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ARTICLE INFO ABSTRACT

Keywords: The integration of organic Phase Change Materials (PCMs) in building walls has become essential to surpassing
Thermal management the limitations of conventional insulation. Within this scope, we developed novel Ethylene-Propylene-Diene
PCM

Monomer (EPDM) composite materials incorporating paraffin as PCM. To achieve this, Expanded Graphite
(EG) was introduced via a preliminary vacuum impregnation process. This carbonaceous filler acts as a multi-
functional support, ensuring shape stability and enhancing the structural integrity of the rubber matrix. The
resulting composites exhibit an outstanding melting enthalpy of 167 J/g—a record-high value for EPDM-based
systems within the 22-31 °C range—while the percolative EG network raises thermal conductivity to 1.7 W/m-K
(a ten-fold increase over the neat PCM). Dynamic thermal tests in a climatic chamber confirmed a significant
thermal lag and the ability to dampen temperature peaks effectively. Furthermore, mechanical characterization
at 21 °C and 40 °C demonstrated that the panels maintain a compressive strength exceeding 0.1 MPa even when
the PCM is molten, ensuring structural reliability during storage and transport. In summary, leveraging a superior
synergy between heat storage and thermal transport validated by Figure of Merit (FoM) analysis, these novel
PCM/EG-based panels offer a high-performance solution for passive cooling applications in sustainable

EPDM rubber
Composite Mechanical Modelling
Expanded Graphite

architecture.

1. Introduction

Currently, the building sector is one of the primary contributors to
energy consumption in Europe, accounting for approximately 27% of
the EU's total energy use [1,2]. Notably, 85% of EU buildings were
constructed before 2001, and the majority exhibit poor energy perfor-
mance [3,4]. Enhancing building energy efficiency is therefore critical
for reducing energy waste, lowering utility costs for individuals and
small businesses, and achieving a zero-emission building stock by 2050,
in alignment with the European Green Deal [2]. Furthermore, improving
thermal performance of buildings serves to alleviate energy poverty and
strengthen Europe's energy independence. Meeting these objectives re-
quires a dual strategy: reducing energy demand through optimized
insulation of inefficient structures [5], and developing advanced
building systems that integrate technologies for thermal energy transfer
and storage to attenuate peak loads and optimize energy use over time
[6-8].

* Corresponding authors.

Phase Change Materials (PCMs) have been extensively researched for
their ability to absorb and release significant latent heat during phase
transitions, a characteristic that makes them ideal for thermal regulation
applications [9-14]. Generally, PCM applications are categorized into
two primary fields: Thermal Energy Storage (TES) and Thermal Energy
Management (TEM). In TES, PCMs store heat over extended periods to
reduce cumulative energy demand and shift peak loads [15-17].
Conversely, in TEM, PCMs function as thermal buffers to mitigate tem-
perature spikes in systems subjected to high thermal fluxes, such as
electronic components, battery arrays, or building envelopes exposed to
fluctuating solar radiation [18-22].

Over the past two decades, TEM has emerged as a vital research area
for improving energy efficiency in civil applications. Among the various
types of PCMs, fatty acids and paraffin waxes are frequently utilized in
building applications due to their favourable thermal properties,
chemical stability, and phase-change temperatures that align with in-
door comfort requirements [23-25]. Despite these advantages, their
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practical implementation is often hindered by low thermal conductivity
[26-28] and the risk of leakage during phase transitions [29-34]. To be
effectively integrated into building envelopes, PCMs must be stabilized
to ensure structural compatibility and containment. Numerous studies
have confirmed that embedding stabilized PCMs within walls or floors
can effectively dampen indoor temperature fluctuations, shift peak
heating and cooling loads, and significantly enhance occupant thermal
comfort [35-41].

To address these limitations, PCMs are often incorporated into
porous support matrices to create shape-stabilized composite PCMs. A
notable advancement involves the double shape stabilization of PCMs
within a porous support, like organ-modified montmorillonite (o0MMT),
and an elastomeric phase, like an ethylene-propylene diene monomer
(EPDM) rubber matrix, selected for its flexibility, durability, and easy
processing into panels [28,42]. This material has been successfully
implemented for building temperature regulation by cladding walls with
EPDM-based heat-absorbing panels, which demonstrated exceptional
efficacy under summer conditions [43]. An alternative strategy involves
embedding PCMs into high-conductivity carbon-based scaffolds [44].
Expanded graphite (EG), in particular, offers exceptionally high thermal
conductivity along its basal planes [10]. Previous research demon-
strated that incorporating 14 wt% EG into a stearic/palmitic acid PCM
increased the thermal conductivity from 0.2 to 8.3 W/(m-K), —a 40-fold
improvement—while the latent heat decreased only marginally from
196 to 169 J/g [45]. Moreover, EG contributes to the physical stabili-
zation of the PCM by absorbing it into its porous structure, where the
PCM remains confined even in the liquid state because of capillary
forces. This mechanism prevents leakage during the phase transition
while simultaneously establishing continuous thermal pathways that
enhance the overall conductivity of the composite [46,47]. Within these
form-stable composites, EG serves as a lightweight structure, percolating
through the PCM molecules to establish a continuous thermal conduc-
tive network.

Moving beyond rigid carbonaceous scaffolds, recent literature has
begun exploring the integration of these conductive networks directly
into elastomeric matrices, mirroring the multi-phase stabilization
approach. However, these recent advancements have been exclusively
tailored for high-temperature industrial applications. For instance, Chen
et al. [48] developed an EPDM/PCM/EG composite exhibiting a latent
heat of 140 J/g under compressive loading-unloading cycles, but the
melting temperature was restricted to the 40-50 °C range, making it
unsuitable for ambient indoor comfort and instead targeting battery
thermal management. Similarly, Shi et al. [49] incorporated exfoliated
graphene nanoplatelets (GNP) into an EPDM/PCM system, achieving
thermal conductivities up to 1.46 W/(m-K) but operating strictly within
a high-temperature photovoltaic cooling window (40-65 °C). To address
other harsh industrial environments, such as oil-immersed transformers,
a flexible nitrile butadiene rubber (NBR)/PCM/oMMT composite was
fabricated by Chen et al. [50], which suffered from lack of thermal
conductivity data and operated at excessive temperatures (60-75 °C),
far beyond the scope of civil engineering envelopes.

While these recent works demonstrate the thermal and structural
potential of combining conductive carbon fillers with elastomeric
blends, their integration into flexible EPDM matrices for ambient-
temperature building applications remains an unaddressed gap in
literature. Consequently, the aim of this study is replacing oMMT with
EG to simultaneously overcome the low thermal conductivity of clay-
based supports and the extreme operational temperatures of recent
carbon-elastomer blends. This facilitates higher PCM loading and
enhanced heat transfer specifically tailored for the human comfort
temperature range of 20-30 °C. A commercial paraffin with a melting
point of 28 °C was used as the PCM and vacuum-impregnated into EG.
These components were then blended in various weight ratios with an
elastomeric EPDM matrix to produce composite panels with tailored
properties. The primary objective was to develop panels capable of
providing the highest possible thermal management ability by
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maximizing their melting enthalpy. Following a preliminary study to
determine the ideal composition, a comprehensive thermophysical and
mechanical characterization was conducted on the prepared panels,
accompanied by theoretical modelling of the composite stiffness. The
produced PCM/EG rubber panels are compared in the final section using
a Figure of Merit (FoM), which summarizes the main findings and
benchmarks them against available literature research regarding the use
of PCMs in different temperature ranges. Hence, this study aims to
bridge the gap between high-capacity thermal storage and structural
reliability, providing a scalable solution for energy-efficient building
envelopes.

2. Experimental part
2.1. Materials

The organic PCM selected for the action of thermal regulation of
building is RT28HC (RT28), a paraffin provided by Rubitherm GmbH
(Berlin, Germany). It was characterized by melting enthalpy of 250 J/g
and melting peak in the range 27-29 °C.

The Expanded Graphite (EG) used as conductive and structural filler
was “SIGRAFLEX® Highly Conductive Expanded Graphite Powder”,
provided by SGL Carbon GmbH (Meitingen, Germany), characterized by
tapped density of 25 g/L at room temperature.

Vistalon® 2504 EPDM rubber is an amorphous terpolymer with low
Mooney viscosity (ML 1 + 4, 125 °C) of 25 MU, medium diene content
(4.7 wt% of ethylidene norbornene), and low ethylene content (58 wt
%); it was supplied by Exxon Mobil (Irving, TX, USA). Zinc oxide (curing
activator), stearic acid (curing activator and lubricating agent), and
sulfur (vulcanizing agent) were supplied by Rhein Chemie (Cologne,
Germany). The accelerants, tetramethylthiuram disulphide (TMTD) and
zinc dibutyl dithiocarbamate (ZDBC) were obtained from Vibiplast srl
(Castano Primo, Milan, Italy). Carbon black (N550), supplied by the
Omsk Carbon Group (Omsk, Russia), was used as a reinforcing filler.

Nitrile-butadiene rubber (NBR) foils (thickness equal to 0.4 mm),
with high acrylonitrile content (45 wt%), were purchased on the market.
The NBR foils contained around 33 wt% of inorganic fillers in their
composition, i.e. talc (11 wt%), kaolin (11 wt%), and silica (11 wt%).

2.2. Sample preparation

The samples were prepared in successive stages, beginning with the
vacuum impregnation of the PCM into the EG. This initial shape-
stabilization step was performed directly within a rotavapor (Fig. 1a),
following procedures established in previous research [45,46]. Initially,
the solid PCM and EG fillers were charged into a flask and subjected to a
brief manual blending to ensure initial macroscopic distribution. The
system was then connected to a rotary evaporator (Fig. la). While
maintaining a constant rotation speed of 20 rpm, a vacuum of 10 mbar
was applied at room temperature. This step was specifically designed to
thoroughly evacuate air from the porous network of the EG prior to PCM
infiltration, while the organic phase remained entirely in the solid state
during this preliminary evacuation phase. Subsequently, the water bath
was heated to approximately 90 °C, and the apparatus was maintained
under vacuum for 30 min to ensure the molten PCM fully infiltrated the
EG matrix. Continuous rotation was strictly maintained throughout this
thermal step to guarantee a highly homogeneous impregnation.
Following the infiltration period, the rotation was stopped, the vacuum
was broken, and the flask was detached from the rotary evaporator. The
mixture was then allowed to cool ambiently to room temperature,
yielding a stable powder in which the PCM was successfully shape-
stabilized. Three PCM/EG formulations were prepared by varying the
EG content, expressed in parts per hundred ratio (phr). The respective
sample codes and compositions for each formulation are listed in
Table 1.

The neat EPDM compound was prepared by mixing the ingredients in
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Fig. 1. Composite panel production scheme: a) PCM impregnation in EG by using Rotavapor; b) compounding; ¢) vulcanization and enveloped panel realization via

hot compression moulding.

Table 1
Codes of PCM/EG samples.
Sample code PCM content EG content
(phr) (Wt%) (phr) (Wt%)
RT28/8EG 100 92.6 8 7.4
RT28/10EG 100 90.9 10 9.1
RT28/12EG 100 89.3 12 10.7

the quantities listed in Table 2 using a Thermo Haake Rheomix 600 melt
compounder (Thermo Fisher Scientific, USA) equipped with counter-

Table 2

Composition of the EPDM elastomeric compound.
Material Quantity

(phr)

Vistalon 2504 100
Sulfur 3
Zinc oxide 3
Stearic acid 1
Carbon black 20
Tetramethylthiuram disulfide (TMTD) 0.87

Zinc dibutyldithiocarbamate (ZDBC) 2.5

rotating rotors (Fig. 1b). The process was conducted imposing a tem-
perature of 50 °C into the mixing chamber and a rotor speed of 40 rpm.
Initially, the EPDM rubber and carbon black were fed into the mixing
chamber and processed for 5 min. Subsequently, the vulcanizing agents
and additives were introduced, followed by an additional 5 min of
mixing to ensure homogeneity of the elastomeric compound.

The preparation of the remaining compositions involved the gradual
introduction of the PCM/EG powder into the mixing chamber at a rate of
approximately 0.5 g/min. This controlled addition was critical to
achieving a homogeneous dispersion within the EPDM matrix. Once the
powder was fully incorporated, the blend underwent a final mixing stage
for an additional 10 min to ensure a uniform distribution and complete
amalgamation of the constituents.

Preliminary formulations were developed to optimize the EG content
within the composite while maintaining a constant EPDM-to-PCM mass
ratio of 100:263. This ratio was selected to replicate the elastomer-to-
PCM proportions established in the study by Valentini et al. [28]. The
masses of the EPDM compound and the PCM/EG were adjusted
accordingly to satisfy the overall compositions detailed in Table 1. It is
important to note that the samples listed in Table 3 incorporate two
different carbonaceous fillers: carbon black, which serves as a rein-
forcing filler for the EPDM compound, and the expanded graphite,
which acts as shape-stabilizer for the PCM while simultaneously
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Table 3
Sample coding and compositions of preliminary formulations.
Sample code EPDM compound PCM EG
(wWt%) (Wt%) (Wt%)
p-8EG 31.5 63.4 5.1
p-10EG 31.1 62.6 6.3
p-12EG 30.7 61.9 7.4

“p” stands for “preliminary formulation”.

enhancing the thermal conductivity of the composite.

The final stage of composite panel fabrication involved vulcanization
at a temperature of 170 °C under a load of 2 MPa for a duration of 20
min, using a Carver Hot press (Fig. 1¢). The blend was placed into steel
molds to produce panels with dimensions of 120 mm x 120 mm x 2 mm
(preliminary compositions of Table 3) and 120 mm x 120 mm x 5 mm
(refined compositions of Table 4). During this process, the samples were
enclosed in nitrile butadiene rubber (NBR) envelopes that co-vulcanized
with the internal EPDM matrix. This encapsulation strategy not only
effectively prevented PCM leakage during the high-temperature curing
process but also formed a durable, waterproof coating for the final
composite panels [28].

Preliminary self-sustainment tests identified the 12:100 as the
optimal EG-to-PCM ratio for ensuring structural integrity of the com-
posite. Based on these results, three additional compositions were
fabricated to investigate the effects of varying the PCM loadings; these
formulations are detailed in Table 4. Fig. 2 illustrates the resulting
samples from Table 4, showcasing the variations in PCM content and
specimen dimensions.

2.3. Experimental methodologies

To verify the chemical structure of the neat PCM, Fourier-transform
infrared (FTIR) spectroscopy was performed using a Spectrum One
spectrometer (PerkinElmer) in Attenuated Total Reflection (ATR) mode
(wavenumber range: 4000-640 cm’l, four scans).

Following chemical characterization, the physical stability of the
preliminary compositions was evaluated to determine the optimum EG-
to-PCM ratio. Leakage test was carried out 12 °C above the melting
temperature similarity to Das et al. [51], and three days was selected as
time for reaching a plateau in PCM loss in EPDM-based compounds
according to literature [42]. The test was conducted leaving specimens
of dimensions 10 mm x 10 mm x 10 mm without envelopes into an oven
at 40 °C for 72 h on a porous filter paper (Extra Rapida — Perfecte 2,
provided by Gruppo Cordenons S.p.A., characterized by grammage of
90 g/m? and thickness 196 pm) to favour the PCM extraction, with mass
measurements taken before and after the test.

A self-sustaining test was conducted according to an internal proto-
col to further assess structural integrity under selected conditions (40 °C
for 72 h). Thin enveloped sheets (120 mm x 120 mm x 2 mm) were
positioned at a 58° inclination and statically maintained to monitor
potential deflection. This utilized a specialized support featuring two
parallel rows of pins (2 mm diameter, 40 mm exposed length) spaced 25
mm apart in order to have a contact point at approximately two fifth of
the panel length.

Once the optimal EG-to-PCM ratio of 12:100 was established through
these stability tests, the influence of PCM content on the thermal and
mechanical properties was investigated exclusively on the optimized

Table 4
Sample coding and compositions of the optimized formulations.
Sample code EPDM compound PCM EG
(Wt%) (Wt%) (wt%)
EPDM-60RT28/12EG 32.8 60.0 7.2
EPDM-65RT28/12EG 27.2 65.0 7.8
EPDM-70RT28/12EG 21.6 70.0 8.4
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formulations listed in Table 4. Thermogravimetric Analysis (TGA) was
conducted to assess thermal stability using a Mettler TG50 thermoba-
lance (Mettler-Toledo, Greifensee, Switzerland). Samples of approxi-
mately 10 mg of neat PCM and composite core material (collected after
removing the NBR envelope) were heated from 30 °C to 700 °C at 10 °C/
min under a nitrogen flux of 100 mL/min. From the thermograms some
characteristic parameters were considered to compare the formulations:
the temperature associated to the first (Ty;), second (Tp2), third (Tp3),
and fourth (T},4) degradation peaks, and residual mass at 700 °C (mzgo).

Differential Scanning Calorimetry (DSC) was performed to determine
the phase transition temperatures and enthalpies with a Mettler DSC30
calorimeter (Mettler-Toledo, Greifensee, Switzerland). Three thermal
ramps at a constant rate of 1 °C/min were imposed, from 15 to 35 °C,
composing a thermal cycle with two heating scans alternated by a
cooling ramp, to simulate the working condition after resetting the
thermal history of the material. The specimen mass was near 10 mg,
inserted into 40 pL aluminum crucibles, and a nitrogen flux of 100 mL/
min was imposed. The peak phase transition temperature (T;,;, T, and
Tmz) and enthalpies (AHy,;, AH,, and AH,,;) were evaluated from the
thermograms. To better appreciate the PCM effect into the composite
material, the effective PCM content (PCM,‘;{f2 ) and the efficiency of
melting (,2) were evaluated in the second heating scan according to
Egs. (1) and (2).

AI_ImZ

peMP, = 2
m2 AI_ImZ.PCM

-100 1)

AHpyo

2 = Ao Ween @
where AHmz peum is the specific enthalpy of the neat PCM in the second
heating scan and Wpcy is the weight fraction of the PCM.

Thermophysical properties were determined at 10 °C, which is the
temperature usually considered for conventional insulation materials
[52]. Bulk density (p) was determined as ratio between mass, measured
with a balance (sensitivity 0.1 mg), and the volume determined
measuring with a calliper (resolution 0.1 mm). The specific heat ca-
pacity (c,) was determined following the ASTM E1269-11 standard
performing DSC ramps with a DSC5+ calorimeter (Mettler-Toledo,
Greifensee, Switzerland) from 0 °C to 20 °C at 1 °C/min on three spec-
imens of 10 mg for each sample. The heat flux at 10 °C was compared to
that of a sapphire reference. Thermal diffusivity (a) was evaluated using
a Laser Flash Analyzer (LFA) Neztsch LFA 446 (Selb, Germany). Three
disks of diameter 12.7 mm and thickness 2.5 mm for each sample were
tested imposing a laser signal of 250 V and pulse width of 0.6 ms.
Thermal conductivity (1) was determined as product of the thermo-
physical properties previously determined according to Eq. (3).

A=ap-c, 3)

The results of all the thermophysical properties were reported as
mean value + standard deviation of the tested specimens.

To identify the optimal balance between enhanced heat transfer and
storage capacity, the cooling capacity Figure of Merit (FoM) was
determined according to Eq. (4) [53], allowing for a quantitative com-
parison between different systems.

FoM = +/AH,, -2 4
where AH,, is the volumetric latent heat of melting, calculated as the
product of the mass-based enthalpy and bulk density.

Infrared (IR) thermography was conducted using a IRtech Fotric 348
A IR thermal imaging camera (Fotric, Santa Clara, CA, USA) on envel-
oped panels (120 mm x 120 mm x 5 mm) placed into a climatic
chamber ACS Discovery DM340C (Angelantoni Industrie S.r.l., Massa
Martana, Italy). A specimen for each formulation was compared to neat
EPDM rubber, imposing a thermal cycle consisting of an isotherm at
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Fig. 2. Representative image of EPDM-60RT28/12EG, EPDM-65RT28/12EG and EPDM-70RT28/12EG samples (left to right). Top: 120 mm x 120 mm x 5 mm

panels. Bottom: 25 mm x 25 mm X 5 mm panels.

10 °C (60 min), followed by a ramp to 45 °C (60 min), isotherm at 45 °C
(120 min), cooling back to 10 °C (60 min), and starting again with the
isotherm at 10 °C (120 min). This testing protocol was designed to
qualitatively and partially quantitatively verify the PCM effect in ther-
mal regulation.

To complete the composite characterization and determine appro-
priate storage and transport conditions prior to construction, mechani-
cal properties were evaluated via compression tests. These tests were
conducted on disks (13 mm diameter, 3 mm thickness) at both room
temperature (21 °C) and above the PCM phase transition temperature
(40 °C). The tests were conducted using an Instron (Pianezza, Italy) 5969
testing machine equipped with a load cell of 50 kN and a climatic
chamber, adopting a strain rate of 1 mm/min. The results were sum-
marized extrapolating the following parameters from the compressive
stress-strain curves: the compressive modulus (E) evaluated in the range
of 0.05 and 0.1 mm/mm of strain, the deformation of the samples cor-
responding to a stress equal to 0.1 MPa (g 1), and the stress corre-
sponding to selected deformation of 0.10, 0.25, 0.50, and 0.75 mm/mm
(coded 6,1, 60.25, 60.5, and o, 75, respectively). Three specimens for each
sample were tested, and the results are reported as mean value =+ stan-
dard deviation.

The analysis was further expanded by modelling the composite
compressive modulus at room temperature, enabling the prediction of
properties for compositions not covered in the experimental phase. In
this model, the matrix was treated as a blend of PCM and EPDM,; its
modulus (E,) was calculated using the Rule of Mixtures (Voigt model),
as shown in Eq. (5).

Em = EPCM'fPCM + EEPDM'fEPDM (5)

where Epcy and Egppy represent the experimental compressive moduli
of the PCM and EPDM, respectively, measured under the same condi-
tions as the composites. The terms fpcy and frppys denote the volume
fractions of the PCM and EPDM, normalized specifically for the matrix
phase.

The role of EG as a reinforcing filler was then evaluated using the
Halpin-Tsai model (Eq. (6)).

E.=E 1+¢n fre

m 6
1 -1 fie ©

where E, is the compressive modulus of the composite, £ is the rein-
forcing factor, 7 is the efficiency factor (Eq. (7)), and fgg represent the
volume fraction of EG.

e |

n:E’" (7)
E
a4

Combining and reversing Egs. (6) and (7), it was possible to deter-
mine ¢ for the composites (Eq. (8)) and construct the entire trend of E, as
a function of fgg.

%s (Ec _Em) _chEG (%f - )
E= (8
EmeG (%f_ ) +Em _Ez

To appreciate the stiffness drop passing from solid to liquid state of
the PCM, the compressive modulus of the composites was additionally
normalized with respect to the neat EPDM (E.2; and Ep.40,
respectively).

Regarding the technological properties of the final products, Shore A
hardness test of neat EPDM and composite samples were conducted with
and without NBR envelope. The tests were conducted at 21 °C using a
Hildebrand durometer with an applied load of 488 g, following the
ASTM D2240. The values were recorded after 5 s of contact between tip
and sample. The results were reported as mean value + standard devi-
ation of 5 measurement.

Finally, some complementary parameters are evaluated to complete
the overview of the technical properties of the final composite product:
the surface density (SD), which represent the volumetric weight of a
panel of thickness 5 mm, and the thermal management ability (TMA),
which expresses the surface ability in absorbing heat of the panel of
thickness 5 mm [54].

3. Results and discussion
3.1. Preliminary characterization and composition refinement

Following the identification of the PCM chemical structure (Fig. 3),
this section evaluates the preliminary formulations to determine how
the EG content affects the structural integrity of the composite panels.
To ensure a reliable comparison, the PCM-to-elastomer ratio was
maintained constant, consistent with previous studies where oMMT was
employed as the shape-stabilizing agent [28].

The FTIR spectrum of RT28 exhibits the characteristic profile of an
aliphatic hydrocarbon, showing a lack of polar functional groups,
consistent with the profile of a paraffin. The intense peaks at 2914 and
2850 cm™! are assigned to the asymmetric and symmetric C—H
stretching vibrations, respectively. Furthermore, the peaks at 1471 and
716 cm™! correspond to C—H bending and wagging vibrations [46,54].

Following this chemical identification, the investigation focused on
phase transition leakage, which represents one of the primary challenges
associated with the incorporation of PCMs into building components,
strongly affecting their long-term thermal performance. As reviewed by
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Fig. 3. FTIR spectrum of the selected PCM.

Wu et al. [55], direct immersion or simple impregnation techniques are
increasingly avoided in construction due to high vulnerability to leakage
and the lack of systematic mechanisms for long-term confinement. To
overcome these limitations, research has oriented toward microencap-
sulation and form-stable composite matrices. More recently, macro-
encapsulation methods, such as embedding dedicated PCM pouches or
bags into brick walls to physically isolate the organic phase, have been
explored—a methodology extensively documented in a recent review by
Lachheb et al. [56]. However, as highlighted by these state-of-the-art
reviews, a significant discrepancy still exists between laboratory
testing conditions and practical building applications, as leakage and
containment stability under real operational thermal cycles have rarely
been investigated via a systematic engineering approach. Since stan-
dardized protocols for leakage tests are currently unavailable in the
literature, our preliminary tests were designed for identifying the min-
imum EG loading required to guarantee geometric and physical self-
sustainment, in order to proceed for an extended processing. To this
end, the mass of the unencapsulated samples was monitored before and
after thermal exposure as a direct indicator of exudation. The experi-
mental results are summarized in Table 5.

The analysis revealed no significant correlation between mass loss
and EG content. Notably, the recorded total mass variation following
accelerated thermal aging remained remarkably low, at approximately
0.5 wt% across all formulations, corresponding to about 0.7-1.0 wt% of
the overall PCM. This minimal variation confirms the excellent thermal
stability of the composite core, demonstrating that the shape-
stabilization strategy effectively prevents PCM leakage under typical
operating conditions. Crucially, zero-leakage conditions are achieved in
the final product through the integration of the co-vulcanized NBR en-
velope, which forms a robust interfacial bond with the composite core,
providing a structural barrier.

In parallel to mass stability, geometrical self-sustainment under high-
temperature gravitational stress was evaluated on the “preliminary
panels” 2 mm thick (p- EG), to identify the optimal EG content for
ensuring structural stability. These tests assessed the ability of each
composite to remain geometrically stable under prolonged temperature
exposure at 40 °C for 72 h. Fig. 4a and b illustrate the deflection of the

Table 5
Leaking test results at 40 °C after 72 h of preliminary formulation samples
without envelope.

Sample code Total mass loss Relative PCM loss

(Wt%) (Wt%)
p-8EG -0.45 -0.71
p-10EG -0.64 -1.02
p-12EG -0.57 -0.92

Journal of Energy Storage 177 (2026) 123425

(b)

Fig. 4. Results of the form-stability test on composite panels (120 mm x 120
mm x 2 mm): (a) initial state; (b) after accelerated thermal aging at 40 °C for
72 h.

specimens before and after the test.

As shown in Fig. 4b, a clear distinction emerges based on the EG
concentrations: the p-8EG and p-10EG samples display visible structural
collapse and geometric distortion under their own weight once the PCM
transitions to the liquid state. Conversely, the p-12EG sample exhibits
superior shape retention and negligible deflection. This enhanced
structural robustness is directly attributed to the higher EG loading (12
phr in RT28), which provides sufficient physical reinforcement to
contain the PCM in its molten state.

Consequently, the 12 phr EG-to-PCM ratio was selected as the
optimal baseline threshold for the refined formulations (Table 4).
Further EG increments were avoided to prioritize the primary objective
of maximizing the volumetric latent heat storage capacity. Interestingly,
maintaining this precise ratio creates a minor excess of PCM relative to
the absolute adsorption limits of the EG flakes, which proved beneficial
during the compounding stage. Due to the high chemical affinity be-
tween the aliphatic paraffinic chains and the EPDM rubber, this non-
adsorbed PCM fraction acts as a secondary processing aid. Instead of
causing macro-segregation, it reduces melt viscosity during mixing,
significantly improving filler dispersion, enhancing interfacial wetting,
and ultimately ensuring a highly homogeneous composite structure
suitable for reliable building-envelope applications.

3.2. Thermophysical properties of refined compositions

Following the optimization of the composite structural integrity, the
thermal stability of the refined compositions was investigated. The
thermal degradation behaviour of the neat PCM and composite panels is
illustrated in Fig. 5, showing the residual mass (a) and its derivative (b)
as function of temperature. The characteristic thermogravimetric results
are summarized in Table 6.

As illustrated in the TGA curves of Fig. 5, the degradation onset oc-
curs at approximately 100 °C, suggesting a potential partial degradation
of the PCM during the hot-press vulcanization (170 °C). The degradation
peak for the neat RT28, centred at about 250 °C, shifts toward lower
temperatures in the composite formulations (reaching 213 °C for EPDM-
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Fig. 5. TGA thermograms of refined formulations: (a) mass loss curves; (b)
derivative of weight loss.

Table 6
Characteristic thermal degradation temperatures and residual mass of neat PCM
and refined composite formulations obtained from TGA analysis.

SAMPLE Tsos Ty Tps Tps Tpy M0
(9] Q) Q) ()] (9] (Wt%)
RT28 176 248 - - - 0.7
EPDM-60RT28/12EG 183 232 371 502 602 9.3
EPDM-65RT28/12EG 175 226 362 501 601 8.9
EPDM-70RT28/12EG 166 213 341 480 610 10.6

T,; = temperature corresponding to the first degradation peak; T,, = tempera-
ture corresponding to the second degradation peak; T,3 = temperature corre-
sponding to the third degradation peak; T,4 = temperature corresponding to the
fourth degradation peak; mygp = residual mass at 700 °C.

70RT28/12EG), although the onset temperature remains comparable.
Complete PCM decomposition is observed by 300 °C across all samples.
The residue at 700 °C corresponds to the combined fraction of EG and
EPDM compound char [28]. Minor discrepancies in the expected pro-
portionality of the EG content may be attributed to local material in-
homogeneities, a common occurrence when testing milligram-scale
composite specimens in TGA.

While TGA serves as a destructive technique necessary to quantify
the actual phase fractions and assesses the degradation limits of the
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components, it does not capture the latent heat storage performance
under working conditions. Therefore, DSC was performed to evaluate
the phase change behaviour and thermal storage capacity of the stabi-
lized systems. Unlike TGA, DSC analysis is representative of service
conditions, as it monitors the energy response of the material within the
operational temperature range where the PCM effectively functions as a
thermal buffer. Fig. 6 shows the thermograms for the first heating (a),
cooling (b), and second heating (c), with the corresponding thermal
parameters summarized in Table 7.

The measured melting and crystallization enthalpies are generally
consistent with the theoretical values, with minor deviations likely
attributable to local material inhomogeneities. The incorporation of the
PCM within the composite matrix induces a downward shift in the phase
transition temperature, a phenomenon also observed in previous studies
using oMMT as a stabilizing agent [28]. This thermal behaviour justifies
the selection of RT28, as it ensures that the phase transition occurs
within the thermal comfort zone for building applications.

Notably, while the melting enthalpies exceeding 100 J/g are seldom
reported for PCM-based composites [57-60], the EPDM-70RT28/12EG
formulation achieved a remarkable value of 167 J/g. To the best of
the authors' knowledge, this represents a benchmark for EPDM-based
PCM composites [61-65].

Building on these calorimetric results, the investigation was
extended to evaluate the steady state thermophysical properties. Table 8
summarizes the properties of the optimized samples at 10 °C, comparing
them with the neat EPDM compound to assess the impact of PCM and EG
loading on the overall thermal performance.

No significant fluctuations in density were observed, despite the high
PCM loading, which inherently reduces the density compared to the neat
EPDM matrix. While these density values are approximately one order of
magnitude higher than those of conventional insulation materials, this
characteristic is not necessarily a drawback. Conventional insulation
relies exclusively on low density and low thermal conductivity to
minimize heat transfer—a strategy that is effective in winter but insuf-
ficient for summer thermal mitigation. Indeed, advanced insulation
materials like aerogels, while efficient at retaining heat in winter due to
their extremely low thermal conductivity, show negligible efficacy in
summer due to their extremely low thermal admittance [43]. For
effective summer mitigation, a material must possess sufficient thermal
inertia to simultaneously store and conduct heat. In this regard, a slight
reduction in specific heat capacity was observed, proportional to the
increasing EG content; however, this effect is largely overcompensated
by the structural and transport properties of the composite. Conse-
quently, the relatively high density and the six-fold increase in thermal
diffusivity provided by the EG network are essential; this enhancement
is directly reflected in the significantly higher thermal conductivity
values and allow the panels to promptly respond to thermal perturba-
tions and channel the heat toward the PCM core. This ensures that the
phase change transition is fully utilized to dampen daily temperature
peaks. This performance level is substantially higher than that of PCMs
directly incorporated into concrete or aggregates [66-68]. Since those
low-energy-density cementitious systems have already proven effective
at attenuating building temperature fluctuations [69], our optimized
panels—leveraging a highly concentrated, record-high latent heat
capacity—are consequently more effective at flattening indoor thermal
peaks.

3.3. Thermal response of PCM-composite panels under dynamic cycling

The thermal response of the composite panels to external fluctua-
tions was qualitatively evaluated via Infrared (IR) thermography during
a controlled thermal cycle within a climatic chamber. Fig. 7 depicts the
temperature-time profiles of the composite panels, while Fig. 8 displays
representative IR images captured during the heating (a) and cooling (b)
stages, providing a visual assessment of the temperature distribution
across the panel surfaces.
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Fig. 6. DSC thermograms of refined compositions at 1 °C/min: (a) first heating;
(b) cooling; (c) second heating.
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Unlike the neat rubber compound, which exhibited a linear tem-
perature response, the PCM-integrated samples maintained quasi-
isothermal conditions during the phase transitions. This behaviour,
illustrated in Fig. 7, confirms the thermal buffering capacity of the
composites, as the latent heat absorption/release effectively stabilizes
the panel temperature despite the external forcing. Specifically, at the
minute 190 of test (first dashed line, Fig. 7), the temperature of the PCM-
composite panels results 8.9 + 0.2 °C lower than the reference neat
EPDM; likewise, at minute 365 (second dashed line, Fig. 7), the heat-
absorbing panels show a temperature higher of 9.1 &+ 0.1 °C than neat
EPDM.

Moreover, at an intermediate threshold of 30 °C, the PCM formula-
tions demonstrated a thermal lag of approximately 25 min compared to
the neat EPDM. While this delay might appear limited, it must be
interpreted in the context of the high-power thermal forcing of the cli-
matic chamber, which continuously compensates for the PCM's latent
heat absorption. As such, these findings provide a qualitative validation
of the buffering effect rather than a direct quantification of energy
savings. Minor fluctuations during the 10 °C and 40 °C plateaus are
simply attributed to the dynamic control logic of the chamber during
transient stabilization. Despite these experimental constraints, the re-
sults clearly illustrate the material's ability to interfere with heat flux
through phase transition.

To translate these laboratory results into practical building perfor-
mance, future research will involve small-scale experimental units
exposed to real-world summer conditions [43]. Monitoring internal air
and surface temperatures under fluctuating solar radiation will allow for
a precise quantification of the decrement factor and time lag, confirming
the efficacy of these panels in improving indoor thermal comfort and
reducing cooling energy demand. These qualitative findings represent a
useful indicator for a quantitative evaluation in real scale applications.

3.4. Compressive properties and elastic modulus modelling

The compressive properties were determined to provide a compre-
hensive mechanical profile of these novel PCM composite panels. Spe-
cifically, the tests aimed to evaluate the structural response upon PCM
liquefaction, providing critical data for the handling, storage, and
transportation of the products prior to building integration. Under-
standing the mechanical stability at 40 °C is essential to ensure that the
panels maintain their integrity under stacking loads when the latent heat
storage component is in its molten state. The compressive stress-strain
curves of the panels, evaluated at both room temperature (21 °C) and
above the PCM phase transition (40 °C) are observable in Fig. 9, with the
corresponding mechanical parameters summarized in Table 9 and 10.

In both cases, all the PCM composites at high strain exhibited lower
compressive stress than EPDM (Fig. 9a and b). However, an inversion
was observed at room temperature up to 0.35 mm/mm of compressive
strain as shown in Fig. 9¢, due to the presence of EG; as expected, the
higher the temperature, the lower the compressive stress.

The temperature dependence of the mechanical response is clearly
illustrated by the stress-strain curves in Fig. 9. As expected, the neat
EPDM remains largely unaffected by these contained temperature fluc-
tuations, exhibiting only minor variations in the initial stiffness, while at
higher deformations the temperature clearly softens the compound. In
contrast, the PCM-based panels undergo a significant softening upon
reaching the phase transition temperature. This reduction in perfor-
mance is directly attributed to the solid-to-liquid transition of the
paraffin wax; as the PCM liquefies, its structural contribution is dimin-
ished, leading to a more compliant composite behaviour.

Despite the softening of the matrix above the melting point, all for-
mulations maintained a compressive stress (cg;) exceeding 0.1 MPa
(equivalent to 10 ton/m?) at 40 °C. While a 10% deformation is
considered a relatively high threshold for structural assessment, these
results guarantee that the panels can withstand significant static loads
without structural failure. This ensures that the material maintains its
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Table 7

Phase change properties of the neat PCM and composite formulations derived from DSC analysis conducted at 1 °C/min, including melting/crystallization temper-
atures and latent heat values.

Sample Ty AHpy T, AH, Tz AHypy pcme, 2
Qo) /9 Co /9 Co) /9 %) )
RT28 29.0 232.5 27.5 230.8 28.8 231.4 100 100
EPDM-60RT28/12EG 27.3 129.5 24.7 129.8 27.4 130.3 56.3 93.8
EPDM-65RT28/12EG 28.1 1422 24.6 1415 28.0 1437 62.1 955
EPDM-70RT28/12EG 29.0 167.2 24.9 165.4 28.6 166.8 72.1 102.0

T;n1 = melting peak temperature during the first heating scan; AH,,,; = specific melting enthalpy during the first heating scan; T, = crystallization peak temperature
during cooling; AH, = specific melting enthalpy during cooling; T;,,» = melting peak temperature during the second heating scan; AH,,» = specific melting enthalpy
during the second heating scan; PCMff:fZ: effective PCM content from the second melting transition (Eq. (1)); /mz = efficiency of melting in the second heating scan (Eq.
(2)).

Table 8

Thermophysical properties at 10 °C.
Sample p [ a 2

(g/cm®) J/gK) (mm?/s) (W/m-K)

EPDM 1.00 £+ 0.01 1.75 + 0.02 0.14 £+ 0.01 0.25 £ 0.01
EPDM-60RT28/12EG 0.92 £+ 0.01 2.00 £+ 0.04 0.89 £+ 0.07 1.63 +0.13
EPDM-65RT28/12EG 0.91 £+ 0.01 1.98 + 0.03 0.93 +0.11 1.68 + 0.22
EPDM-70RT28/12EG 0.93 £+ 0.01 1.95 + 0.06 0.91 + 0.02 1.65 +0.14

p = bulk density; ¢, = specific heat capacity; « = thermal diffusivity; A = thermal conductivity.

integrity during stocking and transport under summer conditions, pre-
venting permanent damage when the PCM is liquefied and the matrix is
at its most compliant state.

Details on initial step (relative stiffness) Fig. 9c and d reveal a distinct
mechanical trend compared to previous systems with organo-modified
montmorillonite (0MMT), likely due to the superior structural rein-
forcement and stabilizing effect provided by the carbon-based network
[28]. Notably, EPDM-70RT28/12EG formulation exhibits mechanical
properties comparable to those of EPDM-60RT28/12EG, highlighting
the critical role of EG in sustain the matrix stiffness despite the high PCM
loading.

In particular, the stiffness exhibits a linear dependence on the EG
content at temperatures both above and below the PCM phase transition.
However, at higher deformations, the EPDM-65RT28/12EG formulation
shows lower mechanical performance than expected relative to the

45

formulations with higher PCM loading. This deviation suggests potential
localized inhomogeneities or minor processing inconsistencies during
the compounding of this specific sample. Interestingly, this mechanical
discrepancy tends to diminish when transitioning from 21 °C to 40 °C.
This convergence at higher temperatures indicates that once the PCM
liquefies, the global response becomes increasingly dominated by the
percolative EG network, which effectively masks the initial experi-
mental variations observed at room temperature.

Regarding the analytical modelling of the compressive modulus,
Epcy and Egg at 21 °C were determined as 1.8 + 0.5 MPa and 250 + 30
MPa, respectively. Starting from these values, the equivalent compres-
sive moduli of the composite matrices were estimated using the Rule of
Mixtures (RoM). Subsequently, the Halpin-Tsai micromechanical model
was applied to predict the EG-dependent modulus trend for the final
composites. The resulting theoretical predictions are compared with
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Fig. 7. Mean temperature profile of the composite sample recorded with the IR thermal camera during the cycle into the climatic chamber. The evidenced dotted

lines correspond to the time at which the frames of Fig. 8 were captured.
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Fig. 8. Representative IR thermography images of the thermal cycle during of the composite panels with NBR envelope: (a) cooling (190 min); (b) during heating
(365 min). In the images a simplified coding was adopted for neat EPDM compound (EPDM), EPDM-60RT28/EG12 (60), EPDM-65RT28/EG12 (65), and EPDM-
70RT28/EG12 (70).
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Table 9

Mechanical properties evaluated at 21 °C.
Sample E £0.1 60.1 00.25 00.50 00.75

[MPa] [%] [MPa] [MPa] [MPa] [MPa]

EPDM 10.6 + 1.0 0.115 £ 0.011 0.87 £ 0.12 29+0.2 15.0 +£ 0.5 76.0 + 8.0
EPDM-60RT28/EG 16.7 £0.7 0.068 + 0.004 1.60 + 0.09 3.7+0.1 8.6 £0.9 31.5+24
EPDM-65RT28/EG 17.3 £3.8 0.083 + 0.014 1.31 £ 0.27 3.5+0.3 7.1+0.1 24.6 +£2.0
EPDM-70RT28/EG 19.3+1.8 0.068 + 0.003 1.66 + 0.12 3.8+0.2 8.6 £ 0.4 299 + 2.0

E = compressive elastic modulus; ¢y ; = deformation at 0.1 MPa; 6, ; = stress at 0.1 mm/mm; 6, 55 = stress at 0.25 mm/mm; 6y 5 = stress at 0.5 mm/mm; 6y 75 = stress

at 0.75 mm/mm.

Table 10

Mechanical properties evaluated at 40 °C.
Sample E £0.1 00.1 00.25 60.50 6o.75

[MPa] [%] [MPa] [MPa] [MPa] [MPa]

EPDM 83+ 0.5 0.145 + 0.005 0.58 £+ 0.03 2.0+0.1 7.3+ 0.5 35.0 +£ 2.0
EPDM-60RT28/EG 1.6 £ 0.4 0.542 + 0.037 0.14 £ 0.01 0.3+0.1 0.8+ 0.1 3.4+0.8
EPDM-65RT28/EG 1.8 +£0.3 0.554 + 0.023 0.17 £ 0.01 0.4 +0.1 0.9+ 0.1 2.0£+0.3
EPDM-70RT28/EG 24+0.3 0.463 + 0.009 0.22 £ 0.01 0.5+ 0.1 1.1+0.1 3.2+0.1

E = compressive elastic modulus; ¢y ; = deformation at 0.1 MPa; 6 ; = stress at 0.1 mm/mm; 6¢ 25 = stress at 0.25 mm/mm; 6¢ 5 = stress at 0.5 mm/mm; 6y 75 = stress

at 0.75 mm/mm.
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Fig. 10. Analytical modelling of the compressive moduli: a) equivalent modulus of the EPDM/PCM matrix estimated via the Rule of Mixtures (RoM); b) comparison
between experimental results and theoretical predictions for the final composites using the Halpin-Tsai (HT) and RoM models.

experimental data in Fig. 10 and summarized in Table 11.

The analytical modelling further validates the good performance of
the composites, with the reinforcing factor (¢) reaching their peak values
in the EPDM-70RT28/14EG formulation (3.6 vol%). This significant
upward trend indicates a remarkably high reinforcing contribution from
the EG at this concentration, confirming a powerful synergistic effect
between the EPDM compound and the EG. These results demonstrate
that an optimized filler network not only stabilizes the PCM but also
substantially upgrades the mechanical robustness of the panel, sur-
passing the standard theoretical predictions. This synergy suggests that
the 3.6 vol% threshold represents an ideal configuration for achieving a
superior, high-integrity thermal management material.

Finally, it is noteworthy that this study provides a comprehensive
mechanical assessment of EPDM/PCM/EG composites, addressing a
significant gap in current literature. While comparative studies on
organic PCMs within similar matrices often overlook mechanical char-
acterization, existing research—primarily focused on systems incorpo-
rating polyethylene as an additional phase—reports tensile strengths in
the range of 10 MPa [61,64]. By establishing these benchmarks for
compressive strength and elastic modulus, this work not only demon-
strates the feasibility of high-loading PCM-based composites, but also
provides the necessary engineering data to transition these materials
from laboratory prototypes to reliable building components.

3.5. Comparative analysis and benchmarking

A review of current literature reveals that composite panels
frequently exhibit latent heat capacities below 100 J/g [70-72]. By
benchmarking the EPDM-70RT28/12EG formulation against various
state-of-the-art organic PCMs integrated into EG and EPDM matrices
(Table 12), several key advancements emerge.

First, while many existing studies utilize PCM transition tempera-
tures that are unsuitable for human thermal comfort, the current work
specifically targets the building regulation zone using RT28. Notably,
the developed composite achieves a benchmark melting enthalpy of 167
J/g, the highest among the compared materials in the literature.
Furthermore, while some studies may report higher absolute thermal
conductivities through extreme filler loading, this work achieves a su-
perior functional balance. By increasing the conductivity by one order of
magnitude relative to the neat PCM, the panels ensure a rapid thermal
response without compromising the record-high energy storage density
required for high-performance building envelopes.

The Figure of Merit (FoM) values substantiate the significant prog-
ress achieved in this study regarding building mitigation applications.
While some FoM values reported in broader literature may appear
comparable or even higher, they typically refer to composites utilizing
high-temperature PCMs intended for industrial heat recovery rather
than residential comfort. It is noteworthy that the current body of

11
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Table 11
Results of the compressive moduli.
Sample En ¢ n
(MPa) ) @)
EPDM-60RT28/EG14 4.6 +1.0 79 0.40
EPDM-65RT28/EG14 41 +1.0 89 0.39
EPDM-70RT28/EG14 3.7+1.0 134 0.33

E,, = Compressive modulus of the matrix (RoM); ¢ = reinforcing factor (HT); n = efficiency factor (HT).

Table 12

Thermophysical properties of representative studies in which organic PCM was integrated in the EG and EPDM matrix compared to composite panels of present study

and preceding EPDM/oMMT stabilization.

Stabilizing constituents Application T AHp, p) FoM Reference
O (623) (W/m-K) (W/(m>K%3-5"%))
EPDM/PE Photo-thermal conversion 70 139 2.1 1.7-10* [61]
EPDM/PE/EG/CNT Photo-thermal conversion 64 130 3.1 2.0-10* [64]
EPDM/EG Thermoelectric generation 62 133 2.1 1.7 -10* [63]
EPDM/EG Generic thermal management 60 132 0.9 1.1-10% [62]
EPDM/GMP Light-thermal conversion 58 106 1.5 1.2-10* [49]
EPDM/EG Generic thermal management 48 113 2.5 1.7 -10* [65]
EPDM/oMMT Building mitigation 25 126 0.7 0.9-10* [28]
EPDM-60RT28/12EG Building mitigation 27 130 1.6 1.4-10* This paper
EPDM-65RT28/12EG Building mitigation 28 144 1.7 1.6 -10* This paper
EPDM-70RT28/12EG Building mitigation 29 167 1.7 1.7 - 10* This paper
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Fig. 11. Summary spider plot of the representative properties of the real-
ized composites.

literature focusing specifically on the EPDM/PCM/EG system for
building-range temperatures is remarkably scarce, with only a single
previous study exploring this configuration.

By addressing this research gap, the present work establishes a new
performance benchmark for low-temperature thermal management. In
particular, comparing the thermophysical properties of the pioneering
work for PCM melting in the 25-30 °C range [28], several advancements
are evident. The strategic substitution of oMMT with EG as a shape

stabilizer permits a simultaneous enhancement of both the PCM
loading—and consequently the composite melting enthalpy—and the
thermal conductivity. This dual improvement yields a markedly higher
FoM, demonstrating a superior synergy between record-high latent heat
and enhanced thermal transport, specifically optimized for the narrow
temperature thresholds required in sustainable architecture.

To synthesize the performance profile of the heat-absorbing com-
posite panels developed in this study, Fig. 11 provides a graphical
comparison of their primary functional features. Furthermore, Table 13
presents a comprehensive technical datasheet of the optimized formu-
lations, highlighting the significant property enhancements achieved
relative to the neat EPDM control panels.

4. Conclusions

The fabrication of novel EPDM-based composite panels for building
thermal management in temperature range 22-31 °C was successfully
achieved by incorporating a paraffin with melting enthalpy peak of
28 °C in expanded graphite (EG). The dual role of EG as both a
conductive filler and a shape-stabilizing agent enabled an exceptionally
high PCM loading of 70 wt%, yielding a benchmark melting enthalpy of
167 J/g. By optimizing an EG-to-PCM ratio at 12:100, the composite
achieved structural stability and a robust conductive network, which
increases thermal conductivity to 1.7 W/m-K.

This combination of high latent heat and enhanced transport prop-
erties represents a significant advancement over traditional building
materials. Crucially, while conventional insulation relies on low density

Table 13

Summary of the technological properties of the final products (rubber panels filled with Phase Change Material and expanded graphite).
Formulation PCM content EG content Shore A* Shore A** Erei21 Erer40 SD TMA

(vol%) (vol%) (%] (%) %] %] (kg/m?) (MJ/m?)

EPDM 0 0 61+1 - 1 1 5.00 0
EPDM-60RT28/EG12 64.9 3.1 73+3 81+3 1.58 0.19 4.60 0.60
EPDM-65RT28/EG12 70.2 3.4 76 + 6 84 +2 1.56 0.22 4.55 0.66
EPDM-70RT28/EG12 75.4 3.6 74 + 4 82+3 1.82 0.29 4.65 0.78

Eye 27 = normalized compressive modulus with respect to neat EPDM at 21 °C; Ej, 49 = normalized compressive modulus with respect to neat EPDM at 40 °C; SD =
surface density for panels of thickness 5 mm; TMA = Thermal management ability of the panel (thickness 5 mm).

* Without NBR envelope.
" With NBR envelope.
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to minimize winter heat loss, it remains largely ineffective against
summer thermal loads due to a lack of thermal inertia. In contrast, the
developed EPDM composites leverage their high thermal admittance to
actively dampen daily temperature peaks. Qualitative tests in a climatic
chamber clearly evidenced a thermal management action that delayed
the temperature variation by 25 min at approximately 27 °C, during
both heating and cooling.

A key contribution of this work lies in addressing a critical gap in
recent literature. While contemporary state-of-the-art studies exploring
carbonaceous-elastomeric blends are strictly tailored for high-
temperature applications (such as battery and photovoltaic thermal
management operating between 40 °C and 75 °C), these novel panels are
uniquely optimized for the ambient indoor comfort range (22-31 °C).
Strategic substitution of traditional clay-based supports (0MMT) with a
percolative EG network successfully resolved the dual challenge of low
thermal transport and limited PCM absorption capacities inherent to
previous building-envelope configurations, as confirmed by the superior
performance in the Figure of Merit (FoM) analysis.

Among the evaluated formulations, EPDM-70RT28/EG12 emerged
as the optimal composition, exhibiting a superior balance between latent
heat storage capacity, enhanced thermal conductivity, and structural
integrity, maintaining a compressive strength exceeding 0.1 MPa even
when the PCM is fully molten. While further EG increments could
theoretically enhance thermal and mechanical performances, excessive
loading was found to compromise the manufacturing process, resulting
in poor mixing and non-uniform phase distribution.

Despite the great progress both in preparation methodologies and in
the determination of the thermophysical properties of PCM samples, the
advanced multifunctional applications of PCMs, in particular in building
sector, require further exploration. Future research will focus on eval-
uating the thermal mitigation efficiency of these composites within
small-scale building units under real-world summer conditions,
providing a dynamic alternative to static insulation strategies.
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