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ABSTRACT

Latent thermal energy storage (LTES) employing phase change materials (PCMs) offers a promising solution for
thermal management in various applications, compensating for the intermittent and unstable characteristics of
several thermal energy sources, such as solar energy. However, the inherently low thermal conductivity of PCMs
hinders their heat transfer efficiency, resulting in extended charging and discharging times. This limitation can
be addressed either by enhancing the thermal conductivity of the PCM or by optimizing the storage system
geometry. In this study, two LTES configurations, finned and finless units based on bar-and-plate technology,
were tested under different conditions of mass flow rate (100, 150, 200 kg h™?) and heat transfer fluid (HTF) inlet
temperature (46, 49 , 52 °C), corresponding to temperature difference (ATihermar) Of 3, 6 and 9 °C. To the best of
the authors' knowledge, the bar-and-plate technology has been only marginally addressed in the context of LTES
systems, and no comprehensive experimental investigations are currently available in the literature. The PCM
employed, a paraffin wax (RT42), has a melting temperature ra nge between 38.2 °C and 42.5 °C. Results
demonstrated that the finned unit reduced the melting time by up to 84 % compared to the finless configuration.
At AThermal = 9 °C and a mass flow rate of 200 kg h’l, the charging process was completed within 2 hours for the
finned unit versus about 8 hours for the finless unit. Moreover, for the finned unit, increasing AThermq from 3 °C
to 9 °C resulted in a 28-50 % decrease in melting time, while an increase in the mass flow rate from 100 to 200
kg h™! shortened melting time by about 35 %. As a further step, the experimental data were used to validate a
resistance-capacitance numerical model of the LTES unit, providing a valuable tool for LTES optimization and
design according to specific application requirements. Unlike other available calculation methods, the developed
model accounts for the explicit incorporation of fin geometry and PCM material in equivalent conductivities
(PCM-fin composite) to capture the directional heat transfer pathways. Moreover, a parametric study was carried
out to analyze the effect of fin parameters on melting time and energy storage.

1. Introduction

every country to cut greenhouse gas emissions and phase out fossil fuel
dependence. There has been a significant push to integrate renewable
energy sources, such as solar and wind power, into the energy mix to
address this challenge.

Climate change poses a critical threat to global sustainability. In
response, the United Nations introduced Sustainable Development Goal
(SDG) 7 [1], which calls for urgent action to make energy more acces-
sible, affordable, reliable, and sustainable for all. The report emphasizes
the need to increase the use of renewable energy sources and improve
energy efficiency. This objective is strongly reinforced by international
efforts, most notably the Paris Climate Agreement [2], adopted in
December 2015, which underscores a shared commitment by nearly
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However, the intermittent nature of these renewables, exemplified
by the variability of solar energy, presents challenges in maintaining a
stable energy supply. Therefore, developing strategies to ensure a
consistent and reliable energy system is fundamental. One promising
solution to address the intermittency of renewable energy is thermal
energy storage (TES). TES systems store excess thermal energy gener-
ated during periods of abundant renewable resource availability for
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Nomenclature t Fin thickness [m]
T Temperature [°C, K]
A Flow passage area [m?] u Standard uncertainty
c Specific heat [J kg’1 K1 14 Volume [m®]
CpeM,s Specific heat of PCM in solid phase [J kg_1 K1 Wi Wall thickness [m]
Cpemi Specific heat of PCM in the liquid phase [J kg*1 K]
CHTF Specific heat of heat transfer fluid [J kg’1 K1 Greek letters . S
Car Specific heat of aluminum [J kg—l K1 a Heat transfer coefficient [W m™= K™ 7]
Dy Hydraulic diameter [m] A Difference .
DSC Differential scanning calorimetry n Charging cycle efficiency [7]1 L
E Energy [J] A Thermal condugtwlty [Wm™ " K ]
Ah Latent heat of fusion [J kg™'] I4 Density [kg m™]
H Fin height [m] c Standard deviation
HTF Heat transfer fluid g T%me Ls] -
j Colburn factor [—] H Viscosity [kg m™" s™"]
k Coverage factor [—] Subscripts
l Lance length of the fin [m] a Aluminum
L Width of water channel [m] amb Ambient
LTES Latent thermal energy storage app Apparent
"f Mass [kg] . 1 c Combined
m Mass flow rate of fluid [kg h™ "] ) ch Channel
n Number of fins per unit length [m™"] e Expanded
N, Number of measurements [—] off Effective
Nu Nusselt number [—] in Inlet
PCM Phase change material melt Melting
Pr Prandtl number [—] out Outlet
Q Heat flow rate [W] ) ) s Solidus
R Thermal resistance [m“ K W™ '] up Upper
Re Reynolds number [—]
s Fin spacing [m]

later use when energy demand is high or generation from renewable
sources is low. This capability enhances system reliability and flexibility
by storing surplus energy, facilitating the inclusion of renewable energy
in the energy mix [3,4]. Primary TES methods include sensible, latent,
and thermochemical, with latent thermal energy storage (LTES) using
phase change materials (PCMs) that offer significant advantages.

PCMs are valued for their high energy density and ability to absorb
and release large amounts of energy during phase change at nearly
constant temperatures, making them highly effective for compact ther-
mal energy storage. Compared to sensible heat storage, LTES offers a
larger energy storage capacity [5]. The versatility of LTES is evident in
its diverse applications, including solar heating [6], space heating [7],
thermal management of electronic equipment [8,9], drying processes
[10,11], waste heat recovery [12,13], and solar energy storage [14].

Despite their numerous advantages, PCMs are often limited by low
thermal conductivity, which significantly impacts the heat transfer rate
within PCM-based systems [15,16]. This leads to extended charging and
discharging times, a challenge commonly referred to as the “rate prob-
lem.” The rate problem hampers practical implementation and reduces
the overall thermal performance of PCM-based thermal energy storage
systems. Addressing the rate problem is essential to fully exploit the
potential of PCMs for thermal energy storage. This necessitates devel-
oping strategies to minimize charging and discharging times while
meeting specific application requirements.

Enhancing PCM thermal conductivity and optimizing the design of
the LTES unit are critical strategies for improving the performance of
LTES systems. The incorporation of metal foams [17,18], polyurethane
foam [19], nanoparticles [20] as well as the adoption of encapsulated
PCMs [21] and PCM composites [22], have shown promise in aug-
menting PCM thermal conductivity, but their impact on overall LTES
performance has proved to be modest. Maxim and Dominic [23]
demonstrated that even a fiftyfold increase in PCM thermal conductivity

resulted in only a maximum instantaneous power increase by a factor of
2 or 3, depending on the LTES configurations. In contrast, optimizing the
heat exchanger geometry offers a more promising solution for enhancing
LTES unit performance.

Numerous studies have explored innovative heat exchanger designs
to overcome the challenges associated with the low thermal conduc-
tivity of PCM in LTES systems. Callaghan et al. [24] conducted an
experimental investigation of a small-scale thermal energy storage sys-
tem utilizing a coil-and-shell heat exchanger. The system, equipped with
an aluminum coil, was tested using two PCMs (OM55 by PLUSS® and
dodecanoic acid) to evaluate the heat transfer rates both for charging
and discharging. Similarly, Ahmadi et al. [25] contributed to the field by
studying a shell-and-tube heat storage unit with a spiral coil tube. Their
numerical simulations demonstrated the significant impact of coil ge-
ometry on thermal performance, with a potential reduction in melting
time up to 71.4 % when increasing the spiral coil diameter from 50 mm
to 70 mm. Herbinger and Groulx [26] conducted an experimental
parametric analysis on a finned tube-and-shell heat exchanger with a
variable number of finned tubes. Their findings revealed that the tem-
perature difference between the heat transfer fluid (HTF) and the PCM
melting temperature is critical in determining the required heat transfer
area, significantly influencing overall system efficiency. These results
underscore the importance of precise temperature control and the
employment of heat transfer enhancement methods, such as fins, for
optimizing LTES performance.

One particularly effective geometric optimization technique involves
the incorporation of conductive fins, which increase the surface area
available for heat exchange, thereby significantly improving system
performance. Torbarina et al. [27] developed a computational model of
an LTES system utilizing a shell-and-tube configuration with longitudi-
nal fins. Their numerical investigations revealed that increasing the HTF
inlet temperature significantly enhances heat transfer between the HTF
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and the PCM. A subsequent study by Shank et al. [28] investigated a
shell-and-tube LTES system with various fin configurations attached to a
central copper pipe. The researchers observed remarkable reductions in
charging and discharging times, from 79 % to 50 %, when compared to a
finless configuration, further emphasizing the pivotal role of fins in
accelerating thermal processes within LTES systems. Fahad et al. [29]
explored nine different fin configurations by combining two, three and
four rectangular fins with straight, curved, and angled branching fins to
improve the melting performance of PCM in shell and tube heat ex-
changers. Out of all the setups, the design with two rectangular fins with
angled branching delivers the best results with a 85 % reduction in
melting time and the highest energy storage rate.

In another study, Cao et al. [30] introduced an innovative method for
storing energy by using river water flow to charge PCM-based thermal
storage units. The findings showed that optimizing the unit's geometry
and using thin, closely spaced fins resulted in a reduction of solidifica-
tion time by up to 84.4 %. Lee et al. [31] focused on improving the
melting performance of a cold thermal energy storage tank by incor-
porating stratified fins. Their novel design resulted in a 156 % increase
in the average exchanged thermal power compared to a finless config-
uration. Safari et al. [32] examined PCM melting in rectangular tanks
with rectangular, pin and perforated fins under various orientations. The
rectangular fins reduced the melting time by 3.3 % and 8.3 % compared
to perforated and pin fins, respectively. On the other hand, the perfo-
rated and pin fins required 71 % and 9 % less fin volume, respectively,
than the rectangular fin configuration. Hamid and Mehrdoost [33]
numerically explored performance enhancement of a shell-and-tube
LTES unit using sinusoidal wavy fins and various tube shapes. Double-
pitch sinusoidal fins reduced melting time by 9.5 % compared to
straight fins. Increasing HTF tubes from one to four decreased melting
time by 38.3 %. Petal-shaped tubes with nine petals further reduced
charging time by 24 % compared to circular tubes and 57 % compared to
the baseline case with one circular tube and straight fins.

Bar-and-plate technology offers a specific design of stacked bars and
plates that create a network of channels for fluid flow [34]. This
configuration optimizes heat transfer by maximizing fluid contact area
while minimizing flow resistance. Renowned for their modularity and
compactness, bar-and-plate heat exchangers represent a suitable solu-
tion for latent thermal energy storage, overcoming the challenges posed
by the low thermal conductivity of phase change materials. Indeed, this
technology facilitates improved heat transfer efficiency, reduced
charging and discharging times, and contributes to more efficient and
reliable thermal energy storage solutions that can better integrate
renewable energy sources into the energy mix.

The literature shows that previous studies have investigated various
LTES unit configurations (e.g., packed bad, shell and tube, flat plates),
analyzing their performance under different operating conditions and
fin geometries. However, to the best of authors' knowledge, the appli-
cation of bar-and-plate technology to latent thermal energy storage has
been only marginally addressed and no comprehensive investigation is
currently available in the literature. The present work addresses this gap
by experimentally investigating the performance of two LTES units
(finned and finless) based on bar-and-plate technology using paraffin
wax RT42 as PCM (melting temperature range between 38.2 °C and 42.5
°C). The dimensions of the units are 108 cm x 17 cm x 31.5 cm, with the
finned device equipped with 1400 trapezoidal fins, each 0.03 cm thick
and 1.2 cm wide, arranged in ten layers. Building on the well-established
bar-and-plate heat exchanger concept, standardized by ALPEMA [35],
the finned configuration offers structural robustness, scalability and
industrial feasibility. Compared with common LTES geometries (e.g.,
shell-and-tube or flat-plate) and with available commercial units [36],
the use of trapezoidal fins enhances heat transfer and accelerates phase
change, while the flexibility in the fin geometry (thickness, height,
pitch) allows the system to be tailored either for higher energy storage
capacity or for rapid thermal response, depending on application needs.

The present investigation focuses on the PCM's transient
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temperature, melting time, and heat transfer rate under varying sec-
ondary fluid inlet temperatures (46, 49 and 52 °C) and flow rate con-
ditions (100, 150 and 200 kg h™1). As a further step, a resistance-
capacitance numerical model of the LTES unit is developed. Unlike
other available calculation methods, the developed model accounts for
the explicit incorporation of fin geometry and PCM material in equiva-
lent thermal conductivities (PCM-fin composite) to capture the direc-
tional heat transfer pathways. After validation against the present
database, the model is employed to explore the effect of key design
parameters (such as fin thickness, height and pitch) on the performance
of the LTES unit. This model can serve as a tool for tailoring unit ge-
ometry according to the specific needs, whether prioritizing maximum
energy storage or faster melting time.

2. Experimental methodology
2.1. Experimental setup

An experimental setup was developed to evaluate the heat transfer
performance of finned and finless latent thermal energy storage units
during the charging process. The platform, shown in Fig. 1a) and sche-
matically in Fig. 1b), consisted of the following major components: a
thermal energy storage unit, a water circulating bath (Thermo Scientific
Haake G50 Ultra), a thermal flywheel equipped with a submerged
electrical resistance heater, a Coriolis mass flow meter (Siemens
SITRANSFC MASS 2100), two and three-way valves, T-type thermo-
couples (Tersid), an Ice Point Reference (KAYE K170) and a data
acquisition module (Agilent 34970A).

The test section comprised a horizontally oriented aluminum LTES
unit manufactured using bar-and-plate technology [35] (Fig. 2). For
comparison, a finless unit with identical dimensions was also con-
structed. The finned LTES unit measures 108 cm x 17 cm x 31.5 cm,
with a PCM cavity of 100 cm x 12 cm x 31 cm. The finned unit has a
total mass of 46.7 kg, whereas the finless unit weighs 29.7 kg. Within the
PCM cavity, 1400 trapezoidal fins (0.3 mm thick, 12 mm high, 8.3 mm
pitch) were arranged in ten layers to provide a compromise between
extended heat transfer area, structural stability and manufacturability.
Compared to other fin types reported in the literature (e.g., wavy,
perforated, serrated), these fins represent a practical and effective so-
lution, offering competitive heat transfer performance while maintain-
ing simplicity of fabrication, robustness and cost-effectiveness [32].
Distilled water was used as the heat transfer fluid, flowing through two
flat channels (3 mm thick) located on either side of the PCM cavity.
Offset strip fins (0.2 mm thick, 3 mm high, 3 mm pitch) were inserted
into the water channels to promote earlier flow transition to turbulence
and enhance convective heat transfer with an acceptable pressure drop.
The entire test rig was insulated to minimize heat losses to the envi-
ronment, and a 1 cm thick and 7 cm high Lexan glass sheet is mounted
on the top of the aluminum frame to accommodate the volume expan-
sion of the PCM during the charging process.

A total of 35 T-type thermocouples were used to monitor system
temperatures at multiple positions. Among these, 32 thermocouples
(numbered 1 to 32) were placed inside the PCM cavity, arranged in eight
groups of four along two horizontal rows. These groups were spaced 20
cm apart in the horizontal direction within the cavity, with the spacing
maintained by a plastic strip. One row was positioned at the cavity
centre, while the other was located near the HTF channel. Each group
spanned four vertical depths: the first probe was placed 6 cm below the
PCM top layer, while the fourth probe was positioned 24 cm below the
top (i.e., 7 cm above the cavity bottom). The detailed arrangement of
PCM temperatures is shown in Fig. 3. In addition to PCM temperature
measurements, two thermocouples are positioned at the inlet and outlet
of the water channel to measure the water temperatures and one ther-
mocouple is used to monitor the ambient temperature. To facilitate
spatial analysis, the unit was divided into four horizontal zones, with
Zone 1 near the HTF inlet and Zone 4 close to the HTF outlet. Before
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Fig. 1. a) Picture of the experimental setup with the positions of the main components highlighted. b) Schematic of the heat transfer fluid loop connected to the

LTES unit.
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Fig. 2. LTES test section fabricated through bar-and-plate technology with conductive fins: 3D model of the unit and picture of the top view.

HTF
a) outlet
I I I ] Unit top layer
| | |
3
} } }
) T N EY) NES) | |
EII E | E | E 6 cm
I I I
H, ANEE 2] NES: " 12 cm
S ey | B ey e = N e STy 3
| | | 3 18 cm
I I I
: : : 24 cm
I I I
L | | | ‘L
|:|TeFt Unit bottom layer

Fig. 3. a) Schematic of the thermocouples' position in the PCM cavity. b) Details of a set of four thermocouples placed at different depths inside the PCM.

testing, all thermocouples were calibrated using a FLUKE 1586A SUPER-
DAQ over the operating temperature range of 20-65 °C. The calibration
yielded a measurement uncertainty of +0.1 K.

The heat transfer fluid loop was designed to maintain a constant inlet
temperature at the LTES unit throughout testing. Flow rate control was
achieved using a combination of two-way valves (V1, V2, V3) and a
three-way valve (V4), which allowed precise adjustment of the circu-
lating flow. A Coriolis mass flow meter (accuracy +0.1 % of the
measured value) ensured accurate flow rate measurements. The HTF
was circulated by a thermal bath equipped with a PID controller to

regulate the inlet temperature.

As depicted in Fig. 1b), a thermal flywheel equipped with a sub-
merged 2 kW electrical resistance heater was incorporated into the loop.
The flywheel increased the overall thermal capacity of the system,
compensating for the high initial heat transfer rate between the HTF and
PCM, which temporarily exceeded the thermal bath's 2 kW heating ca-
pacity. This addition ensured a stable inlet temperature during the
charging process.

The LTES unit was filled with 26.6 kg of PCM RT42, a commercial-
grade phase change material manufactured by Rubitherm GmbH. The



W. Raza et al.

thermophysical properties of RT42 were initially referenced from the
manufacturer's datasheet. However, since RT42 is a commercial PCM
rather than pure paraffin, its properties were independently verified
through experimental measurements using Differential Scanning Calo-
rimetry (DSC). The DSC analysis provided detailed thermal properties of
RT42, as illustrated in the heat flow rate per unit of mass versus tem-
perature plot in Fig. 4. The primary measurement of DCS is heat flow
rate, which represents the rate at which the sample absorbs or releases
heat during the analysis. The DSC experiments revealed that the specific
heat capacity of RT42 in its solid phase varied with temperature. It
increased linearly from 2200 J kg™' K™ at 10 °C to 3104 J kg ' K~ at
37 °C. In its liquid phase, the specific heat capacity was 2360 Jkg 1 KL,
The average onset temperature for melting was determined to be 38.2
°C, and the heat of fusion was found to be 148 kJ kg~!. A summary of the
physical properties of RT42 is presented in Table 1.

2.2. Experimental methodology

Prior to charging, the HTF was prevented from entering the unit until
it reached the required inlet temperature. This was achieved by divert-
ing the flow through a bypass line controlled by valve V1 (see Fig. 1b). A
thermocouple continuously monitored the bypassed HTF temperature.
Once the setpoint was reached, V1 was closed, and V2 and V3 were
opened, directing the HTF into the LTES unit, starting the charging
process.

Temperature data were acquired every 5 s using a data acquisition
system (Agilent 34970A). The data is collected and analyzed using a
computer running LabVIEW software. Each test was terminated when
the HTF outlet temperature reached steady state, defined as the condi-
tion where the time derivative of the HTF outlet temperature
approached zero. This ensured that the system had reached quasi-steady
thermal equilibrium and no further changes in the thermal response of
the system were detected thereafter.

A series of experiments was conducted under different inlet HTF
temperatures and flow rate conditions (see Table 2), enabling systematic
evaluation of the thermal performance of both finned and finless LTES
units.

Here, ATermar represents the difference between HTF inlet temper-
ature and upper melting temperature of phase change material, as
defined in Eq. (1).

ATthermal = Turr_in — Tup,melt (l)

By measuring the HTF temperature difference across the LTES unit
(ATyrp) and the mass flow rate reading of the Coriolis flow meter (rmgrp),
the heat transfer rate from the HTF to the LTES unit can be calculated as
follows:

15

Cooling cycle
Onsettemperature: 42.5 °C
10 4 Latentheat: 145kJkg™*

(6]
L

Heat flow [W/mg]
o

'
(5}
L

-10 Heating cycle
Onset temperature: 38.2 °C
Latent heat: 148 kJ kg™
-15
30 35 40 45 50 55 60

Temperature [°C]

Fig. 4. DSC analysis of RT42 heat flow against temperature.
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Table 1
Thermophysical properties of RT42.

Property Value

880 (solid)

760 (liquid)

2200 at 10 °C (solid)
2360 (liquid)
Thermal conductivity [W m K] 0.26

Viscosity [kg m™* s71] 0.02

Latent heat [kJ kg~'] 145 (solid)

148 (liquid)

Density [kg m ]

Specific heat [J kg™! K]

Solidus temperature [°C] 38.2
Liquidus temperature [°C] 42.5
Table 2

Operative conditions of experimental tests.

Test name Flow rate [kg h™1] AT erma [°C]

3.100
6_100 100
9.100
3.150
6_150 150
9150
3.200
6_200 200
9.200

O OWORWOoONWw

Q = Mygp-Curr-ATarr (2

where Q is the heat flow rate and cygr is the specific heat of the water.

2.3. Heat loss correction and energy balance

Although the LTES unit was fully insulated, thermal losses towards
the environment occurred in all experiments. To quantify these losses, a
series of tests was carried out using water as the heat transfer fluid, with
inlet temperatures varied between 16 °C and 65 °C while the PCM cavity
was left empty. For each operating condition, inlet and outlet water
temperatures, ambient air temperature and the HTF mass flow rate were
recorded. The mean water temperature was calculated as:

THTF_mean = w (3)

The temperature difference with the ambient was obtained as:

ATy = Tarr_mean — Tamb (4)

At each time step, the heat loss rate to the environment was calcu-
lated as:

oss = Mrr ~Crrr *ATHTF oss 5)
where ATyrr joss is the HTF temperature difference across the LTES unit
measured during tests to evaluate thermal losses. To obtain a repre-
sentative value, Qs was averaged over the entire test duration. For
instance, at a water-to-ambient temperature difference of ATy, = 19.0
K, the measured average heat loss was equal to 18.4 W.

After determining the rate of heat loss to the ambient environment,
this value was subtracted from the measured heat transfer rate, which
provided the actual heat transfer rate to the LTES. With the corrected
heat transfer rate, the energy transferred by HTF is calculated using Eq.
(6).

T2
Enrr = / (Murr-carr ATarr — Quoss)-d7 (6)

1

where Egry is the total energy released by HTF, Qs the heat flow rate
from the LTES unit to the surroundings, and Az = 77 - 72 is the test
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duration. On the other hand, the energy stored in the PCM over a
charging cycle was calculated by combining the energy absorbed by the
PCM during sensible heating of solid, solid-liquid phase change and
sensible heating of liquid, as follows:

Epcv = Mpem-Cpems*ATs + Mpeyr- Ah + Mpear-Cpemp- ATy ()

where Epcy is the total energy stored in PCM, mpcy is the mass of PCM in
the LTES, cpcu;s is the specific heat of PCM in solid phase, cpcu is the
specific heat of PCM in liquid phase, AT is the temperature difference
between PCM's initial temperature and the lower melting temperature of
PCM, AT is the temperature difference between the PCM upper melting
temperature and the HTF inlet temperature, Ah is the latent heat of
fusion required to melt the PCM (Table 1).

Additionally, Eq. (8) is used to calculate the energy absorbed by the
aluminum (Ey):

Eal = mﬂl'cal'ATal (8)

where myg is the mass of aluminum, cg is the specific heat capacity of
aluminum, and ATy is the temperature difference between the final and
initial temperature of aluminum.

2.4. Uncertainty and repeatability analysis

The experimental uncertainty associated with the measured param-
eters was evaluated based on the procedure outlined in JCGM guidelines
[37]. The total uncertainty consists of two components: Type-A and
Type-B contributions. The Type-A uncertainty, which accounts for sta-
tistical variability in repeated measurements, is calculated using the
equation:

o
e

where o is the standard deviation of the measured data, and N, is the
total number of measurements.

Type-B uncertainty originates from calibration procedures and in-
struments' specifications and includes contributions from the Coriolis
mass flow meter (+0.1 % of the measured value) and thermocouples
(£0.1 K). The combined uncertainty is then determined as follows:

U, = \/up? + ug? (10)

For the heat flow rate, the combined standard uncertainty was
calculated by applying the law of propagation of uncertainty as follows:

0Q\’ Q> Q_\*
Ug= \/(uc,rh)2~ (%) + (uc,Tm'F,in)z‘ (OTHTFm) + (uc,Tm'F,auL)z‘ (m)

(1)

Uy =

)]

Finally, the expanded uncertainty was obtained by applying a
coverage factor k = 2, which corresponds to a 95 % confidence level:

Uge = Ug -k (12)

The average combined uncertainty of the heat flow rate was
approximately +3 %, while the average expanded uncertainty across the
entire experimental dataset was +6 %.

To assess the repeatability of the experiments, each test was repeated
twice under identical operating conditions. The comparison showed
good agreement: at ATermg = 9 °C and myrr = 200 kg h~!, the PCM
temperatures differed by less than 1 K throughout the experiment and, in
terms of melting time, the standard deviation between repetitions was
below 6 %, confirming the reliability of the experimental procedure.

Journal of Energy Storage 141 (2026) 119064

3. Experimental results
3.1. Finned LTES unit

Several experiments were conducted to evaluate the thermal per-
formance of LTES design (finned and finless) with PCM during the
charging process. The experiments began with the circulation of HTF
through the channels until the PCM was fully charged. Key performance
indicators such as melting time, thermal power, and energy stored in the
PCM were analyzed under various conditions (see Table 2). Fig. 5 pre-
sents the average temperature profiles of the PCM over time for different
zones within the LTES system. The tests were performed at a constant
mass flow rate of 100 kg h™!, with ATperma of 3 °C, 6 °C and 9 °C,
corresponding to Fig. 5a), 5b), 5¢), respectively. Each graph displays the
average PCM temperature profiles in four distinct PCM zones as well as
the inlet and outlet HTF temperatures.

As shown in Fig. 5a) (ATperma = 3 °C), Zone 1 reaches the lower
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Fig. 5. PCM and HTF temperature profiles for the finned LTES unit at fixed
mass flow rate (100 kg h™!) and different ATjermq: a) 3 °C, b) 6 °C, ¢) 9 °C.
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melting temperature (38.2 °C) at 2210 s and the upper melting tem-
perature (42.5 °C) at 6445 s. In contrast, Zone 4, located farthest from
the inlet, achieves these temperatures much later, at 3360 s and 10,495
s, respectively. This indicates that the heat transfer rate along the PCM
cavity is not uniform. The delayed thermal response in Zone 4 can be
primarily attributed to the reduction in the HTF temperature along the
water channel as consequence of the heat rejected to the PCM in cor-
respondence of the previous zones. In practical applications, such non-
uniform temperature distribution in the HTF may cause localized ther-
mal inefficiencies or incomplete energy utilization if the system is cycled
prematurely. In Fig. 5b) (ATgema = 6 °C), the increased thermal
gradient results in a more rapid temperature rise. Zone 1 reaches the
lower melting temperature earlier (~1745 s), with phase change
completing at around 4360 s, while Zone 4 completes melting at ~7190
s. Compared to the ATpema = 3 °C case, the higher ATemq results in a
higher thermal power output during charging cycles and a more uniform
latent heat absorption across the PCM volume. Fig. 5c), which refers to
AT herma = 9 °C, shows even more accelerated melting across all zones.
The higher inlet temperature significantly increases the driving force for
heat transfer, resulting in shorter melting times and improved charging
performance. In particular, the temperature profiles show that Zone 1
completes melting at ~3315 s, while Zone 4 at ~5560 s.

The melting temperature range, highlighted by horizontal lines
(38.2-42.5 °Q), represents the phase change window of the PCM. Two
vertical dashed lines indicate the beginning (zs4r) and end (z,,q) of the
phase change process of melting, calculated using Eq. (13) as the period
from when Zone 1 reaches the lower melting temperature to when Zone
4 reaches the upper melting temperature. This approach ensures that
charging time reflects the performance of the entire LTES unit.

Tmelt,pPcM = Tend — Tstart (13)

As shown in Fig. 5, the temperature difference (ATpema) Strongly
influences the charging dynamics. Specifically, larger thermal gradients
enhance heat transfer rates, thereby promoting faster energy absorption
and shorter charging times. At ATpema = 3 °C, the complete PCM
charging process takes approximately 13540 s. Increasing the ATierma to
6 °C reduces the charging time by about 7 % (to 12635 s), while a further
increase to ATmermq to 9 °C shortens it by 28 % (to 9768 s).

Fig. 6 illustrates the trend of the melting time (as described by Eq.
13) versus the temperature difference (ATerma €qual to 3, 6 and 9 °C)
for mass flow rates equal to 100, 150, and 200 kg h™ 1. The results clearly
show that both the AT ermq and mass flow rate are important parameters
influencing the phase change dynamics of the PCM. As ATpemq in-
creases from 3 °C to 9 °C, the melting time significantly decreases across
all tested mass flow rates. For instance, at a flow rate of 150 kg hl,
when ATpemq increased from 3 °C to 6 °C, the melting time decreased by
approximately 39 %, from 6755 s to 4170 s. Further increasing ATermar
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Fig. 6. Effect of HTF temperature difference (ATherma = 3, 6, 9 °C) and mass
flow rate (100, 150, 200 kg h™!) on PCM melting time for the finned LTES unit.
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from 3 °C to 9 °C results in a reduction of about 50 %, from 6755 s to
3390 s. Similarly, for any given ATpermq, increasing the mass flow rate
consistently reduces the melting time because higher flow rates deliver
more thermal energy per unit time and result in higher HTC values
realized inside the HTF channels. Regardless of AT ema, raising the HTF
flow rate from 100 to 150 kg h™! shortened the melting time by roughly
22 %, while increasing it from 100 to 200 kg h™! yielded larger re-
ductions of about 35 %. These results are in agreement with the litera-
ture [38-40].

However, while both higher ATmqg and increased mass flow rate
are beneficial for reducing melting time, they come with trade-offs.
Specifically, higher flow rates demand more pumping power and,
thus, energy consumption, and may reduce overall system efficiency.
With regards to the ATermal, it strongly depends on the available energy
source used to charge the LTES unit. Moreover, it must be considered
that excessively high ATpemg values are associated with increased
thermal losses to the environment and increased exergy losses.

The heat transfer rate over time for the charging experiments at three
different temperature differences (ATgerma = 3, 6, and 9 °C) is presented
in Fig. 7. The heat transfer rate serves as a critical factor in how effi-
ciently the HTF releases heat to the PCM during the charging process. In
Fig. 7a), at the lowest flow rate equal to 100 kg h™?, the maximum heat
transfer rate reaches 4 kW for ATermq of 9 °C at the beginning of the
charging process, then declines rapidly over time. Initially, the large
temperature gradient between the HTF and the PCM leads to rapid
sensible heat absorption, corresponding to the steep early heat transfer.
After the first 2000 s, the temperature difference diminishes as the PCM
heats up and begins to melt, causing a progressive reduction in heat
transfer rate. For ATpema = 9 °C, the heat transfer rate progressively
reduces until stabilizing around 100 W by 9800 s, reflecting the slowing
of heat transfer as the PCM approaches complete charging, as the tem-
perature gradient becomes minimal. Steady-state conditions are reached
after approximately 3.7 h for ATerma 0f 3 °C, 3.5 h for AT perma of 6 °C,
and 2.7 h for ATpema of 9 °C, confirming the inverse relationship be-
tween ATpema and total charging duration discussed in Figs. 5 and 6.
The insert in each Figure provides a magnified view of the later charging
stage.

Fig. 7b) illustrates similar trends for a flow rate of 150 kg h™'.
Initially, all ATgemaq trends exhibit high heat transfer rates, rapidly
decreasing as the temperature gradient decreases and the melting pro-
cess proceeds. The case with ATyema = 9 °C results in the highest initial
heat transfer rate (6.9 kW), followed by 6 °C (5.3 kW) and 3 °C (4.8 kW);
as time progresses, the heat transfer rate gradually declines due to a
reduction in the temperature gradient between the HTF and PCM, as
well as the gradual completion of the phase change process. Notably, it is
widely agreed that PCM-based thermal storage systems are never fully
charged during normal operations, as the time required to store the final
fraction of energy increases exponentially with the ever-decreasing heat
transfer rate [26,41]. For example, between 6000 and 8000 s, the heat
flow rate stabilizes and reaches a steady state condition. In this condi-
tion, the system has already reached a high state of charge, storing
approximately 8233 kJ of energy (based on Egs. (7) and (8)). Steady-
state is reached more quickly than at 100 kg h™!. Specifically, it is
reached after about 3.6 h at ATerma = 3 °C, 3 h at AT erma = 6 °C, and 2
h at ATperma = 9 °C.

In Fig. 7¢), at a maximum flow rate of 200 kg h™!, the initial heat
transfer rate reaches around 9 kW for AT erma = 9 °C, more than double
the rate of 100 kg h™!. However, the rate again declines steeply,
reaching about 100 W by 7400 s. The experiment was terminated at this
point, as further charging offered limited insight. Consequently, the time
required for achieving steady-state conditions is shortest: 2.8 h for A
Tihermat Of 3 °C, 2.3 h for ATerma of 6 °C, and 2 h for ATerma of 9 °C.
Across all three cases, the starting heat transfer rate increases with the
temperature difference ATemq, With the highest values observed at A
Tihermat Of 9 °C. This highlights a fundamental trade-off in the charging
process: higher flow rates and larger temperature differences result in
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Fig. 7. Heat transfer rate as a function of time for charging experiments per-
formed with the finned LTES unit: a) 100 kg h'l, b) 150 kg h'l, c) 200 kg hl

faster energy transfer and shorter total charging time, but they also
shorten the duration over which effective energy transfer occurs. In
contrast, lower flow rates extend the heat transfer period, leading to a
more gradual charging process, which could be desirable depending on
the system's operational requirements.

The energy released by the heat transfer fluid and stored by the PCM
and aluminum structure was calculated using Egs. (6)-(8). Across a
range of mass flow rates, initial PCM temperatures, and HTF inlet tem-
peratures, the finned LTES unit demonstrated the ability to store energy
between 7663 kJ and 8233 kJ. These values correspond to the minimum
and maximum stored energy, respectively, and reflect the system's
ability to effectively store thermal energy under varying operating
conditions. For comparison, a sensible energy storage system of the same
size, filled with water (about 34 kg) and working under the same HTF
conditions, would be able to store up to about 6400 kJ, roughly 20 % less
compared to the LTES unit.

On the other hand, the charging cycle efficiency was evaluated using
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Eq. (14), defined as the ratio of energy stored in the PCM and aluminum
to the energy released by HTF. The resulting efficiency ranged between
79 % and 87 %, depending on the test conditions.

__ Energy stored by PCM and aluminum

Energy released by HTF 100 a4

The relatively high efficiency underscores the effectiveness of the
finned unit in storing thermal energy, with the fin design playing an
essential role in improving the heat transfer and storage process. The
maximum efficiency of 87 % was achieved at the highest mass flow rate
(200 kg h™") and ATyerma (9 °C), indicating that the LTES unit is most
effective in storing thermal energy under these operating conditions.
Notably, the efficiency of the LTES unit depends on several factors,
including the thermophysical properties of the PCM, mass flow rate,
temperature difference, ambient temperature, the initial PCM temper-
ature at the start of the test and heat losses to the surroundings, all of
which impact the system's overall performance.

3.2. Comparison between finned and finless LTES units

In Fig. 8, a comparison of finned and finless units during the charging
process is presented at a mass flow rate of 200 kg h™! and ATyerma Of 9
°C. The Figure illustrates the temperature profiles of PCM and HTF
versus time, where the PCM temperature of each zone represents the
average value among the thermocouple measurements within that zone.
In Fig. 8a), which depicts the results obtained with the finned unit, the
PCM experiences a rapid temperature rise across all zones, especially
during the early stage of the charging process, due to a higher heat
transfer rate. The temperature profiles show that the PCM closest to the
HTF inlet (zone 1) reaches the lower melting temperature faster than
zones more distant from the inlet. As time progresses, all zones even-
tually reach a steady state condition, following the typical three-stage
heating pattern: sensible heating in the solid phase, latent heat ab-
sorption during phase change, and sensible heating in the liquid phase.
The presence of fins improves the heat exchanged by increasing the
effective heat transfer surface area, promoting more uniform and faster
PCM charging across all zones.

Conversely, Fig. 8b) presents the temperature profiles for the finless
unit, where the heat transfer occurs at a much slower rate compared to
the finned unit due to the absence of aluminum fins. This results in a
more gradual temperature rise and a delayed occurrence of phase
change in the finless unit, resulting in a longer time to reach a steady
state condition compared to the finned unit.

The effect of fin integration is clearly demonstrated in the charging
duration and energy storage performance. The finned unit completes the
charging process in almost 2 h, whereas the finless unit requires nearly 8
h, demonstrating a fourfold reduction in charging time due to the
presence of fins. The vertical red line in both graphs marks the point at
which the temperature of the PCM in all zones and the HTF temperatures
are within 1 K, indicating that the system has achieved a nearly uniform
temperature distribution. It is interesting to note that, after a period of
7400 s at the flow rate of 200 kg h~'and ATermar = 9 °C, the finned unit
stores 7990 kJ of thermal energy (i.e., it is almost completely charged),
while the finless unit has accumulated 2200 kJ. This highlights the
significant role of fins in enhancing thermal performance and acceler-
ating the charging process of the LTES units. Overall, these results
demonstrate that the finned design may offer superior responsiveness,
shorter melting time, and more complete exploitation of the PCM stor-
age potential for applications requiring rapid and repeated thermal
cycling.

Fig. 9a) compares the melting times of the finned and finless LTES
units at a constant mass flow rate (200 kg h™1) across three temperature
differences (ATerma Of 3 °C, 6 °C, and 9 °C). The graph illustrates a
significant difference in the melting time between the two configura-
tions. The finless unit exhibits considerably longer melting times across
all temperature differences, highlighting its lower thermal performance.
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An increase in ATpemq significantly reduces the melting time for both
configurations. However, fins in the finned unit substantially enhance
the phase change process, as evidenced by considerably lower melting
times than the finless unit. At ATpema = 3 °C, the finless unit takes
34700 s to complete the charging process, while the finned unit com-
pletes the process in just 5700 s, resulting in an 84 % reduction in the
melting time for the finned unit. When ATyemq increases to 6 °C, the
finless unit's melting time drops to 13900 s, while the finned unit re-
quires only 3600 s (74 % reduction). At the highest temperature dif-
ference of ATperma = 9 °C, the melting times for the finless and finned
units further decrease to 5390 s and 2695 s, respectively (50 % reduction
for the finned unit).

Fig. 9b) illustrates the effect of mass flow rate on melting time at a
fixed AThermat Of 6 °C, considering three mass flow rates (100, 150, 200
kg h™1). In both finned and finless configurations, increasing the flow
rate reduces melting time, as higher flow rates result in enhanced
convective heat transfer coefficients at the HTF side and more uniform
temperature distribution along the water flow direction. Specifically,
when the flow rate increases from 100 to 200 kg h™!, the melting time
decreases by approximately 22 % (from 17650 s to 13940 s) for the
finless unit and 34 % (from 5445 s to 3590 s) for the finned unit.
Interestingly, the ratio of melting time between the two configurations
remains almost constant (at about 28 %) for all the flow rate conditions.
This indicates that forced convection on the HTF side exerts the same
effect on both units.

From Fig. 9, it can be concluded that a higher temperature difference
generally enhances heat transfer, resulting in shorter melting times,
which holds true for both the finned and finless units. In the finned unit,

the melting time shows an almost linear trend with the temperature
difference. This could be explained considering the dominant effect of
thermal conduction on the heat transfer rate in the LTES unit. Natural
convection is not expected to exert a significant influence as the PCM is
confined within narrow cavities enclosed by fins. On the other hand, in
the finless unit, the melting time displays a non-linear dependence on
the temperature difference. Indeed, thermal conduction and natural
convection are both present and act concurrently to the overall heat
transfer [42,43].

4. Numerical modeling of the LTES unit
4.1. Model description

A numerical model of the LTES unit was developed in MATLAB®
environment to study the thermal behaviour under different operating
conditions. The system has been modeled using a resistance-capacitance
(RC) approach, assuming constant thermophysical properties in each
node. Considering the presented LTES unit, there are three principal
media where heat transfer occurs, corresponding to different dis-
cretization types: water, container (aluminum), and PCM+fins assem-
bly. A schematic of the discretized domain, considering the different
materials, is reported in Fig. 10. The Figure depicts the LTES unit's top
view, subdivided into 9 rows and 31 columns matrix, whose PCM ele-
ments have a 4 cm square cross-section. This element size was selected
to ensure numerical accuracy, with deviations below 1 % compared to
finer grids, while maintaining an acceptable computational time. The
total discretization consists of two stacked matrices of the same size: the
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Fig. 10. Nodal discretization of LTES unit (top view).

vertical length of the top discretization is 31 cm (Fig. 10), whereas the
vertical length of the bottom discretization is 0.5 cm (equal to the bot-
tom container thickness). The top matrix contains aluminum elements
(136 nodes), water elements (87 nodes), and PCM-+fins elements (75
nodes), whereas the bottom matrix contains only aluminum elements
(279 nodes).

In the present model, the following assumptions are made:

- The heat transfer towards the environment is neglected (as experi-
ments confirmed their influence to be negligible),

- Natural convection is neglected in the liquid PCM. Fins are assumed
to limit this phenomenon [44,45],

- The heat capacity of water is neglected: thermal inertia is assumed to
be negligible compared to convection.

The effect of natural convection during PCM melting was dis-
regarded in the present model due to the limited spacing between
adjacent aluminum fins (<1 cm). This assumption is consistent with
previous studies where the contribution of convection in confined PCM
geometries was found to be negligible. For example, Stathopoulos et al.
[44] adopted the same simplification in the numerical model of an air-
PCM plate-and-fin heat exchanger with cavity dimensions (1000 mm
x 200 mm x 18 mm) much larger than those considered in the present
work. Similarly, Zivkovic and Fujii [46] validated a computational
model of a rectangular container (100 mm x 100 mm x 20 mm),
concluding that, for the considered flat thin container, the effects of
natural convection within the liquid PCM could be ignored without
introducing a significant error in the prediction of the temperature
variation with time within the PCM. Neumann et al. [45] also neglected
the contribution of natural convection in the simulation of a fin-and-
tube heat exchanger with paraffin, owing to the small distance be-
tween fins (5 mm). More recently, Berto et al. [10] reported the same
assumption for a latent TES integrated with an evaporator for a com-
pressed air dryer. The PCM enclosure had a fin spacing of 9 mm and a fin
height of 12 mm.

In the present LTES unit, the height of the PCM fins is 12 mm and the
fin spacing is 8 mm, dimensions comparable to or smaller than those
considered in the cited works. Given these geometric constraints and the
thermophysical properties of paraffin-based PCMs, the effect of natural
convection can be reasonably regarded as negligible.

Each element is modeled with a heat balance equation that depends
on its material and that of the adjacent elements. A generic node of
aluminum and PCM (including the liquid PCM) is described by the un-
steady energy conservation equation arising from the application of
Fourier's law:

10

i HTF
I PCM
|
. X
Tk —Tix)  Aya Ay-A
pvic (7 ! )_ (T Tk )+ (T )
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(T )
Ax-A Ax-A
o () + =1 2 (T~ T )
(15)

where implicit temporal discretization is used. In Eq. (15), i,j and k
identify the nodes in the two horizontal (x,y) and vertical (z) directions
and Ax, Ay, Az represent the distance between the nodes. The subscripts
of the generic thermal resistances R are defined accordingly. In Eq. (15),
there is only one term referring to the nodes along z, since only two
discretizations are realized in the vertical direction.

In the PCM domain, a simplified version of the so-called effective
specific heat method [47] is used to account for the phase change. In the
process, an apparent specific heat capacity cpcy is used in the phase
change temperature range:
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In the heat transfer fluid elements, an advection term is also
considered. For a generic HTF node surrounded by two aluminum nodes
in which the fluid flows along the x direction, it results:
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where myrr , is the flow rate of HTF in the channel. In Egs. (15) and (17)
the total thermal resistance depends both on the materials between two
nodes and the direction of the heat flow. In the case of HTF discretiza-
tion, the total resistance is calculated as a series between the thermal
resistance due to conduction through the aluminum wall, and the
resistance due to the HTF flow in the channel:

(18)

1
Rurpwan = 77—
wyy T OmHTF

where A, is the thermal conductivity of aluminum, wy is the wall
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thickness and ayrr is the convective heat transfer coefficient on the HTF
side. The latter is calculated according to Eq. (19):

Nu';[HTF
— _ 7HIF 1
QHTF D, (19)
where Nu is the Nusselt number, calculated as follows:
1
Nu = j-Re-Pr3 (20)

In Egs. (19) and (20) the hydraulic diameter Dy, Colburn factor j,
Reynolds number and Prandtl number are calculated using Egs. (21)—
(26) as a function of the geometry of the off-strip fins (Figure 11) and the
mass flow rate of the HTF in the channel [48,49]:

A=H(1-nt)L (21)

where n is the number of off-strip fins per unit length, tis the thickness of
the fins, H is the fins' height and L is the HTF channel width. The fin
spacing s and the fin length [ are also considered in the definition of the
hydraulic diameter:

2:(s—t)-H

Dy = (22)
{(s —t)+H+ *%}
Re = % (23)
Pr = 57” (24)
If Re > 1500 :
l —-0.24 t 0.02
j=021.Re™ . (17’) (Dj, ) (25)
If Re < 1500 :
1\ 7% s\ -014
j — . 70'5. —_— o —
j=0.53Re (Dh> (H) (26)

In the PCM + fins domain, the thermal resistances have been
determined as a function of an apparent thermal conductivity Aqyp,
calculated assuming that the fins are rectangular, according to Figs. 11
and 12. Given the high thermal conductivity of aluminum compared to
the PCM, the calculation of the apparent thermal conductivities has been
realized considering the length and thickness of the aluminum fins and
plate along the x and y direction.

Aapp x
Rpemx = KI; 27)
R _ j«app\y (28)
PCMy — Ay
H
—
i
t |

Fig. 11. Scheme of the off-strip fins inside the HTF channel.
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Fig. 12. PCM element view from the top, considered for the calculation of the
apparent thermal conductivity.

The solution procedure, summarized in the flowchart (Fig. 13), be-
gins with the definition of the system geometry, material properties, and
the initial temperatures of both the PCM and the wall. The inlet tem-
perature and mass flow rate of the HTF are also fixed. The model adopts
a fully implicit finite-difference scheme to evaluate nodal temperatures.
At each time step, nodal values are updated according to Egs. (15)—(17),
and the net heat flux exchanged with adjacent nodes is computed. This
heat flux represents the total heat released or absorbed by the material in
the node. The fluxes are then summed to verify energy conservation
within the domain. If the cumulative imbalance exceeds a predefined
tolerance (i.e., 0.1 W), the iteration is repeated using the updated tem-
peratures with an under-relaxation factor to improve numerical stabil-
ity. If the condition is satisfied, the solution advances to the next time
step.

A time step of 5 s was selected as the optimal compromise between
computational effort (which would benefit from higher time step) and
model accuracy (which would benefit from smaller time step), leading to
numerical deviations in melting time predictions below 0.1 %.

4.2. Validation of the model

The experimental database obtained with the finned unit at different
temperature differences (ATermqg) and mass flow rates were used to
validate the proposed model. The model inputs are listed in Table 3.
Fig. 14a) shows the experimental and calculated temporal evolution of
average temperature profiles in the PCM cavity for three temperature
differences of 3, 6, and 9 °C at a flow rate of 200 kg h~L. The PCM
temperature was obtained by averaging the values recorded by the zonal
thermocouples positioned in the unit's central axis. As expected, the case
with a temperature difference of 9 °C accelerates the charging process,
reaches a steady state condition more quickly. In this case, the system
approaches a near steady state at approximately 6000 s. The calculated
profiles (dashed lines) align closely with the experimental data (solid
lines), demonstrating the model's accuracy in predicting the overall
thermal response of the PCM during the charging process.

In addition to the zone-averaged validation (Fig. 14a), a quasi-local
validation was performed by comparing experimental and numerical
PCM average temperatures along the central axis in two representative
regions (Zones 1 and 4). Such comparison is shown in Fig. 14b), where
the experimental values for Zone 1 and Zone 4 are respectively the
average of the measurements from thermocouples 5-8 and 29-32, while
the numerical counterparts are calculated as the average of the two
computational nodes located at almost the same positions as the ther-
mocouples. The predicted profiles show very good agreement with the
measurements, with maximum deviations below 1 K. This corroborates
that the model can reproduce not only the zone-averaged behaviour
shown in Fig. 14a), but also quasi-local temperature dynamics at distinct
positions, thereby strengthening confidence in its predictive capability.

The experimental and calculated melting times at varying ATmermal
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Table 3
@ Model inputs.
Parameters Value
Inputs: Aluminum specific heat [J kg~ ' K™'] 903
- Geometry & material properties Alum%num then}'lal COﬂdl{Cﬁthlty Wm™K™] 185
- HTF inlet temperature & flow rate Alum%num de"my, Lkg m™ | 2750
L Aluminum wall thickness [m] 0.005
" '_)CM initial temperatu-re PCM thermal conductivity [W m™~ K!] 0.26
- Time step & test duration PCM fin thickness [m] 0.0003
v PCM fin pitch [m] 0.0083
Calculation of heat transfer PCM fin ?mgh.t [m] 0.012
. X PCM cavity width [m] 0.12
Coefficient on the HTF side HTF channel thickness [m] 0.003
L 2 HTF fin thickness [m] 0.0002
HTF fin pitch [m] 0.003
Property initialization: HTF fin height [m] 0.003
- Set the initial node temperatures HTF fin length [m] 0.005
HTF flow rate [kg h™'] 100, 150, 200
v HTF temperature at inlet [°C] 46, 49, 52

/ Start of iterations /

S
L 4

Calculation of the node temperature
(PCM nodes)

L Z

Calculation of heat released/absorbed by
PCM nodes

v

Calculation of the node temperature
(aluminum nodes)

v

Calculation of heat released/absorbed by
aluminum nodes

L 2

Sum of net heat flow in each node

No
New iteration

Sum < tolerance?

T = test duration?

Fig. 13. Block diagram of the model resolution algorithm.

(3, 6, and 9 °C) and flow rates (100, 150, and 200 kg h™1)are reported in
Fig. 15. The melting time was calculated using Eq. (13), as the time
difference between the lower melting temperature reached in Zone 1
and the upper melting temperature reached in Zone 4. The markers on
the graph represent the melting time for each case, while the error bars
(dashed lines) indicate a + 10 % uncertainty. The data points align
closely with the bisector line, with a maximum relative deviation be-
tween calculated and experimental values of 6 %.
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Time step [s] 5
Total simulation duration [s] Until it reaches steady state

4.3. Parametric study to find optimal geometries

Once the numerical model was validated, it was employed for
parametric studies to analyze the effect of various factors, such as the
geometry of the finned surface within the PCM cavity, on the perfor-
mance of the LTES unit. Specifically, the study focused on the influence
of fin thickness, height and pitch on key performance metrics, including
melting time and stored energy. The thermal conduction in the LTES
unit is enhanced by the aluminum finned surface, whose geometrical
parameters dictate the system's heat transfer efficiency. Hence, exam-
ining the effect of these geometrical parameters on the model output is
worthwhile. Table 4 summarizes the results of the parametric study,
highlighting how fin geometry variations affect melting time and stored
energy. The analysis uses a reference case as the baseline, with fin
thickness, height and pitch set at 0.03 cm, 1.2 cm, and 0.83 cm,
respectively.

The fin thickness was varied from 0.03 cm (reference case) to 0.06
cm, 0.09 cm, and 0.12 cm. As shown in Table 4, increasing fin thickness
(e.g., cases 8, 15, and 22) reduces the PCM mass due to the increased
volume occupied by the fins, with a reduction of the PCM mass from 27
kg (reference case) to 24.8 kg, 22.8 kg, and 21 kg in cases 8, 15, and 22,
respectively. Additionally, thicker fins significantly enhance heat con-
duction, leading to shorter melting times. For example, with a thickness
of 0.12 cm (case 22), the melting time is reduced to 1675 s compared to
2675 s in the reference case. However, thicker fins result in lower stored
energy due to the reduced PCM mass (6369 kJ for case 22 compared to
7066 kJ in the reference case).

The effect of varying fin height was examined using 0.6 cm, 1.2 cm
(reference case), 1.8 cm, and 2.4 cm. The results indicate that increasing
fin height (e.g., cases 1, 2, and 3) slightly increases PCM mass, as taller
fins occupy less lateral space, allowing more PCM to be accommodated
in the cavity. For example, PCM mass increases from 27 kg in the
reference case to 27.5 kg and 27.8 kg in cases 2 and 3, respectively. In
comparison, taller fins result in slower heat transfer, leading to longer
melting times compared to the reference case (e.g., from 2675 s for the
reference case to 3035 s for case 2 and 3355 s for case 3). Despite the
longer melting times, taller fins slightly enhance stored energy due to
the higher PCM mass. For example, stored energy increases from 7066
kJ (reference case) to 7144 kJ in case 3.

The analysis also explored fin pitches of 0.42 cm, 0.56 cm, 0.83 cm
(reference case), and 1.67 cm. As reported in Table 4, decreasing fin
pitch (e.g., cases 4, 5, and 6) increases the number of fins and reduces
the PCM mass within the PCM cavity. For instance, PCM mass decreases
from 27.5 kg (case 4) to 25 kg (case 6) as pitch decreases from 1.67 cm to
0.42 cm. A smaller pitch improves heat transfer due to the increased
overall heat transfer area, resulting in shorter melting times, as the
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Fig. 14. a) Comparison between experimental and calculated average PCM temperatures at mass flow rate of 200 kg h™! and ATjemq of 3, 6, and 9 °C; b) com-
parison between experimental and calculated quasi-local PCM temperatures in Zones 1 and 4 considering the central area of the unit, at mass flow rate of 200 kg h™!
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Fig. 15. Comparison of melting time between experimental and calcu-
lated results.

closer spacing of fins improves heat conduction. For instance, at a pitch
of 0.42 cm (case 6), the melting time is 2025 s compared to 2675 s in the
reference case. However, a smaller fin pitch reduces the available space
for PCM mass, leading to lower stored energy. For instance, stored en-
ergy decreased from 7130 kJ in case 4 to 6871 kJ in case 6.

The observed trade-off between PCM mass, melting time, and stored
energy suggests that cases with higher PCM mass, such as case 3 (27.8
kg), show longer melting time (3355 s) but higher stored energy (7144
kJ). Conversely, cases with lower PCM mass, such as case 27 (17 kg),
demonstrate shorter melting times (1425 s) but lower stored energy
(5965 kJ). The design choices are driven by the trade-off between
maximizing stored energy and minimizing melting time. If the primary
goal is to maximize stored energy, configurations like Case 3 (fin
thickness: 0.03 cm, fin height: 2.4 cm, fin pitch: 0.83 cm) are optimal, as
they provide the highest stored energy (7144 kJ). On the other hand, if
the priority is faster melting time with a reasonable amount of stored
energy, configurations like Case 6 (fin thickness: 0.03 cm, fin height: 1.2
cm, fin pitch: 0.42 cm) are better, achieving a much faster melting time
(2025 s) while still storing 6871 kJ of energy. Designers may adjust these
parameters based on their specific application needs — whether it re-
quires higher energy storage or faster melting time.

Fig. 16 illustrates the relationship between the melting time and the
specific stored energy (kWh m™3) in a thermal storage system, with data
from Table 4 plotted as blue circles. A third-order polynomial regression

13

fitted to the data, shown as a dotted line, achieves an R? value of 0.98,
demonstrating excellent agreement with the simulated data.

The numerical results emphasize that the thermal storage system
performance depends on balancing specific stored energy and melting
time. Larger fin height and moderate fin pitch enhance stored energy but
prolong melting times, while designs with smaller fin pitches and
reduced fin height shorten melting time but reduce energy storage. The
regression model confirms that optimizing one parameter inherently
impacts the other, making it crucial to select design parameters based on
the application's specific needs, whether prioritizing maximum energy
storage or faster melting time.

5. Conclusions and future work

This study presented a comprehensive experimental and numerical
investigation of bar-and-plate latent thermal energy storage (LTES)
units, comparing finned and finless configurations during charging
under different conditions of heat transfer fluid mass flow rates (100,
150, 200 kg h™!) and inlet temperatures (46, 49, and 52 °C). The key
findings are summarized as follows:

e In the finned unit, the higher the ATemg and mass flow rate, the
shorter the melting time. Increasing ATyermq from 3 °C to 9 °C at 200
kg h™! reduced the melting time by 53 % (from 5705 s to 2695 s).
Conversely, increasing the mass flow rate from 100 to 200 kg h™! at
ATerma = 9 °C, reduced melting time by 36 % (from 4185 to 2695 s).
A maximum efficiency of 87 % was observed at the highest ATema
and mass flow rate, with the finned unit storing between 7663 kJ and
8233 kJ.

e Compared to the finless unit, the presence of fins resulted in a
charging time reduction by up to 84 % under a temperature differ-
ence of 3 °C and a mass flow rate of 100 kg h™?, with melting time
decreasing from 34775 s (finless) to 5705 s (finned). Increasing the
mass flow rate from 100 to 200 kg h™! further shortened the melting
time by up to 36 % (5445 s to 3590 s). Overall, the finned unit
completed charging in just 2 h compared to 8 h for the finless unit, at
AThermar €qual to 9 °C and mass flow rate of 200 kg hL
A numerical model of the LTES unit using a resistance-capacitance
approach was developed and validated with experimental data,
achieving high accuracy in predicting temperature profiles, heat
transfer rate, melting times, and stored energy. In particular, the
maximum deviation between experimental and numerical values of
melting time was below 6 %.

Parametric analysis of the effect of finned surface geometry on the

LTES unit performance revealed significant trade-offs: larger fin

height and moderate fin pitch increase stored energy but prolong
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Results of the parametric study. Effect of varying geometrical parameters (fin thickness, pitch, and height) on melting time and stored energy.

Case Fin thickness [cm] Fin height [cm] Fin pitch [em] Melting time [s] PCM mass [kg] Stored energy [kJ]
Reference case 0.03 1.2 0.83 2675 27 7066
1 0.6 0.83 2185 26 6930
2 1.8 0.83 3035 27.5 7114
3 0.03 2.4 0.83 3355 27.8 7144
4 1.2 1.67 2750 27.5 7130
5 1.2 0.56 2155 26 6965
6 1.2 0.42 2025 25 6871
7 0.6 0.83 1830 22.8 6576
8 1.2 0.83 2135 24.8 6816
9 1.8 0.83 2340 25.6 6908
10 0.06 2.4 0.83 2505 26 6956
11 1.2 1.67 2185 25.8 6930
12 1.2 0.56 2020 24 6708
13 1.2 0.42 1915 23 6597
14 0.6 0.83 1605 20 6277
15 1.2 0.83 1865 22.8 6583
16 1.8 0.83 2015 24 6704
17 0.09 2.4 0.83 2135 24.4 6769
18 1.2 1.67 1970 24.2 6746
19 1.2 0.56 1735 21.5 6526
20 1.2 0.42 1625 20 6266
21 0.6 0.83 1445 18 6018
22 1.2 0.83 1675 21 6369
23 1.8 0.83 1815 22 6513
24 0.12 2.4 0.83 1915 23 6592
25 1.2 1.67 1830 23 6577
26 1.2 0.56 1545 19 6170
27 1.2 0.42 1425 17 5965

melting times, whereas designs with smaller fin pitches and reduced
fin height accelerate melting but reduce energy storage. Thus, opti-
mizing one parameter inherently affects the other, highlighting the
need to select finned surface design according to the specific appli-
cation requirements, whether prioritizing maximum energy storage
or faster melting.

Overall, the present finned bar-and-plate LTES design allows to reach
nearly 60 kWh m~3, enabling faster charge-discharge rates thanks to the
extended surface area provided by the fins. Therefore, the present LTES
system represents a compact and efficient solution for rapid thermal
energy storage, offering significant advantages for applications
requiring fast and repeated thermal cycling, such as domestic hot water
and renewable energy integration.

Future research will focus on integrating the finned LTES unit in a
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Fig. 16. Specific energy stored versus melting time results of the para-
metric study.
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real energy system prototype for the conversion of the solar thermal
energy. Additional efforts will include optimizing the fin geometry and
applying dynamic HTF temperature profiles to better reproduce real
operating conditions. Together, these studies are intended to improve
the efficiency, durability, and practical deployment of finned LTES
systems in renewable energy applications.
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