions, its long-term energy absorption is weaker than that 
of configurations with larger PCM volumes.

To further evaluate the validity of the assumption regarding negli
gible axial temperature variation, an additional analysis was performed 
based on the energy balance of the HTF. According to the numerical 
results for all 27 design configurations, the total energy absorbed by the 
PCM after 5 h of charging is approximately 9400–10,000 kJ. Consid
ering the energy balance equation: Q̇ = ṁCpΔT, the required HTF mass 
flow rate was estimated. In this calculation, the HTF thermophysical 
properties were evaluated at the operating temperature of 333.15 K, and 
the axial temperature variation was assumed to be approximately 0.5 K. 
Based on the absorbed energy range from the simulations, the required 
total mass flow rate and corresponding volumetric flow rate were 
calculated. The results indicate that the required volumetric flow rate 
for the entire storage system is approximately 15–16.2 L/min. Since the 
proposed system contains eight HTF tubes, the corresponding flow rate 
per tube is estimated to be approximately 1.875–2.025 L/min. This 
range represents a realistic operating condition for similar thermal 
storage systems and confirms that the HTF flow rate is sufficiently high 
to maintain a very small axial temperature variation. This estimation 
provides a general assessment of the required flow rate range for the 
investigated system rather than a separate flow analysis for each of the 
27 configurations. Although variations in tube diameter and inclination 
angle can influence the PCM's thermal response, their effects are mainly 
associated with PCM-side heat transfer mechanisms, while the axial 
temperature variation of the HTF remains relatively limited due to 

continuous fluid circulation. Therefore, the 2D approximation remains 
valid for the investigated parametric range. Furthermore, a limitation of 
this estimation is that part of the supplied thermal energy is also 
absorbed by the copper fin network and solid components. Because this 
amount is considerably smaller than the total energy stored by the PCM, 
it was neglected in the present calculation. Including the energy 
absorbed by the solid structures would slightly increase the estimated 
required HTF flow rate; however, it would not significantly alter the 
conclusion regarding the validity of the 2D modeling assumption.

8.3. Accuracy and predictive capability of the developed MLP model

Before employing the MLP model for prediction, it was necessary to 
determine the most suitable network architecture, as schematically 
illustrated in Fig. 4(a). Selecting a neural network structure is one of the 
most important stages in machine learning applications because a weak 
network cannot accurately capture physical behavior. In contrast, an 
overly complex network may memorize the training data and lose its 
generalization capability. Therefore, a systematic trial-and-error pro
cedure was performed to determine the optimal architecture. The 
network complexity was gradually increased in steps. To determine the 
optimal network architecture, a systematic sensitivity analysis was 
performed. Initially, the number of hidden layers was gradually 
increased to evaluate its influence on prediction accuracy. The findings 
indicated that adding more than a single hidden layer provided no sig
nificant enhancement in the model's prediction accuracy, while 
increasing computational complexity and reducing model efficiency. 
Subsequently, the number of neurons in the hidden layer was varied to 
identify the optimal network size. Increasing the number of neurons 
improved prediction accuracy up to 10 neurons; however, further in
creases resulted in excellent performance on the training data but 
diminished accuracy on unseen datasets. This behavior indicates over
fitting, where the network learns the training samples too well and loses 
generalization capability. The previously obtained thermal responses 
from the 27 full-factorial simulations were used here as benchmark data 
for training, validation, and testing of the network. Accordingly, the 
final MLP architecture was selected as a 3–10–2 structure, consisting of 
three neurons in the input layer corresponding to L, D, and α, one hidden 
layer containing 10 neurons, and two neurons in the output layer rep
resenting STE and LTE. Tangent sigmoid activation functions (tansig) 
were employed in the hidden layer to capture nonlinear relationships 
between the input parameters and thermal responses. In contrast, a 
linear activation function (purelin) was used in the output layer to 
provide continuous numerical predictions. This optimized architecture 
balances prediction accuracy, computational efficiency, and general
ization capability.

Detailed information regarding the developed network is presented 
in Table 6. The table lists the weights and biases for both the hidden and 
output layers of the final MLP model. These parameters represent the 
mathematical relationships the neural network learned during training. 

Fig. 6. Radar-plot comparison of total absorbed energy for selected perforated-fin-assisted configurations at different charging durations: (a) 1 h, (b) 2 h, and (c) 5 h.
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The hidden-layer weights determine how strongly each geometric 
parameter influences the neurons, while the output-layer weights 
determine how the hidden neurons contribute to predicting STE and 
LTE. Therefore, Table 6 provides the complete mathematical foundation 
of the developed prediction model and enables future researchers to 
reproduce the trained network directly without retraining.

Table 7 evaluates the predictive accuracy of the developed MLP 
model using two key statistical performance indices: RMSE and R2. 
RMSE indicates the model's average prediction error, while R2 measures 
how well the network captures the relationship between inputs and 
outputs. Lower RMSE values and R2 values approaching unity indicate 
higher prediction accuracy. According to Table 7, the developed MLP 
model achieved RMSE values of 21.201 and 8.393 for STE and LTE, 
respectively. In addition, the obtained R2 values were 0.990 for STE and 
0.998 for LTE. The extremely high R2 values indicate that the model 
successfully captured the nonlinear thermal behavior of the PCM storage 
system with very high precision. Furthermore, the relatively low RMSE 
values confirm that the deviations between the predicted and simulated 
data are minimal. Therefore, the developed MLP model can be consid
ered a highly reliable and efficient predictive tool for estimating the 
thermal performance of the proposed LHSS.

In machine learning applications, developing a prediction model 
alone is not sufficient. The model must also demonstrate that it can 
accurately reproduce the physical behavior obtained from numerical 
simulations. Therefore, the results presented in Fig. 7 are extremely 
important because they visually demonstrate the agreement between 
the numerical data and the neural network's predictions. Fig. 7(a) and 
(b) compare the numerical simulation results with the predictions of the 
developed MLP model for STE and LTE, respectively. In these plots, the 
solid diagonal line represents the ideal case where the predicted values 
exactly match the numerical results. Therefore, the closer the data points 
are to this diagonal line, the more accurate the prediction model be
comes. In Fig. 7(a), nearly all data points lie directly on or very close to 
the diagonal line, and the predicted STE values show an excellent 
agreement with the numerical data.

A similar trend can be observed in Fig. 7(b) for LTE prediction. In 
fact, the agreement between the numerical and predicted LTE results is 
even stronger. The predicted values almost perfectly overlap the nu
merical data, demonstrating the outstanding predictive capability of the 
developed network for the long-term thermal performance of the PCM 
storage system. Fig. 7(c) and (d) further investigate the model's 

predictive accuracy by presenting the relative prediction errors for STE 
and LTE across all 27 designs. These plots are especially useful because 
they allow the error distribution across different geometrical configu
rations to be examined individually, rather than relying solely on global 
statistical indicators such as RMSE and R2. In Fig. 7(c), the relative errors 
for STE remain remarkably small across all designs. Most prediction 
errors are significantly below 1%, indicating that the developed neural 
network provides highly reliable short-term predictions. The maximum 
relative error is observed for Design 20 at approximately 0.991%, which 
is still extremely small from an engineering perspective. These low de
viations indicate that the MLP model generalizes well and does not 
merely memorize the training dataset.

Similarly, Fig. 7(d) demonstrates the relative prediction errors for 
LTE. The errors are even smaller than those for STE predictions. Most 
LTE prediction errors remain below 0.2%, with the maximum observed 
error of approximately 0.303% for Design 11. These very small de
viations confirm that the developed MLP model can predict long-term 
thermal behavior with exceptionally high precision. From a thermal 
engineering and machine learning perspective, these results are highly 
important. Numerical simulations of PCM systems are often computa
tionally intensive due to the strong coupling among conduction, con
vection, and phase change processes. However, once a reliable neural 
network model is trained, it can predict the thermal performance of new 
geometrical configurations almost instantly. Therefore, the developed 
MLP model not only demonstrates high predictive accuracy but also 
provides a highly efficient alternative tool for future optimization and 
design studies of LHSSs.

Sufficient training data is critical to developing reliable machine 
learning models. However, in the present study, generating a large 
dataset through numerical simulations is computationally expensive 
because each transient PCM melting simulation requires considerable 
computational time. Therefore, performing hundreds of simulations, as 
commonly performed in purely data-driven studies, is not practically 
feasible for the present high-fidelity thermo-fluid model. To address this 
issue, a full-factorial design of experiments (DoE) approach was adop
ted. Unlike random sampling methods, the full-factorial design sys
tematically investigates all possible combinations of the selected design 
variables within the defined levels (27 datasets). These variables were 
not selected arbitrarily; rather, they were identified as the most influ
ential geometrical factors affecting the thermal response of the proposed 
LHSS. Furthermore, the selected ranges were determined based on their 
physical influence and geometrical limitations, ensuring that the 
generated dataset adequately represents the investigated design space. 
The MLP model was not trained using all 27 datasets. A portion of the 
available data was reserved as unseen data for independent evaluation. 
Specifically, 70% of the datasets were randomly assigned for training, 
while the remaining 30% were excluded from training and used only to 
evaluate the predictive capability of the developed model. Therefore, 
the results presented in Table 7 and Fig. 7 correspond to the complete 
dataset, including both training and unseen samples, rather than only 

Table 6 
Detailed information on the developed MLP prediction model for STE and LTE responses.

Hidden layer Output layer

Weights (10 × 3) Biases (10 × 1) WeightsT (10 × 1) Bias (1 × 1)

STE LTE STE LTE

1.443 1.918 0.476 − 3.915 1.189 − 0.307 1.412 − 0.670
2.100 1.837 0.466 − 2.329 − 0.551 0.084
1.858 − 2.954 1.257 − 2.362 0.044 − 0.008
− 0.027 0.701 0.015 − 0.448 − 0.364 − 1.569
2.122 − 0.841 2.456 0.835 − 0.214 0.078
1.886 2.341 − 1.965 − 0.303 0.039 − 0.085
1.918 0.254 − 2.680 − 1.318 0.033 0.011
− 1.008 0.604 2.816 − 2.448 0.445 − 0.080
− 0.802 − 0.486 − 2.958 − 1.941 − 0.707 0.018
2.228 0.429 2.405 3.238 − 0.786 − 0.013

Table 7 
Performance indices of the developed MLP model for predicting STE and LTE 
responses.

Cost function MLP prediction model

STE LTE

RMSE 21.201 8.393
R2 0.990 0.998
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the data used for model training. The very low prediction errors and the 
high R2 values demonstrate that the developed MLP model can accu
rately predict both seen and unseen data. This confirms that the model 
does not simply memorize the training samples and that overfitting did 
not occur. Furthermore, to provide additional evidence of the model's 
generalization capability, K-fold cross-validation was performed. This 
approach is particularly suitable for limited datasets because it evaluates 
the model's robustness across different data partitions. The outcomes of 
the K-fold demonstrated that the R2 value consistently remained above 
98% across all folds. This confirms the stability of the developed MLP 
model and indicates that the prediction accuracy is not significantly 
affected by the selected data partitioning. In addition to data-based 
validation, we also examined the possibility of overfitting through 
network architecture optimization. Increasing the number of neurons 
initially improves the model's predictive capability; however, after 
reaching an optimum number of neurons, further increases improve 
training accuracy while gradually reducing accuracy on unseen data. 
This behavior clearly indicates overfitting. Therefore, the final network 
architecture was selected based on the best balance between training 
accuracy and generalization capability, avoiding unnecessary model 
complexity. Finally, the developed MLP model is intended specifically 
for the proposed latent heat storage configuration and the investigated 
ranges of geometrical parameters. The model is not claimed to predict 
completely different storage geometries or operating conditions outside 
the defined design space. However, since the selected parameters 
represent the dominant geometrical factors governing the thermal 
response, and the underlying heat transfer mechanisms remain un
changed, the developed model is expected to provide reliable pre
dictions for geometrically similar systems, including scaled versions of 
the proposed configuration.

8.4. Sensitivity analysis of geometrical parameters on thermal 
performance

Fig. 8 presents the sensitivity analysis results derived from the 
developed MLP model. These 3D response surfaces are extremely valu
able because they help visualize how the geometric parameters interact. 
Fig. 8(a) – (c) illustrate the variation of STE with respect to the 
geometrical parameters. One important observation is that STE's 
behavior is more complex than LTE's. This complexity arises from the 
transient nature of the early melting stages, where conduction and 
natural convection interact and depend strongly on the flow structure 
within the molten PCM region. Fig. 8(a) demonstrates the combined 
effects of L and D on STE. Increasing D decreases STE. This trend be
comes especially noticeable at larger L values. Physically, increasing the 
tube diameter reduces the available PCM volume within the storage 
body. Although larger tubes provide greater heat-transfer surface area, 
the reduction in PCM quantity becomes dominant during short-term 
operation, resulting in lower absorbed energy. In addition, increasing 
L also decreases STE, particularly at larger D values. Larger perforations 
facilitate molten PCM flow and reduce the fin surface available for heat 
transfer into the PCM region, thereby weakening short-term thermal 
storage capability.

Fig. 8(b) presents the interaction between L and α on STE. Increasing 
L generally decreases STE. However, the effect of α is more complicated. 
At larger L values, increasing α initially increases STE and afterwards its 
intensity decreases. In contrast, at smaller L values, increasing α first 
decreases STE, then increases, with a gentle slope. This behavior high
lights the strong coupling between the flow circulation path and the 
perforation geometry. Different angular configurations alter the 
thermosiphon-driven flow of molten PCM, thereby altering the 

Fig. 7. Comparison of numerical and predicted (a) STE values, (b) LTE values. Relative prediction error of the MLP model for (c) STE and (d) LTE.
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distribution of thermal energy within the storage body. The interaction 
between α and D is illustrated in Fig. 8(c). Increasing α generally in
creases STE, especially at lower D values. In systems with smaller HTF 
tubes, the PCM volume is larger, and natural convection has a greater 
influence. Therefore, modifying the placement angle significantly affects 
the circulation behavior of the molten PCM and enhances short-term 
heat absorption. However, at larger D values, the effect of α becomes 
more nonlinear. Increasing α at different tube diameters increases STE, 
and its effect is nearly the same across all diameters. Meanwhile, 
increasing D consistently decreases STE. Overall, these observations 
show that STE is highly sensitive to the coupled interaction between 
heat-transfer enhancement and PCM flow structure.

Fig. 8(d) – (f) present the sensitivity analysis for LTE. Compared to 
STE, LTE behavior is considerably smoother and less complex because 
the system approaches thermal equilibrium during the later charging 
phase. In Fig. 8(d), increasing D decreases LTE at all values of L. This 
behavior is expected because larger HTF tubes reduce the total PCM 
volume, thereby limiting the maximum thermal energy that can be 
absorbed over the long term. In contrast, increasing L increases LTE at all 
D values. Larger perforations provide larger PCM regions and improve 
thermal energy storage capacity during extended operation. Fig. 8(e) 
illustrates the combined effects of L and α on LTE. One noticeable 
observation in this plot is the relatively limited color variation compared 
to the other figures. This weaker color spectrum indicates that LTE is not 
highly sensitive to the parameters L and α. Instead, LTE is considerably 
more sensitive to parameter D. At the same time, L and α still influence 
melting behavior; however, their effects on long-term thermal storage 
are less significant than the influence of HTF tube diameter. Fig. 8(f) 
presents the interaction between D and α on LTE. Increasing D decreases 
LTE for all values of α, again because it reduces PCM volume. A trade-off 
between heat transfer enhancement and PCM storage capacity therefore 
governs the influence of HTF tube diameter. Although larger tubes 
provide a greater contact area for heat exchange, they occupy a larger 
portion of the storage volume and reduce the amount of PCM available 
for latent heat absorption. This trade-off becomes particularly important 

when evaluating the total absorbed energy, where maintaining suffi
cient PCM mass is essential for achieving high storage capacity. The 
effect of α on LTE is relatively small compared with the other geomet
rical parameters. However, in general, increasing α slightly improves 
LTE by partially restricting the upward movement of molten PCM within 
the storage body. This restriction slows the direct escape of high- 
temperature fluid toward the upper regions and promotes longer ther
mal interaction within the central sections of the system. As a result, 
heat is distributed more effectively throughout the PCM domain, leading 
to a modest enhancement in long-term energy absorption.

8.5. Single-objective optimization analysis using GA

All previous analyses, including the numerical simulations and MLP- 
based predictions, provide valuable insights into the thermal behavior of 
the proposed LHSS. However, these data primarily estimate the influ
ence of design parameters on system performance. To identify the truly 
optimal geometrical configurations for specific performance objectives 
herein, a systematic GA optimization method is selected. The selection 
of the GA was based on the characteristics of the optimization problem. 
The thermal performance of the proposed LHSS is governed by highly 
nonlinear interactions among the geometrical parameters, heat con
duction through the fin network, and buoyancy-driven natural convec
tion within the molten PCM. Therefore, the relationship between the 
variables and the targets is nonlinear and does not necessarily exhibit a 
convex behavior. Gradient-based optimization methods such as fmincon 
are highly effective for smooth, differentiable problems with well- 
behaved objective-function landscapes. However, they may converge 
to local optima when applied to complex nonlinear problems with 
multiple interacting variables and irregular response surfaces. GA, on 
the other hand, utilizes a population of potential solutions to explore the 
global search space and does not depend on gradient-based information. 
It can efficiently explore a wide design space while reducing the likeli
hood of getting trapped in local optima. Random search was also 
considered less suitable because, although it can explore the design 

Fig. 8. Sensitivity analysis of short-term and long-term energy absorption responses based on the developed MLP prediction model: (a–c) effects of geometrical 
parameters on STE and (d–f) effects of geometrical parameters on LTE.
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space without requiring mathematical assumptions, it does not use in
formation from previous evaluations to improve future generations. 
Consequently, it may require many function evaluations to achieve a 
satisfactory solution, making it computationally inefficient for optimi
zation problems involving expensive numerical simulations.

Two independent targets are considered in the single-objective 
optimization: maximizing STE and maximizing LTE. By applying the 
GA to each objective separately, two distinct optimal configurations are 
identified: OSTE, optimized for short-term energy absorption, and OLTE, 
optimized for long-term energy absorption. Table 8 summarizes the 
results of these single-objective optimizations. The geometric parame
ters for each optimal design, including L, D, and α, are listed alongside 
the corresponding numerical simulation results and the predictions 
obtained from the trained MLP model. The close agreement between the 
numerical and predicted values confirms the neural network's accuracy 
and reliability in forecasting system performance across the design 
space.

When the primary objective is maximizing the total energy-storage 
capacity, a configuration with a reduced PCM volume should not be 
considered optimal solely because it exhibits a higher liquid fraction. In 
the present study, Design 21 is not identified as the optimum configu
ration for total or long-term energy storage. Rather, it was selected as a 
representative configuration (among the 27 investigated designs) to 
illustrate the trade-off between rapid melting and total storage capacity. 
Design 21 (L = 5 mm, D = 30 mm, α = 60◦) exhibits the highest liquid 
fraction because the larger HTF tube diameter increases the direct heat- 
transfer area and accelerates heat transfer into the surrounding PCM. 
However, the larger tube diameter simultaneously occupies a greater 
portion of the storage volume and therefore reduces the amount of PCM 
available for energy storage. Consequently, although a larger fraction of 
the available PCM melts rapidly, the absolute amount of PCM that can 
ultimately store latent energy is reduced. This distinction explains why a 
high liquid fraction does not necessarily correspond to a high total 
absorbed energy. This trade-off is particularly important during the 
transition from short-term to long-term charging. During the early 
stages, increasing the heat-transfer area can be beneficial because rapid 
heat penetration and melting are dominant. However, as the system 
approaches thermal equilibrium, the available PCM mass becomes 
increasingly important, and the reduction in PCM volume associated 
with larger tube diameters limits the maximum energy-storage capacity. 
This behavior is also confirmed by the sensitivity analysis, where 
increasing the HTF tube diameter consistently decreases long-term en
ergy absorption. Accordingly, practical tube-diameter selection should 
not be based solely on maximizing liquid fraction. Instead, it should be 
selected according to the required balance between charging rate and 
storage capacity. For applications requiring rapid heat absorption over a 
limited charging period, a larger tube diameter may provide a thermal- 
response advantage. In contrast, when maximizing the total stored en
ergy over longer operating periods is the priority, a smaller tube diam
eter is preferable because it preserves a larger PCM volume. This trade- 
off is reflected in the optimization results of the present study. The GA 
identified D = 10 mm for both OSTE and OLTE configurations, while the 
two designs differed mainly in perforation length and inclination angle. 
Thus, Design 21 should be interpreted as a high-melting-rate configu
ration rather than an overall optimal design. The final optimization 

shows that an appropriate tube diameter must balance heat-transfer 
enhancement with preservation of PCM volume.

8.6. Multi-objective optimization analysis using GA

Fig. 9 presents the distribution of GA-evaluated candidate configu
rations in the STE–LTE performance space. The red markers indicate the 
Pareto front, representing the set of non-dominated solutions that bal
ance competing objectives. The yellow markers highlight the TOPSIS- 
selected solutions, demonstrating the designs that best balance short- 
term and long-term performance. Randomly generated configurations 
are represented with green markers, providing context for the perfor
mance improvements achieved through optimization. The solutions 
selected by the TOPSIS method are mainly concentrated around the 
OSTE configuration. In fact, TOPSIS selects the OSTE scheme as the best 
solution. By considering both performance objectives together, the 
multi-objective representation in Fig. 9 provides a more comprehensive 
understanding of system capabilities. The difference between OSTE and 
OLTE in long-term energy absorption is very small (approximately 
0.54%), while OSTE demonstrates considerably higher energy absorp
tion during the short- and intermediate-term charging periods. From an 
engineering perspective, where the available charging period is often 
limited by the duration of solar radiation or intermittent heat avail
ability, OSTE is a more favorable configuration due to its superior 
transient thermal response. Furthermore, to identify a balanced prac
tical design that considers both performance objectives simultaneously, 
the final selected configuration was OSTE. Therefore, based on both 
single-objective and multi-objective optimization results, OSTE is 
selected as the final recommended design in this study because it pro
vides superior short-term performance while maintaining nearly iden
tical long-term energy storage capability compared with OLTE. In the 
original TOPSIS analysis, equal importance was assigned to both 
objective functions; therefore, the weighting factors for short-term en
ergy absorption (STE) and long-term energy absorption (LTE) were set to 

Table 8 
Optimized LHSS configurations obtained from single-objective GA analysis for OSTE and OLTE, including geometric parameters and comparison between numerical 
and predicted responses.

Target response Variables Results (kJ) Design label

L (mm) D (mm) α (degree) Numerical MLP

STE LTE STE LTE

STE 5 10 120 7763 9957 7762 9957 OSTE
LTE 15 10 104.220 7343 10,011 7524 9999 OLTE

Fig. 9. GA-based optimization results for the proposed LHSS: random candi
date configurations (green), Pareto front (red), and TOPSIS-selected solutions 
(yellow). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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50% and 50%, respectively. Under these weighting conditions, the 
TOPSIS method selected the OSTE configuration as the final optimal 
solution, with a closeness coefficient of 0.879. An additional sensitivity 
analysis was then performed to investigate the influence of different 
weighting factors on the final decision. Two additional weighting sce
narios were considered: STE/LTE weights of 25%/75% and 75%/25%. 
The results showed that the selected optimal configuration remained 
unchanged in all investigated cases, and OSTE was identified as the 
preferred solution regardless of the applied weighting factors. This 
consistent selection can be attributed to the significant difference be
tween the short-term performance of the optimized configurations and 

their very similar long-term energy absorption capability. Therefore, 
OSTE's dominance in transient thermal performance leads to its selection 
under different TOPSIS weighting conditions.

To better understand the thermal behavior of the optimized designs, 
Fig. 10 compares the transient thermal responses of the OSTE and OLTE 
configurations with those of the reference core design. Fig. 10(a) pre
sents the variation of total absorbed energy with time. Both optimized 
designs perform substantially better than the core design throughout the 
entire charging process. The perforated fin network dramatically ac
celerates heat transfer within the storage body and enhances the PCM's 
melting performance. Among the optimized cases, the OSTE 

Fig. 10. A comparative assessment of the thermal behavior exhibited by the baseline core configuration, OSTE (optimal short-term energy absorption design), and 
OLTE (optimal long-term energy absorption design): (a) total energy, (b) latent energy, (c) sensible energy, (d) liquid fraction, (e) melting enhancement ratio (Em), 
and (f) average PCM temperature variation over time.
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configuration exhibits faster energy absorption during all melting 
stages. This behavior is expected because the OSTE design was specif
ically optimized to maximize short-term energy absorption. According 
to Table 8, the OSTE design absorbs 7763 kJ under short-term condi
tions, whereas the OLTE design absorbs 7343 kJ. Therefore, OSTE ach
ieves approximately 5.72% higher short-term energy absorption than 
OLTE. In comparison, the core design absorbs only 3077 kJ at the same 
operating time. Therefore, the OSTE configuration improves the short- 
term energy absorption by approximately 152.3% relative to the core 
design, while the OLTE configuration achieves an improvement of about 
138.6%. In the final stages of melting, the OLTE configuration gradually 
surpasses OSTE. At long-term conditions, OLTE absorbs 10,011 kJ, while 
OSTE absorbs 9957 kJ, corresponding to only about 0.54% higher long- 
term energy absorption for OLTE. This comparison clearly indicates that 
OSTE's superiority throughout most of the charging process is much 
greater than OLTE's relatively small advantage at the final stage. The 
difference between the optimized configurations can be attributed to the 
conflicting physical requirements of short-term and long-term charging. 
The OSTE configuration favors rapid heat penetration by improving the 
early-stage heat transfer rate, where conduction enhancement plays a 
dominant role. In contrast, the OLTE configuration preserves a larger 
effective PCM volume, which becomes more beneficial as the system 
approaches complete melting and total latent heat storage capacity be
comes the controlling factor. The core design, however, absorbs only 
5395 kJ. Accordingly, the OLTE design improves long-term energy ab
sorption by approximately 85.6%, whereas the OSTE configuration 
improves it by nearly 84.6% compared with the core design.

This behavior is closely related to the geometrical characteristics of 
the two optimized configurations. In OSTE, the smaller perforation 
length and larger angular configuration promote thermal energy accu
mulation within the central regions of the storage body. Hence, heat 
remains concentrated near the HTF tubes for longer, intensifying the 
melting rate during the medium stages of charging. In contrast, the OLTE 
design allows thermal energy to spread more uniformly toward the 
upper regions of the PCM domain, resulting in slightly better final en
ergy storage capacity. Fig. 10(b) illustrates the latent energy absorption 
of the investigated designs. Similar to the total energy behavior, the 
OSTE configuration absorbs latent heat more rapidly during the early 
and middle stages of charging. This indicates a faster melting process 
and a stronger phase-change activity. However, toward the end of the 
process, OLTE gradually approaches and slightly exceeds OSTE. Since 
latent energy absorption is directly related to the amount of melted 
PCM, this result confirms that the OLTE design ultimately melts a 
slightly larger portion of PCM in the final stage of operation.

Fig. 10(c) presents the sensible energy absorption behavior. The 
differences between OSTE and OLTE are smaller in this figure compared 
to the latent energy results. Nevertheless, OSTE still shows slightly 
higher sensible energy absorption throughout most of the charging 
process due to its faster temperature rise in the system's central regions. 
As time elapses and the RT50 temperature approaches that of the HTF, 
sensible heating weakens, and the behavior of the two optimized designs 
gradually converges. Fig. 10 (d) shows the variations in the liquid 
fraction. The OSTE design achieves higher liquid fraction values 
throughout most of the charging period, indicating faster melting ki
netics. This behavior again confirms the effectiveness of the OSTE ge
ometry in accelerating heat penetration into the PCM domain. However, 
in the final phase of the process, the OLTE design catches up, and both 
configurations eventually approach complete melting conditions. 
Compared with the core design, both optimized configurations exhibit 
significantly higher melting rates and shorter charging durations.

The melting enhancement (Em) is remarkably high during the early 
stages of charging. The OSTE design reaches an Em value of 277.4% at 
approximately 2400 s, while the OLTE design reaches 235% at the same 
instant. These values clearly demonstrate the strong contribution of the 
perforated fin network to accelerating thermal energy transport inside 
the PCM. The greater OSTE enhancement can be attributed to its larger α 

value and smaller L value. This configuration restricts the rapid upward 
movement of the molten PCM, keeping thermal energy concentrated in 
the central sections of the storage body, thereby intensifying local 
melting and increasing heat-transfer effectiveness. In contrast, the OLTE 
configuration possesses a larger L value, resulting in a larger PCM vol
ume. Consequently, although its melting enhancement is slightly lower 
during the initial stages, the total energy that can eventually be absorbed 
increases.

The apparent difference between the maximum Em and the complete 
melting time can be explained by considering the definition and physical 
meaning of the Em. In this study, Em is an instantaneous performance 
indicator calculated at a specific charging time by comparing the liquid 
fraction of a fin-assisted configuration with that of the reference core 
design without fins. For instance, the reported maximum Em of 
approximately 301% corresponds only to Design 21 (Fig. 5e) at 2400 s, 
indicating that at this moment the melting progress of Design 21 was 
about three times that of the core design. It does not represent a three
fold reduction in the total melting time or a constant enhancement 
throughout the entire charging process. The liquid fraction evolution 
represents the overall melting progress over the complete charging 
period. Based on the results, Design 21 reaches complete melting at 
approximately 13,282 s, while the optimized OSTE and OLTE configu
rations reach complete melting at approximately 17,013 s and 17,492 s, 
respectively. Although Design 21 shows a faster phase-transition rate in 
the early stages due to its larger HTF tube diameter and enhanced heat- 
transfer area, it has a smaller PCM volume, which limits its total 
thermal-energy storage capability. The primary objective of the present 
study is to maximize absorbed thermal energy rather than minimize 
melting time alone. In practical LHSS applications, a configuration that 
melts faster does not necessarily provide the highest energy storage 
capacity. The final optimized design proposed in this study (OSTE) 
achieves complete melting within the considered charging period (5 h) 
while simultaneously providing the highest energy absorption capa
bility. Therefore, the selected configuration balances rapid thermal 
response and high storage capacity. Several factors limit the maximum 
achievable Em, including the reduced temperature difference between 
the HTF and PCM during charging, the gradual weakening of the heat- 
transfer driving force as the PCM approaches complete melting, and 
the transition from conduction-dominated to convection-dominated 
heat-transfer mechanisms. Furthermore, excessive enhancement of 
melting rate through larger heat transfer surfaces may reduce the 
available PCM volume and consequently decrease the total stored en
ergy. These physical limitations create a trade-off between rapid melting 
and high energy storage capacity, which the optimization framework of 
the present study considered.

Fig. 10(f) compares the average PCM temperature variations. Both 
optimized designs exhibit substantially higher temperatures than the 
core design throughout the melting. The OSTE shows slightly higher 
temperatures across the early development period and the subsequent 
mid-stage evolution due to its stronger heat concentration near the HTF 
channels. However, toward the final stages, the temperature difference 
between OSTE and OLTE decreases considerably, and both designs 
eventually approach nearly identical final temperatures. This behavior 
indicates that although the two optimized configurations follow 
different thermal pathways during charging, both achieve highly effi
cient thermal energy storage performance compared with the conven
tional core design.

8.7. Liquid fraction and temperature contours for the optimal designs

Fig. 11 represents the liquid fraction contours for the three investi
gated storage configurations, namely the core-design, OSTE, and OLTE, 
during the 5-h charging process. These contours provide a clear physical 
understanding of how the geometrical parameters influence melting 
behavior and thermal transport inside the LHSS. By observing the pro
gression of the melting fronts, one can clearly distinguish the different 
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thermal behaviors produced by variations in the geometrical parameters 
L, D, and α. The upper row corresponds to the core design, which con
tains only the HTF tubes without a perforated fin network. In this 
configuration, the melting process starts locally around the HTF tubes 
and gradually expands outward. Because no conductive fin structure 
distributes heat throughout the PCM domain, thermal energy transfer 
relies primarily on conduction during the initial stages and on natural 
convection after partial melting begins. Consequently, the melting 
process remains relatively slow and localized. Even after 7200 s (2 h), 
large regions of solid PCM are still visible around the storage body. The 
effect of gravity can also be clearly observed in the later stages. Due to 
buoyancy-driven flow, the molten PCM moves upward, causing faster 
melting near the upper regions while the lower sections remain partially 
solid longer. At 18000 s (5 h), although a large portion of the PCM has 
melted, considerable unmolten regions still exist near the side walls. 
This explains the previously observed weak thermal performance in the 
energy absorption plots for the core design.

The second row shows the OSTE configuration, optimized for short- 
term energy absorption. In this design, the storage body is inclined with 
a relatively larger α value, while the perforation length L is smaller. In 
addition, the HTF tube diameter D is moderate, maintaining a suitable 
balance between PCM volume and heat transfer area. The perforated 
network promotes efficient heat transfer from the HTF channels into the 
adjacent RT50, producing significantly larger molten regions even at 
early charging stages. At 1800 s (0.5 h), melting has already propagated 
deeply into the central sections of the storage body, unlike in the core 
design, where melting remains concentrated around the tubes. One of 

the most important observations in the OSTE contours is the concen
tration of molten PCM within the central regions. Because of the larger α 
value, the buoyancy-driven upward movement of molten PCM becomes 
partially restricted by the orientation of the fin network. The molten 
PCM tends to circulate and remain trapped near the middle sections 
before gradually passing through the perforations. As a result, thermal 
energy remains concentrated within the interior of the storage body 
rather than escaping rapidly into the upper sections. This phenomenon 
intensifies local heat transfer and accelerates short-term melting. 
Consequently, the OSTE configuration achieves extremely rapid melting 
progression and nearly complete melting before the other designs. By 
10,800 s (3 h), most of the PCM has already melted, and after 14,400 s 
(4 h), the storage body becomes almost entirely liquid. This behavior 
explains why OSTE demonstrated superior short-term thermal perfor
mance in the previous energy-absorption analyses.

The third row illustrates the OLTE configuration, optimized for long- 
term energy absorption. Compared with OSTE, the OLTE design has a 
larger L, resulting in a larger PCM volume within the storage body. The 
larger PCM volume increases the total thermal energy storage capacity, 
although it slightly slows the melting rate during the initial stages. This 
behavior is clearly visible in the contours. At 1800 s and 3600 s, the 
melting front in OLTE develops more slowly than in OSTE, and larger 
solid regions remain inside the storage domain. However, the perforated 
fin network still provides more efficient heat distribution than the core 
design. The longer perforation length in OLTE creates wider pathways 
for molten PCM flow. Therefore, buoyancy-driven flow can rise more 
easily, allowing thermal energy to spread to the upper sections of the 

Fig. 11. Liquid fraction contours for the core-design, OSTE, and OLTE configurations.
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storage body more rapidly. Unlike OSTE, where energy tends to remain 
concentrated in the center, the OLTE configuration promotes more 
distributed melting across the entire domain. This leads to better utili
zation of the larger PCM volume during the later stages of charging. 
Although OLTE melts slightly more slowly initially, the increased PCM 
quantity enables greater total energy storage in the long term. By the 
final stages, the OLTE contours show highly uniform melting throughout 
the storage body, confirming the superior long-term thermal storage 
performance of this configuration.

The temperature contours in Fig. 12 provide a direct insight into how 
heat propagates inside the PCM and how geometrical parameters in
fluence thermal performance. The color scale ranges from blue (298.15 
K) to red (333.15 K), indicating low to high temperatures, respectively. 
Downward gravity plays an important role in buoyancy-driven con
vection. The core design represents the baseline configuration, in which 
the storage body contains only vertical HTF tubes without a perforated 
fin network. In the initial stages (1800–3600 s / 0.5–1 h), localized 
heating develops near the HTF tubes, forming confined high- 
temperature regions. The surrounding PCM remains largely cool, as 
heat transfer is dominated by conduction. The HTF tube diameter is 
moderate, allowing heat release but not enough to rapidly warm distant 
regions. At intermediate stages (7200–10,800 s / 2–3 h), buoyancy- 
driven natural convection becomes more pronounced, causing molten 
PCM to rise. Higher temperatures are observed near the top of the PCM 
domain, while lower regions, particularly at the sides and near the 
bottom, remain relatively cool. The absence of perforated fins limits 
lateral heat transfer, resulting in non-uniform temperature contours. At 

later stages (14400–18,000 s / 4–5 h), while a large portion of the PCM 
has melted and warmed significantly, the temperature distribution re
mains uneven. Cooler pockets persist near the side walls, and the right 
edge heats more slowly due to limited lateral heat conduction. This 
behavior explains the relatively weak thermal performance and lower 
energy-absorption efficiency observed in the core design compared to 
OSTE and OLTE.

In the OSTE configuration, temperature rises rapidly not only around 
the HTF tubes but also spreads efficiently through the perforated fins. 
Unlike the core design, the molten PCM is concentrated in the central 
regions due to the larger α angle, which partially directs the flow and 
partially restricts upward convection. The sides heat faster than in the 
core design, but peak temperatures remain centered. At intermediate 
stages, the central region reaches high temperatures quickly, and the 
surrounding PCM warms steadily. The combination of conduction 
through fins and buoyancy-driven convection along the perforation 
pathways accelerates heat transfer. By 10,800 s (3 h), most PCM samples 
show elevated temperatures, indicating rapid melting and energy ab
sorption. At later stages, the temperature distribution approaches uni
formity, though a slight concentration remains in the centre due to the 
design orientation. The OSTE configuration achieves nearly complete 
melting and high thermal energy density in a short time, highlighting its 
superior short-term performance.

In the OLTE design's initial stages, heating is slower than OSTE due to 
the larger volume of PCM (a small amount) and lower heat transfer 
surfaces. Temperatures near the HTF tubes rise first, while the rest of 
RT50, including the sides and bottom regions, remain relatively cooler. 

Fig. 12. Temperature contours in core-design, OSTE, and OLTE Configurations during 5-Hour Charging.
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At intermediate stages, the perforated fins guide molten PCM along 
extended pathways, facilitating more uniform lateral and vertical heat 
distribution. The top-left side of the storage body warms steadily, and 
high-temperature zones spread across a larger fraction of the PCM. By 
the end of charging, the temperature field becomes highly uniform, 
including the storage body's edges and corners. The longer perforation 
length allows natural convection to distribute heat more efficiently, 
while the greater PCM volume enhances long-term energy storage. The 
OLTE design therefore provides the best combination of uniform heating 
and high total energy storage, although it initially melts slightly more 
slowly than OSTE. Although the OLTE configuration absorbs slightly 
more energy under long-term operating conditions, the difference be
tween OLTE and OSTE is relatively small. The additional energy absor
bed by OLTE is only about 53 kJ, which is insignificant compared to the 
device's overall thermal storage capacity. In contrast, the OSTE config
uration demonstrates a substantially faster energy absorption rate 
throughout most stages of the charging process. Therefore, the thermal 
advantage of OSTE during short-term and intermediate melting stages is 
considerably more meaningful from a practical engineering perspective 
than the very small long-term improvement achieved by OLTE. 
Considering these observations, along with the results from the multi- 
objective optimization and TOPSIS analyses, the OSTE configuration is 
the most suitable and balanced design among the investigated 
configurations.

9. Conclusions

This study introduced a novel perforated fin-assisted latent heat 
storage system and comprehensively investigated its thermal perfor
mance through numerical analysis, machine learning prediction, and 
optimization approaches. The proposed interconnected perforated fin 
network significantly enhanced heat transfer within the PCM domain by 
simultaneously improving conductive pathways and promoting natural 
convection through strategically distributed openings. 

• Compared with the core design without perforated fins, the proposed 
configurations demonstrated remarkable improvements in energy 
absorption capability. Specifically, the best-performing design dur
ing the intermediate charging stage absorbed 7763 kJ of thermal 
energy after 9000 s, whereas the reference configuration stored only 
3077 kJ, corresponding to an enhancement of approximately 
153.2%. Furthermore, after 18,000 s of charging, the optimized fin- 
assisted configurations achieved nearly 9957 kJ of absorbed energy, 
while the core design absorbed only 5395 kJ, representing an 
improvement of approximately 84.6%.

• The results showed that the optimal geometry depends strongly on 
the charging stage and the dominant heat transfer mechanism. The 
configuration with shorter perforation length and smaller HTF tube 
diameter performed better during the early and intermediate stages 
because of enhanced conductive heat transfer and improved thermal 
interaction between the PCM and fin network. However, during the 
later stages of melting, configurations with stronger natural con
vection pathways achieved higher overall energy absorption due to 
more effective thermal redistribution within the molten PCM region. 
These findings highlight that a single geometric configuration may 
not provide the optimum performance throughout the entire 
charging process, and the selection of design parameters should 
consider the targeted operating duration.

• Moreover, the developed MLP model successfully captured the 
nonlinear relationship between geometrical parameters and thermal 
performance indicators, providing an efficient prediction tool for 
rapid performance evaluation. Coupling the MLP model with GA 
optimization and TOPSIS decision-making enabled identification 
and ranking of favorable configurations without requiring extensive 
additional numerical simulations. Therefore, the proposed integra
tion of advanced fin architecture with data-driven optimization 

provides a promising framework for designing efficient PCM-based 
latent heat storage systems for renewable energy applications.

Although the proposed system demonstrated significant thermal 
enhancement, further investigations are required to improve its prac
tical applicability. Future studies can focus on evaluating alternative 
HTF tube arrangements and configurations to optimize heat distribution 
within the storage domain further. In addition, the internal topology of 
the fin network, including fin arrangement, spacing, thickness, and 
perforation characteristics, can be modified to achieve improved ther
mal performance while maintaining a high PCM storage volume. The use 
of industrial PCMs with higher thermal conductivity, as well as the 
incorporation of nanoparticles or metal foams into PCM structures, can 
also be explored to further enhance heat-transfer characteristics. 
Furthermore, investigation of the solidification process and the coupled 
charging/discharging performance under cyclic operating conditions 
would provide deeper insights into the long-term reliability and prac
tical implementation of the proposed latent heat storage system.
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