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Thermal management plays a crucial role in ensuring performance, safety, and durability in heavy-duty vehicles
(HDVs), particularly under demanding operating conditions. This study investigates the use of phase change
materials (PCMs) for passive thermal control, focusing on the thermal characterization and performance eval-
uation of commercial PCMs for battery thermal management systems (BTMS). Differential scanning calorimetry
(DSC) identified n-octadecane as the most promising candidate, with a melting range of 25-32 °C, a latent heat of
fusion of 222.2 J g™}, and good thermal stability. Experimental tests in a dedicated thermal energy storage (TES)
system examined the charging and discharging behaviour of n-octadecane under varying heat transfer fluid
(HTF) flow rates. The heat transfer was conduction-dominated in the solid state and convection-enhanced in the
liquid state. Increasing the heat transfer fluid (HTF) flow rate had limited influence on charging/discharging time
but improved thermal power ratio of the TES to 56 at 3 L. min"", representing a 3.5-fold improvement over the
baseline configuration without PCM. Experimental results highlighted that incorporating PCM into the TES
system increased the gravimetric specific power to 0.056 kWkg™! — 3.5 times higher than the baseline
configuration without PCM (0.016 kW kg™1). Additionally, the volumetric specific power reached approximately
68 kW m ™3, a sixfold enhancement compared to the baseline. These findings support the design of modular PCM-
integrated TES systems as scalable solutions for HDV battery pack cooling or cabin thermal management.

HDVs such as buses operate under high power loads, often in harsh

1. Introduction

Nowadays, the depletion of fossil fuel resources and climate change
emerge as the most critical challenges, particularly within the trans-
portation sector, which constitutes a significant share of total energy
consumption [1,2,3]. Although they represent fewer than 8 % of vehi-
cles, heavy-duty vehicles (HDVs) are responsible for more than 35 % of
direct CO, emissions from road transport. To align with the net zero
emissions by 2050 (NZE) scenario, is essential to achieving the 15 %
emission reduction target by 2030, declining at roughly 2 % per year
[3-6].

The integration of rechargeable batteries in electric vehicles (EVs)
has increased markedly in recent years. Particularly, lithium-ion batte-
ries (LiBs) are increasingly favoured for EV applications due to their high
energy density, long lifespan, efficiency and scalability [7-9]. A lifespan
of 10 to 15 years is a critical requirement for LiBs that are targeted for
EVs [7,10].
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environments with limited opportunities for passive cooling. Hybrid EVs
require highly integrated and advanced thermal management system
(TMS) due to the thermal sensitivity of multiple subsystems (e.g. engine,
passenger cabin, battery pack, electric motor, and power electronics).
Among these, cabin conditioning and battery thermal management
system (BTMS) are critical [8].

The thermal management of electrified vehicles has been extensively
examined in the literature. As discussed in the previous paragraph, until
significant advancements in battery technology occur, the performance
of current EV batteries rely heavily on the effectiveness of BTMS. Based
on numerous scientific studies, the optimal operating temperature range
for LiBs spans from 20 °C to 40 °C while the optimum temperature is
approximately 30 °C [2]. To prevent non-uniform thermal distribution
and potential runaway reactions, the internal temperature gradient
across individual cells and battery components should be maintained
below 5 °C [9,11].

Currently, BTMS are broadly classified into three categories: passive,
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Nomenclature

Acronyms

ASTM  American society for testing and materials

BTMS Battery thermal management system
DSC Differential scanning calorimetry
EV Electric vehicle

HDV Heavy-duty vehicle
HTF Heat transfer fluid

LiB Lithium-ion battery

MTPS Modified transient plane source
NZE Net zero emissions

PCM Phase change material

TES Thermal energy storage

TMS Thermal management system
Symbol

Mmyrr Mass flow rate of HTF, kg st

Hp, Latent heat of melting, J g~

H; Latent heat of solidification, J g’1

Pcharging Mean power of charging, kW
Pgischarging Mean power of discharging, kW
Ty DSC heating temperature, °C

Turrin  HTF inlet temperature, °C
Turrour HTF outlet temperature, °C
Tpcm PCM mid-point bottom temperature sensor, °C

T, DSC cooling temperature, °C

Tmjonsee Onset temperature of melting, °C
Tm/pea  Peak temperature of melting, °C
Ts/onsee  Onset temperature of solidification, °C
Ts/peax  Peak temperature of solidification, °C
74 Volumetric flow rate of HTF, L min !
Cpi Specific heat capacity of i, J (g7 K1)
tcharging Time of charging, s

tiischarging Time of discharging, s

rgs PCM-based TES thermal power ratio
PHTF Density of HTF, kg m >

At Time interval between two consecutive readings, s

active, and hybrid. Active systems utilize externally powered devices
(such as pumps, fans, or compressors) to circulate a coolant (e.g., air,
liquid, or refrigerant), facilitating controlled heat removal from the
battery pack. Conversely, passive BTMSs are simpler and more cost-
effective since they operate without external energy input, relying on
natural convection, conduction, or phase change mechanisms for ther-
mal regulation. Hybrid BTMS emerges as a pivotal solution to strike a
balance between advantages of passive and active cooling systems,
aiming to optimize thermal performance by balancing energy efficiency
and temperature uniformity across a wide range of operating scenarios
[12-14].

Phase change materials (PCMs) emerged as a viable strategy, owing
to their ability to absorb and release latent heat during solid-liquid
transition. This enables passive and energy-efficient temperature regu-
lation under thermal spikes. PCMs have been extensively utilized in
various thermal management applications, including buildings [15] and
refrigeration systems, where they contribute to improved energy effi-
ciency and reduced operational costs. Nevertheless, the widespread
adoption of PCMs in EV battery systems is still constrained by their
inherently low thermal conductivity (typically between 0.2 and 2 W
m ! K1) and the complex design requirements needed for effective
integration into thermal management architectures. This following
paragraph summarizes the most relevant research focused on TM in
electric buses using a thermal energy storage (TES) system with PCM.

Knote et al. [12] conducted a detailed assessment of bus energy
consumption as a function of ambient temperature. According to their
findings, the specific energy consumption of an articulated bus oper-
ating at ambient temperatures between — 5 °C and 0 °C reached
approximately 3.0 kWh km ™!, while at 15-25 °C, it decreased to about
1.5 kWh km 1. Similarly, for a standard 12-meter bus, the energy con-
sumption was around 2.7 kWh km™! at — 5 to 0 °C, decreasing to
approximately 1.3 kWh km™! under milder conditions. These results
clearly demonstrated that operating in sub-zero conditions nearly dou-
bles the vehicle’s energy demand per kilometer, largely due to increased
thermal loads for cabin heating and reduced system efficiency. Kuitunen
et al. [13,14] proposed a high-speed charging TES system employing
paraffin-based phase change material for thermal regulation in urban
electric buses. Designed to maintain cabin temperature near 18 °C, the
system achieved full thermal charge within minutes via a high-voltage
terminal charger. Another study highlighted the operational impact of
a 12-meter electric bus with a nominal battery capacity of 300 kWh.
Under diesel-assisted heating, the expected driving range varied

between 214 km and 300 km, depending on conditions, whereas under
full electric heating, the range is significantly reduced to approximately
130 km. The authors underscored the critical influence of thermal
management strategies on the energy efficiency and operational range
of battery-electric buses, particularly under cold ambient conditions
[16]. Kraft et al. [17] emphasized the two primary charging strategies
commonly implemented for electric city buses. The first is the oppor-
tunity charging approach, wherein the vehicle undergoes frequent high-
power charging sessions at designated points such as terminals and
depots throughout the day. The second is the overnight charging strat-
egy, where the bus is recharged exclusively during extended downtime
at the depot after completing its daily operation. Considering the night
charging scenario, where continuous electrical heating was expected
without intermediate energy replenishment, TES systems must exhibit
gravimetric energy densities exceeding 169 Wh kg™! to provide suffi-
cient thermal buffering over a full duty cycle. Wang et al. [18] designed
and tested a thermal storage system for EV cabin heating, incorporating
a PCM-based heat exchanger. Their analysis, using MATLAB Simulink
simulations, evaluated the system’s performance in maintaining desired
cabin temperatures for approximately 46 min, aligning with typical
daily commutes, and optimizing energy consumption. Hossan et al. [19]
developed a 1/20th prototype bus model to experimentally investigate
thermal behaviour of the bus under traffic. Sodium sulphate decahy-
drate was employed as the PCM on the roof. Experimental analysis
indicated that integrating a PCM layer on the roof and thermally
shielding the heat source significantly attenuated internal temperature
rise and reduced temporal temperature fluctuations. In open conditions,
the mean interior temperature was maintained approximately 4.22 °C
below ambient, with a maximum differential of 7.5 °C. Pra et al. [20]
experimentally and numerically assessed the hybrid TMS for an electric
van’s battery pack, combining PCM- expanded graphite matrix with
active air cooling. Results indicated that, starting from an initial cell
temperature of 40 °C, the battery pack temperature remained below
40 °C throughout the mission when cooled by 2.5 m s~ airflow at 30 °C.
Moreover, extensive experimental and numerical investigations have
been conducted to evaluate the effectiveness of incorporating expanded
graphite, aluminum foam, and heat dissipation fins in enhancing the
thermal conductivity of PCMs in direct thermal contact with individual
battery cells [21-26].

Based on the literature review, significant progress has been made in
PCM-based BTM systems; however, most studies remain limited to
small-scale battery modules or passenger EVs with critical challenges —
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such as low thermal conductivity, cycling stability, re-solidification
time, encapsulation/leakage, safety, and the absence of standardized
test protocols for pack-level aging and TES integration — still unresolved
for large battery packs [24,25]. Current research is heavily skewed to-
ward numerical simulations, with little experimental validation under
realistic thermal loading conditions. A critical gap lies in PCM selection,
which is often guided by manufacturer-reported or nominal thermal
property values and rarely includes cyclic thermal durability testing —
essential for vehicle applications involving frequent charge-discharge
cycles [26,27]. PCMs often suffer latent capacity loss, subcooling, or
phase segregation after extended cycling, but the underlying chemical,
mechanical, and microstructural degradation pathways under realistic
pack conditions remain insufficiently understood. Additionally, the in-
fluence of flow-dependent thermal parameters, such as variations in
heat transfer fluid (HTF) volume flow rates on charging/discharging
power output and TES efficiency, has received limited attention [28].
Practical performance metrics, including gravimetric and volumetric
specific power, are frequently overlooked. To bridge these gaps, this
work first examines the most suitable PCM for BTMS of HDVs. Five
commercial PCMs were assessed through comprehensive thermal char-
acterization. Critical thermophysical properties, including the onset and
peak temperatures of melting and solidification, as well as the phase
transition enthalpy, were systematically evaluated. Furthermore, ther-
mal cycling tests have been conducted to evaluate the long-term thermal
stability and durability of the PCMs under repeated phase change con-
ditions. Based on the outcomes of the thermal characterization, the
performance of n-octadecane was experimentally assessed in a dedi-
cated TES setup. Various HTF volume flow rates were tested to deter-
mine their effect on the mean thermal power exchanged by the PCM
during melting and solidification. Additionally, charging and discharg-
ing times of the n-octadecane were evaluated. Overall, the novelty of
this study lies in the experimental validation of a PCM-based TMS
through combined cyclic durability testing and system-level assessment
of gravimetric and volumetric specific power, thereby establishing a
system-level framework tailored to the stringent thermal and opera-
tional requirements of HDVs batteries.

2. Materials and methods
2.1. Materials

In this study, five commercial PCMs namely n-octadecane, lauric
acid, stearic acid (supplied by Thermo Scientific), n-eicosane and
paraffin 52-54 °C (provided by Merck) were selected to assess their
thermal performance to identify the most suitable PCM for BTM. Table 1
detailed the specific information provided by the manufacturer of the
PCMs. The five PCMs were chosen to span a range of phase change
temperatures, allowing evaluation under different operational

Table 1
Specific properties of chosen PCMs (Information provided by the manufacturer
and literature).

Description N- N- Lauric Paraffin Stearic
octadecane eicosane acid 52-54 °C acid
Formula CigHag CooHgz C12H2405 n.a. C18H3602
Purity 90 % n.a. > 98 % n.a. 97 %
Molecular 2545¢g 282.56 g 200.32 g n.a. 284.47 g
weight mol ! mol ! mol ! mol !
Melting 27 -32°C 35— 43-48°C 51-56°C 66-71°C
range 40 °C
Flash point 166 °C 176 °C 156 °C >100 °C 196 °C
Latent heat 240 J g~! 243Jg ! 185Jg ! 210Jg ! 220Jg!
[29] [30] [31] [32] [33]
Density 777kgm™ 789 kg 883 kg 766 kg 840 kg
m~3 m3 m~3 m®
Water Insoluble Insoluble Insoluble n.a. Slightly
solubility soluble
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conditions, while exhibiting sufficient thermal capacity for effective
energy storage. Durability and cycling stability were also considered to
minimize degradation, phase separation, or supercooling during
repeated melting and solidification. Additionally, material compatibility
with common heat exchanger metals and considerations of toxicity and
safety were also considered to ensure safe handling and potential
practical applicability. These factors ensure that the chosen PCMs are
representative of materials that balance performance, stability, opera-
tional relevance, and safe handling.

2.2. Thermophysical properties

2.2.1. Differential scanning calorimetry (DSC)

Thermal properties of the selected PCMs (Table 1) were measured
using differential scanning calorimetry (DSC) on a Netzsch DSC204F1
Phoenix DSC instrument. Nitrogen (20 L min~!) was employed both as a
purging and protection gas [34]. Before setting the temperature pro-
gram, a temperature and sensitivity calibration on the DSC instrument
with a reference material must be performed. The heat flow curve was
recorded within a temperature range from —20 °C to 95 °C to cover the
phase transition interval of the selected materials. The first step was at a
constant temperature of 25 °C for 5 min, then a dynamic step heated the
sample up to the heating temperature (T}), followed by an isotherm at T,
for 2 min, subsequently a cooling step to the cooling set temperature (T,)
and finally maintaining the temperature constant at T, for 5 min. In each
test, the first set of recorded data was discarded, as it was susceptible to
the thermal history of the instrument. The PCMs samples weighted from
10 mg to 20 mg were exposed to the dynamic DSC program to record the
heat flow rate in the sample as a function of temperature, thus obtaining
the DSC curve. Thermal cycling was performed at rates spanning from 1
to 10 K min~. The measurement of the sample masses was carried out
on Precisa 3100C bilance with a readability of 0.01 g. For each test, the
heating-cooling program was repeated at least twice to ensure repro-
ducibility. Several experimental parameters, such as sample mass,
scanning rate, atmospheric flow, thermal resistance between the DSC
measurement sensor and the sample crucible, as well as calibration and
measurement method, or external conditions may affect the results of
thermal properties obtained from a DSC test [35]. This work examined
the influence of changing the sample mass and scanning rate (reported
in the Supporting Information) by comparing the DSC results of thermal
properties of the PCMs listed in Table 1. The onset temperature (Tonser)
corresponds to the beginning of the endothermic/exothermic peak and it
can be estimated as the intersection between the tangent of the
maximum point of the front slope of the peak on the DSC curve and the
baseline. The endothermic/exothermic peak temperature (Tyq) is at the
maximum heat flow. According to national standards, in this study, the
melting/solidification temperature was attributed to the endothermic or
exothermic peak temperature (Tn/peak OF Ti/peak, respectively) and the
latent heat of melting/solidification (Hys) has been determined as the
area under the endothermic/exothermic peak. Moreover, the thermal
stability of each sample of PCM was examined over 20-consecutive cy-
cles through the DSC instrument.

The specific heat capacity (C,) of a PCM is a crucial property to
consider when determining its functionality in certain applications. In
this study, the C, measurement was carried out on the DSC (with the
temperature program previously described) using the sapphire correc-
tion method established by the American Society for Testing and Ma-
terials (ASTM). Particularly, this method estimates the unknown specific
heat capacity of a sample by analysing the difference in heat flow be-
tween a reference material with a well-known heat capacity and the
sample under investigation.

2.2.2. Thermal conductivity measurement
The thermal conductivity was measured on a C-Therm thermal
conductivity analyzer (C-Therm TCi) with an accuracy better than 5 %
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and precision better than 1 %. This method employs the modified
transient plane source (MTPS) technique. During measurement, a low-
power, short-duration electrical current is applied to the sensor’s heat-
ing element, inducing a transient temperature rise at the sensor-sample
interface. The resulting thermal response is monitored by measuring
changes in the voltage signal, which is influenced by the thermal dissi-
pation characteristics of the sample. The slope of the voltage vs. time
curve is directly correlated to the sample’s thermal conductivity.
Particularly, the thermal conductivity of the sample is inversely pro-
portional to the rate of increase in sensor voltage. This technique allows
for rapid and non-destructive testing of a wide range of materials,
including solids and liquids. The sample prepared for thermal conduc-
tivity measurement in solid state weighted approximately 12 g, it has a
diameter of 30 mm, and it has been polished to obtain as much as
possible a flat and smooth surface. Moreover, water was used as a
contact liquid between the solid sample and the sensor.

2.2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was conducted using Netzsch
STA 449 F3 Jupiter to further assess the thermal stability of the material.
A sample of approximately 6 mg was heated from 25 °C to 375 °C at a
rate of 10 °C/min under a nitrogen atmosphere (50 L min~ ).

2.3. Thermal boundaries and experimental setup

To accurately evaluate the thermal performance of the proposed
BTMS under conditions representative of HDV operation, the tempera-
ture boundaries and experimental setup were defined based on literature
data and realistic high-rate cycling profiles.

2.3.1. Definition of operating temperature range for HDV-oriented BTMS

Based on extrapolated data from literature [36], Fig. S.12 (reported
in the Supporting Information) evidence the temperature profile of a
commercial prismatic LiB modules (3.2 V/8 Ah) at a 3C discharge/1C
charge cycle. The temperature profile of the baseline module (battery
without PCM) provides a crucial experimental benchmark that reveals
the intrinsic thermal limitations of conventional air-cooled systems,
particularly under the high discharge rates representative of HDV
operation. As shown in Fig. S.12, the battery temperature rises sharply
from approximately 25 °C to 45 °C during each 3C discharge period and
does not return to its initial level during subsequent 1C charging. This
cyclical thermal accumulation demonstrates that the convective heat
transfer coefficient of air (typically < 10 W m~2 K1) is insufficient to
maintain thermal equilibrium, leading to a residual heat build-up of
nearly 2-3 °C after every cycle. Such behaviour indicates a positive
thermal drift, which, in extended operation, could result in uncontrolled
temperature escalation beyond the safe limit of 50 °C, accelerating
degradation and posing a thermal runaway risk. From an energy balance
standpoint, approximately 22 kJ of heat is generated per dis-
charge-charge cycle, of which only ~ 70 % is dissipated by air con-
vection, while ~ 6 kJ remains stored in the cell as sensible heat (AT ~
20 °C). This residual heat accumulation quantitatively confirms the
thermal insufficiency of air-based cooling, especially for large-format
cells or densely packed modules used in commercial EVs and HDVs
where convective dissipation is further hindered by packaging con-
straints. These findings substantiate the need for an enhanced passive
thermal management strategy, such as integrating a phase change ma-
terial to achieve dynamic thermal equilibrium and suppress cumulative
heating during repetitive high rate cycling. In our study, n-octadecane
acts as a latent heat reservoir, absorbing excess heat near its melting
temperature range (= 25-31 °C) and releasing it gradually during the
subsequent charge phase. This mechanism introduces isothermal regu-
lation, effectively flattening the temperature oscillations observed in the
baseline configuration (Fig. S.12) and ensuring that the cell temperature
remains within the optimal 30-35 °C window.

Energy Conversion and Management 349 (2026) 120816

2.3.2. Experimental configuration

The performance of n-octadecane was experimentally assessed
through the in-house built facility. The setup includes the TES tank with
PCM, a water pump, a heater, a heat sink, a frequency converter, a PID
controller, a data logger for the thermocouples and a data acquisition
system to monitor the temperature distribution inside the TES tank
(Fig. 1). The main dimensions of the TES device are summarized in
Table 2. The fin and tube heat exchanger consisted of 18 copper tubes
and 71 aluminium fins enclosed inside a rectangular container made of
steel. In addition, two layers of polystyrene (20 mm thick) and one layer
made of self-adhesive foam (10 mm thick) were added to reduce the heat
loss of the TES system to the surroundings environment. The total heat
transfer surface area was approximately 0.11 m? N-octadecane was
introduced into the storage unit, occupying the interstitial volume be-
tween the aluminium fins and copper tubes. The PCM filled the region
up to approximately the full height of the fins’ upper edge, resulting in a
total volumetric occupancy of 2.51 L.

The charge of the TES unit was controlled with a centrifugal pump
(250 W), where circulated water. The HTF was heated using an electric
heater (500 W) and cooled with a heat sink connected to the tap water
system. Water inlet temperature to the storage unit was adjusted using a
PID controller. Furthermore, HTF inlet and outlet temperature, PCM
temperature at different locations were acquired with K-type thermo-
couples (accuracy of reading + 0.5 °C). The temperature measurements
of all the temperature sensors were recorded every 10 s by the data
acquisition system. Particularly, seven temperature sensors were placed
at different spots in the TES unit to measure the temperature of the
confined PCM, as schematized in Fig. 2. The first two thermocouples
measured the HTF temperature at the inlet (T1) and outlet (T2) sections
of the TES unit (Fig. 2.a). Five thermocouples (from T3 to T7) were
evenly distributed and spaced in the central region at 30 mm from the
top of the TES (Fig. 2.b). This arrangement was specifically designed to
monitor the spatial progression of the melting and solidification fronts
along the main flow path, starting from the inlet side of the heat
exchanger (T3) and extending toward the outlet section (T7). An addi-
tional thermocouple (T8) was in the middle, close to the bottom part of
the tank (55 mm depth from the top) and the last one (T9) was placed in
the middle near the top of the tank (5 mm from the top). Together, this
configuration provided a comprehensive mapping of the temperature
distribution across different vertical and horizontal regions of the TES,
enabling a detailed assessment of phase change dynamics throughout
the charging and discharging processes. Moreover, to control and
maintain the desired temperature of the TES system during the
charging/discharging tests, the setup was placed inside a refrigeration
chamber.

2.4. Measurement procedure

2.4.1. Charging and discharging cycles

The experiment procedure for testing n-octadecane in the TES system
consist of two stages: charging (melting the PCM by hot water) and
discharging (solidifying the PCM by cold water). Data were recorded
starting from the set point temperature of 15 + 1 °C, then the HTF was
pumped at different volume flow rates 2 L min~}, 2.5 L min ! and 3 L
min~! (changing the frequency converter) through the tube side of the
TES tank to heat the PCM. During the charging phase, the n-octadecane
underwent a solid-to-liquid state transition as its temperature increased
from 15 £+ 1 °C to 35 + 1 °C. Upon complete melting of the PCM, the
system was switched to cooling (discharging) mode, opening the cold
tap water. In this phase, the PCM was thermally cycled back to its initial
temperature, decreasing from 35 +1 °Cto 15 £ 1 °C. Discharging cycles
commenced immediately after the completion of charging cycles to
exploit the thermal condition wherein the PCM remained in a fully
liquefied state at approximately 35 + 1 °C, thereby ensuring optimal
thermal discharge efficiency. In addition, the experiments were carried
out at the same time on subsequent days to ensure approximately
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Fig. 1. Schematic representation of the experimental setup with the insulated fin and tube heat exchanger filled with PCM.

identical ambient conditions in all the tests. Each charging/discharging

Table 2‘ . . . . . test was repeated three times for uncertainty analysis in order to ensure
The main dimensions of the TES tank and PCM filled within the TES unit.  y s
reliability.
Description TES system Unit
Casing material Steel R 2.4.2. Mean power and thermal power ratio of the TES
Casing dimensions 232 % 263 x 58 mm The mean thermal power output of the TES tank during both
Casing mass L.44 kg charging (Pcharging) and discharging (Pgischarging) Phases was calculated
Heat exchanger mass 0.85 kg . . . .
Aluminium plate thickness 13 mm using the following analytical expression.
Aluminium plate length 230 mm Tore27° G«
Aluminium fin thickness 0.1 mm Tigle 5° CmHTFCpHTF (THTF,in - THTF,out) At
Aluminium fin height 44 mm PCh“'gi"g = . )
Leharging
Fin spacing 3.0 mm
Copper tube length 240 mm e
Copper tube diameter 7 mm Zg EZ ;320 grleTpCme: (THTF’m - THTF,O,,[) At
Insulation material Polystyrene foam, self-adhesive foam B P discharging = t - 2)
Insulation thickness 50 mm ischarging
T ;CM q Tpcy denotes the mid-point bottom temperature sensor of the PCM
-oct .
V}(;ll)jme (iquid state) 2;’; adecane i (T8), Turrin and Trurroue are the inlet and outlet temperatures of the HTF

Mass 1.96 kg during successive charging and discharging cycles. At = 10 s is the time
step adopted in throughout this work. targng is the time interval during
which the temperature of the PCM increases from 15 °C to 27 °C.

left
Enlargement of the steel rod with PCM
temperature sensors placed at different depths
HTF out
left right
19
® » ™ B e
7 T6 T4 T3
HTFin T8
A G L e g g |
right
a) b)

Fig. 2. (a) Top view of the temperature sensors; HTF inlet (T1) and HTF outlet (T2) temperature. (b) Front view of the PCM temperature sensors at different depth;
30 mm from the top (T3 to T7), 55 mm from the top (T8) and 5 mm from the top (T9).
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Conversely, tyscharging r€presents the duration required for the PCM to
cool from 34 °C to 15 °C. The temperature boundaries were selected
based on the thermal transition behaviour observed in the heat flow
curve generated by the DSC. To ensure complete melting and solidifi-
cation of the PCM, a minimum margin of at least + 3.5 °C from the onset
temperature recorded by the T8 sensor was applied in this study. myr
corresponds to the mass flow rate of the water which depends on the
constant volumetric flow rate (V) which is regulated through a fre-
quency converter, and density (py) according to the following formula:

Mirs = Pyre(Tarein) @ V 3

Where the density of the HTF is calculated as a function of the inlet with
the expression [37]:

prre(Turein) = —3.60e % 0 T2, —6.61e 2 o Typpin +1.0¢3 “

Lastly, Cp urr is the specific heat capacity of the HTF determined using
the following expression [38]:

Cp‘H'IT(THTF) =284 o T?_,TF —7.15e77
o T +7.21e7 o T2, — 2.93¢7 @ Ty + 4.22 (5)

Accordingly, the thermal power ratio (;gg) of the PCM-based TES sys-
tem was evaluated as a dimensionless indicator of dynamic balance
between PCM charging and discharging rates. 1 is the ratio between
the thermal power absorbed during the charging phase and the thermal
power released during the discharging phase:

Nrps = P—;mhar@ (6)
charging

Therefore, this index reflects the capability of a PCM-based TES system
to buffer transient thermal loads during charging and to efficiently
release the stored energy during discharging, thereby ensuring readiness
for subsequent cycles — a critical aspect in HDV BTMS applications
characterized by frequent load fluctuations.
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3. Results and discussion
3.1. Thermal characterization of individual PCMs

This section presents the primary outcomes of the thermal charac-
terization of the five commercial PCMs.

Fig. 3 and Fig. 4 encompassed the thermal properties results from
DSC tests carried out at 5 K min~! emphasizing a clear distinction in the
melting and solidification behaviour of various PCMs. Fig. 3 depicted
the onset and peak temperature associated with both the melting and
solidification transitions for the five PCMs under investigation. Corre-
spondingly, Fig. 4 reported the measured latent heat of fusion and
crystallization. Particularly, n-octadecane, n-eicosane and paraffin
52-54 °C are three organic paraffins (C,Ha,2) which are saturated
hydrocarbons with similar properties. Melting/Solidification point, and
latent heat generally exhibited an increasing trend with chain length,
potentially leading to multiple transition peaks may occur [39].
Conversely, lauric acid and stearic acid are fatty acids (C,Hzn+1 COOH)
which melted over a wide range of temperature and have a large vari-
ation in latent heat of fusion [40]. Overall, the melting and solidification
points obtained were consistent with the value reported by the manu-
facturer (Table 1). Among the tested PCMs, n-octadecane, n-eicosane
and stearic acid exhibited the highest latent heat values. The measured
enthalpies of fusion were approximately 222 J g1, 253 J g1, and 224 J
g1, respectively, while the corresponding enthalpies of solidification
were 218 J g1, 250 J g1, and 223 J g~L. These values reflected their
excellent capacity to store and release energy upon phase transition,
corroborating previous literature data [40-45].

Fig. 5 summarizes the thermal cycling tests at 5 K min ! rate for each
PCM, highlighting the enthalpy values after the first and twentieth cy-
cles. Among paraffins, n-octadecane retained consistent thermal per-
formance over 20 melting/solidification cycles, with enthalpy
degradation under 1 %, in accordance with the conclusions reached by
Zhang et al. [46]. This level of repeatability confirms its thermal reli-
ability and long-term usability under repeated charging and discharging
operations, essential characteristics for HDVs applications. N-eicosane,
lauric acid and paraffin 52-54 °C exhibited moderate stability, with
small but noticeable shifts in enthalpies values across multiple cycles.
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Fig. 3. Melting and solidification temperature of the selected PCMs.
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Fig. 5. Latent heat of melting and solidification of PCMs after one cycle and after twenty thermal cycles.
Lastly, among the fatty acids, stearic acid demonstrated good long-term

cyclic stability with minimal variation in enthalpies values, which is
aligned with the findings reported by Xu and Yang [47].

Table 3
Specific heat capacity measured from DSC analysis of each PCMs.

In addition, Table 3 presented the specific heat capacities determined Property  N- N- Lauric Paraffin Stearic  Unit
through DSC analysis for each PCM. Generally, PCMs have a higher octadecane _ eicosane _ acid 52547°C acd
specific heat in the liquid state due to increased molecular mobility. In Cprem(s) 161 L.66 215 1.62 178 I
the solid state, molecular motion is predominantly confined to vibra- 5@1) 45°C) @00 (2(3 5°0) (—@10 °0) (2(3 o) ;g,l)
tional modes within a well-ordered lattice. Upon transitioning to the Corem(D) 2,00 2.97 595 2.14 2.34 J
liquid state, the system gains additional translational and rotational (@ 50C°) (@ (@ (@65°C) (@ (G
degrees of freedom, thereby increasing the number of accessible mi- 50 °C) 60 °C) 85°C) K

crostates [34].
Based on the outcomes achieved, n-octadecane demonstrated strong
potential as a candidate for passive thermal management in battery
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systems. Its high enthalpy of fusion (222 J g~1) enables the material to
absorb and store a significant amount of thermal energy during phase
transition, which is crucial for effectively suppressing temperature
spikes in LiB. With a melting point in the desirable range of 30-35 °C, n-
octadecane is best suited for moderate or cooler climates where ambient
temperatures enable repeated solid-liquid cycling. In contrast, in
persistently warm climates where temperatures remain above its
melting point, the lack of resolidification limits its long-term thermal
storage capacity. This range closely matches the upper limit of the
optimal operating window of LiB, meaning the PCM begins to absorb
heat precisely when the battery temperature approaches conditions that
could accelerate degradation or cause safety risks, maximizing cooling
efficiency — avoiding unnecessary energy absorption at lower, non-
critical conditions [48,49]. Moreover, n-octadecane exhibited consis-
tent thermal behaviour over 20 consecutive phase change cycles (ther-
mal stability demonstrated also after 100 heating-cooling cycles
available in SI), indicating good thermal stability and reliability under
repeated use conditions. This prevents sluggish heat transfer and gua-
rantees effective thermal regulation over multiple cycles. Collectively,
the combination of high latent heat storage capacity and a phase tran-
sition temperature range that aligns with battery safety thresholds
makes n-octadecane especially well-suited for BTMS applications
[50,51].

Furthermore, the thermal conductivity of n-octadecane was experi-
mentally measured under controlled conditions, yielding a value of 0.15
+0.01 Wm ! K ! in the liquid state at 33 °C. In the solid state, the
thermal conductivity increased markedly to 0.52 + 0.02 W m~! K.
These values are consistent with those previously reported in the liter-
ature, thereby validating the accuracy of the experimental methodology
[29,52,50]. In addition, as illustrated in Fig. 6, the TGA curve shows that
the mass loss of n-octadecane begins approximately at 120 °C and all the
mass is lost approximately at 220 °C. Therefore, the operational tem-
perature range of n-octadecane should be limited to below 120 °C to
prevent evaporation and avoid complete degradation of the material, as
supported by literature findings [51,53]. Accordingly, its thermal per-
formance was experimentally evaluated, as detailed in Section 3.2.

3.2. N-octadecane charging and discharging cycles at different HTF
volume flow rates

The in-house TES system was utilized to experimentally investigate
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the thermal response of n-octadecane under varying HTF volume flow
rates. Fig. 7 presents the baseline case, in which a flow rate of 2 L min~!
of water alone was circulated through the TES system prior to the
introduction of PCM. In this baseline assessment, the HTF temperature
was increased from 15 °C to 35 °C to quantify the heat exchanged by the
system in the absence of PCM.

Fig. 8 illustrated the PCM temperature evolution during charging (a)
and discharging (b) cycles at 2 L min~! (Case 1). Similar trends (pro-
vided in the Supporting Information) were observed at higher HTF
volume flow rate of 2.5 L min~' (Case 2) and 3 L min~' (Case 3),
respectively.

At higher flow rates, the temperature gradient across the TES unit
slightly reduced, resulting in faster phase change completion and
improved thermal uniformity across the PCM volume. As expected, the
phase change front advanced from the inlet toward the outlet regions of
the TES (Fig. 8.a). During the charging cycle, the PCM adjacent to the
top sensor (T9) exhibited the earliest temperature rise and phase tran-
sition, followed sequentially by the mid-depth sensors (T3-T7) and the
bottom sensor (T8). This stratified response is attributed to the top-to-
bottom heat propagation driven by the HTF flow and the presence of
aluminum fins, which enhanced heat conduction in the upper and cen-
tral PCM regions. Particularly, PCM mid-point bottom sensor (T8)
exhibited a delayed response in reaching the set point temperature
compared to the others due to limited heat transfer rate in proximity to
the bottom of the tank, under the aluminium fins. The incorporation of
aluminum fins significantly enhances thermal conductivity within the
TES system, facilitating more uniform heat distribution and promoting
deeper heat penetration into the PCM. This results in an accelerated
melting process and a more rapid progression of the melting front
[54,55].

In fact, heat conduction mechanism mostly influenced the solid re-
gion and played a major role in the initial stages of melting. When the
majority of the PCM is in the solid state, its low thermal conductivity
results in a high conductive thermal resistance, which becomes the
dominant factor governing the overall heat transfer processes. Although
varying the volume flow rate alters the forced convection heat transfer
coefficient within the copper pipe, this change has a negligible effect on
the total heat transfer, as the conductive resistance within the solid PCM
remains the primary limiting factor. The buoyancy-driven flow induced
by temperature gradients enhanced heat transfer, particularly in regions
where pure conduction was insufficient. This effect was especially

n-octadecane

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375

Temperature (°C)

Fig. 6. Thermogravimetric curve of pure n-octadecane.
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Fig. 8. Temperature vs. time for the TES unit with HTF volume flow rate of 2 L min-1 (Case 1) during the charging (a) and discharging (b) cycle.

pronounced in the lower section of the TES unit, where a slower thermal
response was observed.

As the n-octadecane transitioned to a predominantly liquid state,
natural convection became the dominant heat transfer mode, effectively
controlling the melting process [56]. This transition from conduction- to
convection-dominated behaviour can be attributed to the evolution of
the melt front and the associated buoyancy-driven flow within the liquid
PCM. During the initial melting stage, when the PCM remains predom-
inantly solid, heat transfer occurs primarily through conduction owing
to the fixed molecular arrangement and the inherently low thermal
conductivity of solid n-octadecane. A thin molten layer first forms
adjacent to the heat transfer surface, where temperature gradients are
steep and fluid motion is minimal [56]. As the melting front progresses

outward, the thickness of this liquid layer increases and density gradi-
ents develop in the molten region, initiating buoyancy-driven motion.
Warmer, lighter fluid near the heat source rises, while cooler, denser
liquid descends, establishing natural convection currents that enhance
local heat transport. The strength of natural convection can be quanti-
fied using the dimensionless Rayleigh number (Ra), which increases
rapidly as the liquid layer thickens and the temperature difference
across it grows. This parameter can also be expressed as:

oE:GroPr
a

_ gPATL® - gPATL®
="

Ra @)

1/2
Where Gr represents the Grashof number that measures the ratio of
buoyancy forces to viscous forces in a fluid and Pr is the Prandtl number,



E. Revello et al.

accounting for thermal diffusion effects (see Table S.1 reported in the
Supporting Information for further details). Particularly, when the
Rayleigh number exceeds a critical threshold (typically Ra > 10* for
paraffinic PCMs), natural convection becomes substantial, promoting
enhanced fluid circulation and increasing the effective thermal con-
ductivity of the molten PCM. In the present analysis, the estimated
Rayleigh number is on the order of 107, indicating a buoyancy-
dominated regime; thus, under the operational conditions considered,
natural convection is expected to govern heat transfer within the melted
n-octadecane TES. This conduction-to-convection transition explains the
experimentally observed acceleration in the melting rate, particularly in
the upper and central zones of the TES unit where the liquid layer is
thicker and buoyant motion is stronger. In contrast, near the bottom
region (T8), the delayed temperature response is attributed to a smaller
liquid fraction and weaker buoyancy effects, which limit the onset of
convection and maintain conduction as the prevailing mechanism for a
longer period. Hence, the spatially stratified temperature evolution
observed during the charging process reflects the interplay between
conduction in the solid phase and natural convection in the liquid phase.
The gradual transition between these regimes governs the overall heat
transfer performance of the n-octadecane-based TES, consistent with
previously reported findings for paraffinic PCMs [57,58].

At this stage, increasing the HTF flow rate, which raises the forced
convection heat transfer coefficient within the copper pipe, begins to
contribute meaningfully to the overall heat transfer process. As a result,
higher HTF flow rates lead to increased heat transfer rates and a
moderately accelerated melting of the PCM [59].

Comparable behaviour was observed during both the charging and
discharging cycles across all three experiments conducted under varying
HTF volume flow rates. This was mainly attributed to the turbulent flow
regime (Reynolds number > 4000) achieved at HTF flow rates exceeding
1 L min'. Turbulent flow enhances mixing and increases the convective
heat transfer coefficient between the HTF and the heat exchanger sur-
face in contact with the PCM. As a result, the higher heat transfer rate
speeds up the thermal energy delivery to the PCM and reduces thermal
resistance at the interface resulting in faster initiation and propagation
of the melting front. Furthermore, turbulence mitigates thermal strati-
fication by promoting uniform temperature distribution throughout the
tank, thereby facilitating consistent heat transfer across the entire PCM
volume, especially where stagnant zones might otherwise slow the
process [60-62]. Nevertheless, Case 3 exhibited a marginally higher
charging rate compared to the other cases, primarily due to a reduced
temperature gradient between the inlet and outlet of the HTF during the
melting phase of n-octadecane. During the discharging process (Fig. 8.
b), the rates of discharge remained nearly identical across all three cases,
prior to the onset of solidification (from 35 °C to 25 °C). Once the PCM
began to solidify, the case with the higher HTF volume flow rate
demonstrated a slightly enhanced discharge rate, owing to improved
heat transfer performance facilitated by increased convective heat
transfer [63]. A similar thermal response was observed during the dis-
charging process, wherein the solidification front initiated at the up-
permost region (T9) and advanced downward, with the bottom region
(T8). The early formation of a solid PCM layer near the HTF inlet
contributed to increased thermal resistance at the heat exchanger
interface, which impeded further heat extraction from the lower PCM
layers. As the PCM transitioned to a predominantly solid state, the
suppression of natural convection further limited heat transfer, partic-
ularly in the bottom zone where conduction became the prevailing
mechanism. Although increasing the HTF flow rate resulted in improved
convective heat transfer and turbulence near the copper tubes, its in-
fluence on accelerating solidification at greater depths was marginal.
These results highlight the influence of thermocouple position and local
heat transfer regimes on phase change kinetics. The consistently delayed
thermal response at the bottom sensor (T8) underscores the need for
advanced design strategies. Potential improvements include optimize fin
geometry, enhanced axial heat conduction pathways, or incorporation
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of high-conductivity composite materials. Such design optimizations are
essential to ensure more uniform phase transition dynamics and to
maximize the overall thermal performance of PCM-based TES systems.

3.3. N-octadecane charging and discharging cycles varying the HTF inlet
heating temperature

Fig. 9 depicted the temporal evolution of PCM temperature during
the charging (a) and discharging (b) cycles at 2 L min~!, under varying
the HTF inlet temperature for the melting phase (Case 4).

An increase in the HTF inlet temperature enhances the thermal
gradient between the HTF and the PCM, thereby strengthening the heat
transfer driving potential and accelerating the charging process, as
observed in Fig. 8 (a). Consistent with previous observations, the PCM
near the uppermost thermocouple (T9) exhibited the earliest tempera-
ture rise and initiation of phase change, followed sequentially by the
sensors located at intermediate depths (T3-T7), and finally by the bot-
tom sensor (T8). This thermal response reflects a top-to-bottom heat
propagation pattern, primarily governed by the direction of HTF flow
and increased by the presence of aluminium fins, which improved
thermal conductivity in the upper and middle PCM layers. Conversely,
the discharging (Fig. 8 (b)) is noticeably slower compared to Case 1 since
the starting temperature for solidification is higher (40 °C). This limited
thermal gradient delays the onset and progression of the solidification
front, particularly in the lower regions of the storage unit. As a result, the
release of latent heat is less efficient, prolonging the discharging cycle
and reducing the overall thermal discharge rate.

3.4. Mean power and time comparison at different HTF volume flow rates

Fig. 10 depicted the average thermal power vs. time exchanged
during charging (a) and discharging (b) cycles. Table 4 reported the
mean thermal power calculated during the charging and discharging of
the PCM and the duration of both processes. As presented in Fig. 10 (a)
the average thermal power increased from approximately 238 W at 2 L
min~! to 264 W at 3 L min~' during charging phase. As the flow rate
increases, the PCM temperature rises more rapidly, leading to a greater
portion of n-octadecane melted in a shorter duration. This results in a
higher amount of latent heat stored by the end of charging process [64].

Mean power of discharging Fig. 10 (b) was slightly lower due to
reduced temperature gradients and phase change hysteresis in the so-
lidification process. As the n-octadecane solidifies, a thermal boundary
layer forms at the heat exchanger surface, increasing thermal resistance
and decreasing the temperature gradient between the PCM and the HTF.
Moreover, PCM exhibited a temperature difference between melting and
solidification point, resulting in a lower temperature during solidifica-
tion compared to melting with a consequent reduction of the driving
force for heat transfer during the discharging phase as confirmed in
literature studies [65,66]. As highlighted in Table 4, Case 3 achieved an
average discharging power of 147.98 W, which is 16 % higher than that
of Case 1. It is noteworthy that the thermal power ratio in Case 3 was
found to be 56 (approximately 4.7 % higher compared to Case 1).
Consequently, the increased HTF volume flow rate enhanced the heat
transfer mechanisms, leading to an improvement in the thermal system
efficiency, despite its limited influence on both the charging and dis-
charging time.

Table 5 summarizes the main outcomes of this study. The experi-
mental results demonstrated that incorporating PCM into the TES sys-
tem enhanced the gravimetric specific power to 0.056 kW kg™! — 3.5
times higher than the baseline configuration without PCM (0.016 kW
kg™ 1). Similarly, the volumetric specific power reached approximately
68 kW m?®, representing a 6-fold improvement over the baseline case.
Both gravimetric and volumetric performance indexes were calculated
based on the average power output of the PCM-based TES system during
the charging cycle with HTF flow rate of 2 L min~?, considering the
overall weight and volume of the TES system, excluding the HTF inside.
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Table 4
Results of mean power of charging and discharging cycle vs. time at different
HTF volume flow rate.

Case Time of

Mean power Mean power of Time of N1Es
of charging charging discharging discharging
1 238 W 2520 s 127 W 4900 s 53.4
2 257 W 2460 s 129 W 4860 s 50.2
3 264 W 2220 s 148 W 4850 s 56.1

Under Case 3 conditions, with a HTF flow rate of 3 L min~, the specific
power exhibited a marginal increase to 0.062 kW kg™! and 75 kW m 3.

To conclude, Fig. S.13 (reported in the Supporting Information), the
temperature profile presented compares the experimental results ob-
tained from the PCM-based TMS (brown curve) with the conventional
air-cooled LiB battery (blue curve, literature data adapted from [36]).
The results clearly indicate that the PCM-assisted configuration effec-
tively limits the maximum temperature below 35 °C throughout the
entire discharge-charge cycle. This temperature lies within the recom-
mended operational window for LiB batteries, ensuring stable
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Table 5

Major findings of the experimental PCM-based TES system.
Description Value Unit
PCM mass 1.96 kg
PCM volume 2.51 L
System overall weight (heat exchanger + casing + PCM) 4.245 kg
System overall volume (excluding insulation layers) 0.0035 m®
TES gravimetric specific power in baseline case (without 0.016 kW kg ™!

PCM)

TES volumetric specific power in baseline case (without PCM) 11 kW m™3
TES gravimetric specific power in Case 1 (with PCM) 0.056 kW kg™
TES volumetric specific power in Case 1 (with PCM) 68 kW m™>
TES gravimetric specific power in Case 3 (with PCM) 0.062 kWkg!
TES volumetric specific power in Case 3 (with PCM) 75 kW m—3

performance, improved durability, and enhanced safety. As highlighted
in Fig. S.13 (b), the latent heat absorbed during the n-octadecane
melting phase prevents temperature overshoot, while the subsequent
solidification allows gradual heat release. This cyclic heat buffering
capability could maintain the battery within its optimal operating range,
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effectively mitigating the risks observed in air-cooled systems.
4. Conclusions

Thermal management is essential to enable performance, energy
efficiency, and long-term durability in HDVs. With the ongoing electri-
fication of powertrains and increasingly stringent emissions regulations,
the development of advanced, integrated thermal control systems is
becoming indispensable in the design of modern commercial vehicles.
BTM is critical in HDVs to ensure safety, reliability, performance, and
longevity under the demanding operational conditions typical of HDVs.
Particularly, PCMs in HDV battery thermal management offer a prom-
ising solution to handle high heat loads passively, improving safety and
battery lifespan while complementing active cooling systems. This study
presented a comprehensive thermal characterization DSC analysis of
various commercial PCMs to identify the most suitable for BTM purpose,
based on long-term thermal stability and key thermophysical properties.
N-octadecane emerged as the optimal candidate due to its high latent
heat capacity and good thermal stability over 20 consecutive thermal
cycles. The melting and solidification of n-octadecane, the heat transfer
performance, the mean power and thermal power ratio of the PCM-
based TES system, together with the influence of HTF volume flow
rate variation were experimentally investigated.

Among the valuable insights, n-octadecane, exhibiting a melting
range between 25 °C and 32 °C, emerges as a promising PCM for BTMS.
DSC analysis reported a latent heat of melting of 222.2 J g~! and a latent
heat of solidification of —218.4 J g~ 1. Charging and discharging tests of
n-octadecane at different HTF flow rates were experimentally conducted
in a dedicated TES system. Furthermore, in solid state, heat transfer
within the PCM is dominated by conduction, as its low thermal con-
ductivity results in high thermal resistance. In liquid state, heat transfer
becomes convection-dominated, leading to an enhanced heat transfer
rate due to the reduced overall thermal resistance of the PCM. In
particular, the PCM temperature sensor located at the mid-point bottom
of the storage unit recorded a slower melting rate compared to the
central and top thermocouples. This behaviour is attributed to the lower
heat transfer efficiency beneath the aluminium fins, which limited the
advancement of the melting front in that region. This further emphasizes
the importance of minimizing the thermal path between the PCM and
the fins within the TES unit to optimize heat transfer efficiency. The
effect of varying the HTF volume flow rate is not remarkable, resulting
in small changes both in the mean power of charging and discharging
evaluated. This could be mainly attribute to the turbulent regime of each
experimental test. At high HTF flow rate of 3L min~! (Case 3) resulted in
a thermal power ratio of 56, marking an approximate 4.7 % increase
compared to the low flow rate of 2 L min~! (Case 1). Although the
increased HTF flow rate had a limited effect on charging and discharging
durations, it effectively enhanced the heat transfer processes, thereby
contributing to improved overall system performance. Experimental
findings confirmed that the incorporation of PCM into the TES system
increased the TES gravimetric specific power to 0.056 kW kg™, rep-
resenting a 3.5-fold enhancement over the baseline configuration
without PCM, which achieved 0.016 kW kg’l. In addition, the volu-
metric specific power improved to approximately 68 kW m™ — 6 times
higher than the baseline.

The findings of this study provide a foundation for the design and
optimization of PCM-integrated TES system for BTMS applications.
Employing a modular approach, the PCM-TES can be effectively adapted
as a versatile and scalable solution for integration into larger-scale
systems, including battery pack cooling or EVs cabin heat manage-
ment. Future studies will be devoted to improving the performance of
the TES system to overcome the actual limitations in practical applica-
tions. Enhancing the thermal performance of pure PCMs requires a
synergistic blend of structural innovation, material augmentation, and
phase-change control. Novel heat-exchanger designs — such as finned
geometries, metal-foam matrices, and eccentric configurations —
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significantly enhances heat transfer rates, reducing melting and solidi-
fication time [67]. Simultaneously, embedding high-conductivity addi-
tives including nanoparticles, expanded graphite, or composite media —
can boost effective thermal conductivity several-fold while preserving
latent heat storage [68]. Finally, a deeper grasp of phase-change
dynamics—mitigating supercooling and phase segregation, and man-
aging nucleation kinetics — ensures repeatable, efficient cycling in
practical systems [69,70].
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