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ABSTRACT

The fabrication of innovative polyurethane panels for energy efficiency is increasingly important and should
ideally be based on sustainable, non-fossil-based feedstock. In this context, the present work reports the devel-
opment of sustainable composite panels by incorporating microencapsulated phase change materials (PCMs) into
flexible polyurethane (PU) foams, synthesized from a polyol derived from waste cooking oil (WCO) and a
partially bio-based isocyanate. The PU-PCM panels achieved energy storage capacity up to 26.2 J/g at a
maximum PCM content of 15 phr. Uniform PCM dispersion slightly reduced cell size and increased panel density
(from 128 to 157 kg/m>), thereby enhancing structural support and rigidity while reducing elasticity
(compression force deflection up to 234.8 kPa). Fatigue tests confirmed resistance to cyclic loading, with
increased dynamic stress and stiffness due to PCM integration. Differential scanning calorimetry showed minimal
enthalpy hysteresis (£0.26 J/g) and a stable phase-change temperature (36 + 0.1 °C), demonstrating resilience
to thermal and mechanical stress. Thermal conductivity increased slightly (from 46.15 to 48.44 mW/mK at
20 °C) due to the silica-based PCM shell, while thermal diffusivity decreased, favouring transient thermal
regulation. Fire performance remained unaffected, likely due to the balance between the flammable paraffinic
core and the flame-retardant silica shell of PCMs. Overall, bio-based PU-PCM panels show potential for trans-
portation and construction applications owing to their lightweight, insulating, and flame-retardant properties.
They offer improved sustainability and thermal-mechanical performance compared to conventional PU panels
and flammable PCMs, while supporting circular economy principles by valorising end-of-life WCO.

1. Introduction

applications [2,3].
Thermal energy-storage capability can be imparted to PUs by

Polyurethane foams (PUs) are versatile materials with wide-ranging
applications, particularly in the construction and transportation sectors
[1]. They are porous copolymers containing urethane bonds ((-NHCOO-),
typically synthesized through the reaction of polyols (-OH groups) with
isocyanates (-NCO groups). PUs are valued for their low density,
acoustic insulation, mechanical and vibrational energy dissipation, and
excellent thermal insulation, making them attractive for energy-efficient

incorporating microencapsulated phase change materials (PCMs),
forming PU-PCM composites with low thermal conductivity and high
thermal inertia [4,5]. These composites are particularly useful for
refrigerated transport of temperature-sensitive goods and in transport
and building applications, such as wall and ceiling panels, and more
recently, for advanced uses including electronics [6] and advanced
wearable devices [7,8]. PCMs typically consist of a paraffin core with a
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polymer shell, absorbing and releasing latent heat during phase transi-
tions to maintain nearly constant temperatures [9]. This stabilizing ef-
fect improves temperature regulation and reduces energy consumption
by an estimated 15-20 % [10]. PCMs are classified into organic, inor-
ganic, and eutectic types based on their chemical composition and
thermal properties. Organic PCMs, such as paraffins and fatty acids,
offer high latent heat capacity, stable phase change temperatures, low
supercooling, and chemical stability without phase separation. Inor-
ganic PCMs, mainly salt hydrates, provide higher thermal conductivity
but often face challenges like phase segregation and supercooling.
Eutectic PCMs combine organic and inorganic components to leverage
the benefits of both, enhancing thermal performance and stability [9,
11].

Research on PU-PCM panels has mainly focused on petroleum-based
PU and paraffin-based PCMs. Sarier et al. (2007) first introduced the
development of PU-PCM rigid foams incorporating n-hexadecane and n-
octadecane PCMs during the polyol-isocyanate polymerization process
[12]. Later, similar paraffinic PCMs were used to produce flexible
polyurethanes [13]. More recently, rigid PU-PCM panels have been
fabricated with PCM loading of 30 wt% n-tetradecane [14] and 20 wt%
n-octadecane [15]. To improve thermal and structural properties,
PU-PCM panels can be coated with rigid outer layers, creating a
sandwich-like composite structure. Castelldn et al. (2010) first demon-
strated this approach by injecting PCM-enriched rigid PU foam between
two metal sheets [16], and subsequent studies have confirmed its
effectiveness in producing panels with enhanced load-bearing capacity
and thermal energy storage [17-21].

The development of innovative PU-PCM materials for energy savings
and efficiency is increasingly necessary and should ideally be supported
by sustainable production processes. However, soft and rigid PU panel
matrices are still manufactured from petroleum-derived precursors, such
as polyether and polyester polyols, combined with aromatic isocyanates
such as methylene diphenyl diisocyanates (MDI) and toluene diisocya-
nates (TDI) [4,12-15]. Since PU accounts for the majority (70-80 wt%)
of PU-PCM systems, concerns remain about the actual sustainability of
these materials, an issue that deserves further investigation and is the
focus of the present work.

The sustainability of PU foams can be enhanced by replacing fossil-
based precursors with bio-based alternatives [22]. While the produc-
tion of green aromatic isocyanates remains challenging, the synthesis of
polyols from renewable resources is more feasible [23]. Consequently,
extensive research has focused on developing vegetable polyols to
partially substitute petroleum-derived ones [24-26]. In this context, our
group recently demonstrated the synthesis of rigid [27] and flexible PU
[28] using polyols entirely derived from waste cooking oils (WCO) and
partially bio-based isocyanates [29], achieving a high bio-based content
of approximately 80 wt%. This strategy enables the valorisation of WCO,
a problematic and continuously increasing waste stream. In Europe,
0.6-1 Mt of WCO are collected annually, with projections reaching
approximately 4 Mt over the next decade [30]. Currently, WCO recy-
cling routes are predominantly limited to biodiesel production, which
remains insufficient to meet market demand [31]. Other applications,
such as bio-lubricants and animal feed, represent only niche markets
compared with the volumes generated [32]. Owing to its growing
importance as a renewable polymeric feedstock, the use of WCO for
higher value-added products is receiving increasing attention [33]. To
date, the only reported effort to produce sustainable PU-PCM panels is
by Gama et al. (2018), who employed crude glycerol from biodiesel
manufacturing to reduce costs and environmental impact [34]. Building
on this, the present study explores the use of WCO-derived PU formu-
lation to develop innovative, sustainable bio-based PU-PCM panels.

PCMs constitute a minor fraction of PU-PCM composite, with their
selection dictated by the operating temperature of the intended appli-
cation [35]. Paraffinic waxes - such as hexadecane [12], n-tetradecane
[14], n-octadecane [12,15], and their mixtures - are commonly used
cores, with melting points ranging from 5 to 40 °C [36]. Methacrylate
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copolymers are the predominant shell materials for PCM due to their
superior mechanical and thermal properties, chemical compatibility,
and ease of fabrication [4,13], while melamine-formaldehyde resins are
also frequently employed [4,10].

While the incorporation of PCMs can enhance the thermal and me-
chanical properties of insulating PU foams [37-40], it may pose chal-
lenges due to the flammability of paraffinic or organic cores. Toxicity
and environmental concerns also arise from organic cores (paraffins,
fatty acids, esters, and alcohols) [41] and polymeric shells (melamine,
formaldehyde, and acrylic resins) [35]. Consequently, research has
focused on sustainable, non-toxic bio-based PCM cores derived from
vegetable oils or animal fats [42-45], organic biochar-derived shells
[46,47], and inorganic shells, such as calcium carbonate and silica,
which enhance chemical and thermal stability and impart
flame-retardant properties [48]. In this context, SiOs-based PCMs have
attracted significant attention due to their unique combination of
properties. Although their high thermal conductivity makes them less
suitable for insulation applications, SiO; shells offer superior mechani-
cal strength, rigidity, and leakage resistance, along with enhanced
chemical stability, durability, and low cost [49,50]. Additionally,
SiOy-based shells can encapsulate both water-soluble [51] and
oil-soluble PCMs [52]. A key advantage is their inherent fire resistance,
eliminating the need for conventional flame-retardant additives - such as
magnesium hydroxide, melamine, zinc oxide, or zinc stannates -
commonly used in fire-resistant PU foams [4,53].

Building on the potential of silica-based PCMs and their synergy with
polyurethane foams, this study evaluates their compatibility with bio-
based flexible PU derived from WCO, synthesized according to the
method detailed in our previous work [28]. The novel PU-PCM system
aims to enhance sustainability and performance, offering a promising
solution for transport and construction applications requiring a balance
of lightweight properties, mechanical strength, improved thermal
management, and reduced flammability compared to conventional
petrochemical PU-PCMs.

PU-PCM panels incorporating up to 15 phr of PCM (parts per hun-
dred, by weight) were fabricated and analysed to assess their thermal
and mechanical performance. To achieve a comprehensive character-
ization of the PU-PCM systems, thermal behaviour was evaluated using
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), cone calorimetry, and thermal conductivity measurements,
while mechanical performance was examined through compression
testing and dynamic mechanical analysis (DMA).

2. Materials and methods
2.1. Materials

A bio-based polyol was synthesized from waste cooking oil (WCO)
supplied by Physis srl (Italy) through epoxidation and ring-opening re-
actions with ethanol, following the procedure outlined in the previous
study [28]. The oil has an average molecular weight of 1050 g/mol and a
hydroxyl number of 145 mg KOH/g, making it suitable to produce
flexible foams.

A partially bio-based polyisocyanate (Desmodur® CQ N7300),
derived from pentamethylene diisocyanate (PDI-trimer), with a bio-
based carbon content of 68 wt% and an NCO content of 21.9 wt%,
was kindly supplied by Covestro AG (Germany).

Triethylene diamine (33 wt%) and dipropylene glycol (67 wt%)
(Dabco® 33 LV, Evonik Industries AG, Germany), together with dime-
thylethanolamine (Dabco® DMEA, Evonik Industries AG, Germany),
were employed as gelling and blowing catalysts, respectively. A
polysiloxane-polyoxyalkylene block copolymer (Tegostab® BF 2370,
Evonik Industries AG, Germany) served as a surfactant and cell stabi-
lizer, while a silicone-free surfactant (Ortegol® 500, Evonik Industries
AG, Germany) acted as a cell-opening additive. A tin-based metal cata-
lyst (Kosmos® 19, Evonik Industries AG, Germany) was used as a
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crosslinking agent. Distilled water acted as the chemical blowing agent
for foam production. All raw materials were used as received, without
further purification.

EnFinit® PCM 35CP phase change microcapsules, supplied as a
white powder by Encapsys LLC (US), have a paraffinic core material
encapsulated in a proprietary silica-based shell. The PCM has a melting
point of 35 °C, a latent heat capacity of 167 J/g, and a particle size with
30 wt% retained on a 150 pm sieve. To accurately evaluate the influence
of PCM particles on the thermal and mechanical properties of the panels,
and to optimize their energy storage capacity, a relatively broad particle
size range corresponding to the central cut of the overall PCM distri-
bution was considered. Accordingly, the PCM powder was sieved using a
column of Gilson stainless steel meshes arranged in decreasing mesh
size. The 125-212 pm fraction was selected for this study, as it repre-
sented the largest weight fraction (see Section 3.3 for details). Both
coarser and finer fractions were discarded. The coarser fraction con-
tained agglomerates and impurities, and its exclusion ensured more
consistent thermal and mechanical performance, thereby reducing
variability in foam behaviour and enhancing the overall reliability of the
panels. The finer fraction was discarded because it consisted of small
particles with a high shell-to-core ratio, which provide lower energy
storage per unit weight.

2.2. PU-PCM panels production

The methodology used to produce PU-PCM panels is illustrated in
Fig. 1. PCMs were incorporated using a direct integration method, which
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involves adding the PCM directly to the polyol-isocyanate mixture prior
to foaming and curing. This approach is straightforward and cost-
effective, particularly suitable for paraffinic core materials [4].

Initially, the bio-based polyol was mixed in a glass beaker with the
additives and sieved PCM at varying concentrations (0, 5, 10, and 15
phr; PCM content is based on the total foam mixture, as reported
Table 1) (Fig. 1a). The mixture was stirred at 300 rpm for 1 min using a
VELP OV725 disperser equipped with D20-S20F-P-R20M probe,
appropriate for liquid-solid suspensions (Fig. 1b). The polyisocyanate
was then rapidly added, and the mixture was stirred vigorously at 1000
rpm for 1 min. The isocyanate-to-hydroxyl molar ratio (NCO/OH) was
maintained at 0.9 for all formulations to obtain flexible PU foams [28]
(Fig. 1c). Subsequently, the catalyst was introduced, and the mixture
was stirred at 300 rpm for an additional 30 s (Fig. 1d). A total of 170 g of
the foam mixture was poured into a closed, rectangular Teflon-coated
mould (L = 200 mm x L = 200 mm x H = 30 mm) (Fig. le). The
mould was sealed, and the foaming process took place at room tem-
perature (18 °C) for 24 h in a controlled volume (Fig. 1f). The PU-PCM
foam was then removed from the mould and post-cured in a ventilated
oven at 70 °C for 8 h (Fig. 1g). The resulting foams, containing 0, 5, 10,
15 phr PCM, were designated PO, P5, P10, and P15, respectively, and
were subsequently subjected to characterization (Fig. 1h). PCM Con-
centrations above 15 phr may result in foams that are too fragile and
lack flexibility; therefore, they were not considered in this study.

The concentrations of reagents and additives, based on 100 g of
polyol, are reported in Table 1 and were determined according to our
previous study [28].

Fig. 1. Scheme and some photos of PU-PCM panel preparation. Preparation of polyol, additives, and PCM formulation (a). Polyol, additives, and PCM low mixing
(b). Isocyanate addition and rapid mixing (c). Catalyst addition and low mixing (d). Pouring the PU-PCM mixture in the mould (e). PU-PCM foaming and pre-curing

(f). PU-PCM post-curing (g). Final cured PU-PCM panel ready for testing (h).
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Table 1
Formulations of PU-PCM panels with different PCM content (PO, P5, P10, and P15)
mixture, including polyol, Desmodur, and other additives.
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. phr stands for ‘parts per hundred’: grams of PCM per 100 g of the total foam

PU- Polyol Desmodur® CQ N7300 Tegostab® 2370 Dabco® 33 LV Dabco® DMEA Ortegol® 500 Kosmos 19 Water PCM
PCM (€3] ® ® ® & ® ® ® &

PO 100.0 123.5 1.1 0.36 0.8 1.5 1.5 4.0 0.0
PS5 11.6
P10 23.3
P15 349

2.3. Panel characterization

2.3.1. Thermal analysis

Differential scanning calorimetry (DSC) was used to determine the
energy storage capacity and the effective encapsulation of PCM incor-
porated within the developed panels. Measurements were performed
using a DSC 6000 (PerkinElmer Inc, US), which has a temperature ac-
curacy of +0.1 °C and temperature precision of +0.02 °C. Approxi-
mately 15 mg of each sample was placed in an aluminium pan and
subjected to heating-cooling-heating cycles from —20 to 70 °C at a rate
of 1 and 10 °C/min. The effective PCM content (%pcy) incorporated into
the foam was determined as follows:

AH,
Yopcm :A L

-100 (€8]

HPCM

where, AHp and AHpcy are the melting latent heats of the panels and
PCM, respectively. %pcm represents the mean value of five replicates.

The thermal stability of the panels was evaluated by thermogravi-
metric analysis (TGA) using an STA 2500 Regulus (Netzsch BV & Co
Holding KG, Germany), which has a weight accuracy of +£0.03 pg and a
temperature precision of +0.3 °C. Samples of about 5 mg were heated in
a platinum pan from room temperature to 900 °C at a rate of 1 °C/min
under a nitrogen flow of 20 mL/min.

Thermal conductivity (A) of the panels was measured using a
TPS3500 (Hot Disk AB, Sweden) in bulk module, following the ISO/FDIS
22007-2 standard. Rectangular samples (L = 50 mm x L = 50 mm x H
= 30 mm) were extracted from the central portion of the post-cured
panels. Measurements were performed at 20, 25, 30, 35, 40, 45, and
50 °C + 1 °C using a 10 mm sensor. Mean thermal conductivity values
were calculated from five readings per specimen. The instrument pro-
vides thermal conductivity accuracy <5 % and a thermal conductivity
precision <0.11 %.

Fire behaviour of the panels was evaluated using a cone-calorimeter
apparatus (Fire Testing Technology Ltd, UK) under heat fluxes of 25 and
35 kW/m?, simulating small-to-medium fire scenarios, both with and
without ignition triggered by an electric spark. Specimens measured L =
100 mm x L = 100 mm, in accordance with ASTM E1354-17, with
thickness ranging from 7 to 8 mm, and were taken from the central
portion of the panels to avoid surfaces in contact with the mould, which
may contain defects. The apparatus was designed to operate in accor-
dance with ISO 5660 and calibrated prior to testing to ensure data
reliability.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded in attenuated total reflectance (ATR)
mode using a Cary 630 FTIR spectrometer (Agilent Technologies Inc,
US) over a wavenumber range of 500-4000 cm ! with a resolution of 2
em™! (wavenumber accuracy + 0.05 cm™!; wavenumber reproduc-
ibility + 0.005 cm™!). The analysis was performed on the panels to
verify the completion of polyurethane synthesis and assess the chemical
affinity between PCM and PU.

2.3.3. Mechanical analysis
Compression force-deflection (CFD) tests were performed at 20 °C on
the fabricated panels using a Qasar 10 compression testing machine

(Galdabini S.p.A., Italy) equipped with a 10 kN load cell. In accordance
with ASTM D3574-C, rectangular samples (L = 50 mm x L = 50 mm X
H = 30 mm) were obtained by cutting larger post-cured panels. Each
sample was pre-compressed twice to 75 % of its initial height at a speed
of 250 mm/min. After a 6 min rest period, the sample height was
measured under a residual load of 140 Pa. Finally, the samples were then
compressed to 50 % of their height at a speed of 50 mm/min, and the
load (o5 9,) after 60 s was recorded. o5 o, represents the mean value of
five replicates.

Dynamic mechanical analysis (DMA) was conducted to evaluate the
viscoelastic behaviour and the glass transition temperature (Tg) of the
panels. Foam disks (14 mm in diameter, 10 mm thick) were cut from the
panels and tested in compression mode using a DMA 303 Eplexor
(Netzsch BV & Co Holding KG, Germany), which provides a maximum
controlled amplitude of +2.5 mm, a maximum static deformation of
+15 mm, and a position resolution of +1 nm. The analysis spanned a
temperature range from —70 to 120 °C, with a heating rate of 2 °C/min
at a frequency of 1 Hz and dynamic deformation of 70 pm. The same
foam disk samples were used to assess the panels’ ability panels to
withstand cyclic loading at 20 and 50 °C. Fatigue tests were conducted
by adapting the ASTM D3574-11 standard on a DMA apparatus. Tests
were performed for 2 h at a frequency of 70 cycles per minute, recording
the load required to induce dynamic deformation corresponding to 25 %
of the sample thickness. Five replicates were performed for each sample.

2.3.4. Density and morphological analysis

The density of the flexible panels was measured according to ISO
845:2006 using rectangular samples (L =50 mm x L =50 mm x H= 30
mm) cut from the panels. The reported value corresponds to the mean
value of five replicates.

Cell sizes and foam morphology were examined using scanning
electron microscopy (SEM) EM-30N (COXEM Co Ltd, South Korea) with
a spatial resolution <5 nm. Samples were fractured in liquid nitrogen,
and the surfaces were coated with a thin gold layer using an S150B
sputter coater (Edwards Ltd, UK). In addition to SEM, optical micro-
scopy was performed using a S9i stereo microscope (Leica AG, Germany)
equipped with a CCD camera.

3. Results and discussions
3.1. Thermal analysis

Fig. 2 shows the DSC curves of the produced panels at different PCM
concentrations, while Table 2 reports the corresponding effective
incorporation (%pcy) within the PU foam. The absence of exothermic
peaks in the PO curve confirms the completion of the post-curing process
and the full crosslinking of polyurethane [28]. Moreover, the flat profile
of PO does not exhibit endothermic peaks in the 30-40 °C range, typi-
cally associated with the evaporation of moisture absorbed by open-cell
structures [54].

The melting temperature of the pure PCM (T, = 34.8 °C) agrees with
the value reported in the datasheet and closely matches the melting
temperature measured in the PCM-loaded panels (T, = 34.2 °C). This
indicates that the PU foam can incorporate the PCM without hindering
its ability to undergo phase change and volume expansion during
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Fig. 2. DSC thermograms of panels. Scan rate = 1 °C/min under a nitrogen
flow. 2nd heating. Average curves based on 5 replicates.

Table 2
Nominal and effective PCM concentrations in panels. Mean values + standard
deviation based on 5 replicates.

Sample Nominal PCM Nominal PCM (wt. Effective PCM (wt.%) (Eq.
(phr) %) (€9)]

PO 0 0 0

P5 5 4.8 52+23

P10 10 9.1 85+1.7

P15 15 13.0 14.0 + 1.1

AHpcy = 187 J/g.

melting. All PU-PCM panels exhibit signals attributable to the PCM
melting process, and the presence of a single sharp peak indicates a
relatively uniform distribution of the core paraffin wax. Furthermore, as
the PCM content increases from 5 to 15 phr, the specific enthalpy stored
during heating rises from AHp = 9.7 J/g to AHp = 26.2 J/g, confirming
the enhanced energy storage capacity with higher PCM loading. These
enthalpy values are in line with those reported by Galvagnini et al.
(2022), Mahajan et al. (2023), and Fredi et al. (2024) for petroleum-
based polyurethane foams and polymer-based PCMs with paraffinic
cores at comparable PCM contents [14,19,20].

The calculated latent heat of the pure PCM (AHpey = 187 J/g) is
slightly higher than the datasheet value. This difference is attributed to
the sieving process, which removed the top and bottom particle fractions
that are rich in impurities and shell fragments. It is important to note
that the reported energy storage capacities exclusively refer exclusively
to the latent heat measured by DSC analysis. The measurement is con-
ducted within a temperature range that is specifically selected to
encompass the entirety of the PCM melting and solidification processes.
Conversely, the additional sensible heat capacity that is present within
the temperature range under investigation is not considered.

The encapsulation efficiency (%pcm), calculated using Eq. (1), is
consistent with the theoretical PCM concentration in the panels
(Table 2). The standard deviations decrease from 2.3 to 1.1 wt% as the
PCM concentration increases, indicating a segregation effect that is more
pronounced at lower concentrations. Lower precursor viscosity at lower
PCM content (P5) compared to higher content (P15) promotes greater
particle stratification due to buoyancy-driven separation [9,55].

To assess the thermal resilience of the PU-PCM composites, the panel
with the highest PCM content (P15) was subjected to 100 consecutive
heating-cooling cycles at a high rate of 10 °C/min. The DSC thermo-
grams shown in Fig. 3 display overlapping curves and negligible
enthalpy hysteresis (AHp15 cycled = 26.2 + 0.26 J/g), which is typically

Materials Today Sustainability 32 (2025) 101234

!
T,=36+0.1°C i
S :
S .
T 1 Wi/g
—_——
@ Heating cycles P15
=
3
=2 T =1920.1°C - o ~
w ¢ Tq=29£01°C Cooling cycles
3 g N
T 5 ‘

0 5 10 15 20 25 30 35 40 45 50

Temperature (°C)

Fig. 3. DSC thermograms of P15 panels at scan rate of 10 °C/min under ni-
trogen flow over 100 heating-cooling cycles.

associated to progressive leakage of molten PCM after repeated thermal
loading. The leakage of the paraffinic core from the PCM alters both the
magnitude and the position of the endothermic and exothermic peaks,
since the PCM shell slightly affects the kinetics of the phase transition
[14,19,56]. These results demonstrate that the designed panels can
withstand thermal stress without compromising their thermal energy
storage capacity. The observed stability of melting temperatures could
be particularly beneficial for applications requiring precise temperature
control, such as temperature-sensitive product packaging.

The slightly higher melting temperature (T, = 36 + 0.1 °C) is
attributed to the higher heating rate (10 °C/min) and the different ki-
netic response of the system, compared to the melting temperature ob-
tained at the lower scan rate of 1 °C/min (T, = 34.8 °C, Fig. 2).
However, as expected, the enthalpy associated with these peaks remains
essentially unchanged, at approximately 26.2 J/g. The two peaks
observed in the cooling curves of Fig. 3 (Te; =29 +£ 0.1 °Cand Ty = 19
=+ 0.1 °C) reflect the paraffinic nature of core material, likely resulting
from the rotator phase transition of n-alkanes [57].

Thermogravimetric analysis of the PCM displays a characteristic
bimodal degradation profile, with two main degradation peaks at
approximately 230 and 375 °C, corresponding to the thermal decom-
position of the alkanes-based core [58] and the silica-based shell,
respectively (Fig. 4a-b) [49,50]. A small residue of approximately 1 wt
% is attributed to the presence of silica from the PCM shell. No consistent
degradation trends were observed as a function of the PCM content in
the PU foam. This is due to the small sample size (5 mg) used in each
TGA measurement, which does not capture the heterogeneity of the
PU-PCM composite system. In fact, experimental variability among
multiple samples of the same formulation is comparable to the differ-
ences observed between different formulations. All thermograms for the
panel samples fall within the grey boundaries in Fig. 4a-b; the average
profile is therefore reported as a black line.

All panel samples showed no thermal events below 120 °C, a tem-
perature range typically associated with moisture evaporation or the
release of residual unreacted volatile precursors and additives. Thermal
stability was maintained up to 200 °C. Above this temperature, three
main decomposition stages were identified. The first event, around
250 °C, corresponds to the degradation of the hard segment and the
cleavage of urethane bonds [27,59,60]. The main weight loss occurred
between 300 °C and 500 °C, with two distinct peaks at 375 °C and
440 °C, attributed to the overlapping degradation of the soft segments in
the PU foam and the aliphatic chains of both the isocyanate and polyol
components [23].
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Fig. 4. TG (a) and DTG (b) thermograms of panels. Scan rate = 1 °C/min under nitrogen flow. Average curves based on 5 replicates. PO, P5, P10, and P15 show
similar profiles all contained within the grey region. The average black line indicates their average value.

Notably, the degradation behaviour of the virgin foam (PO) closely
matches that of the PCM-containing foams. This similarity is likely due
to the complete encapsulation of the PCM within the foam, which pro-
tects the microcapsules and attenuates the appearance of the charac-
teristic degradation peaks of the paraffinic core. These findings indicate
that, although PCM microcapsules possess lower intrinsic thermal sta-
bility compared to the virgin PU foam (P0), unlike those with melamine-
formaldehyde shells [19,20], they do not compromise the overall ther-
mal stability of the PU-PCM panels. This behaviour may be ascribed to
the strong affinity between the hydroxyl groups of the silica-based shell
and isocyanate groups, which can undergo chemical reactions [61]. This
interpretation is further supported by subsequent FTIR analyses.

3.2. Fourier transform infrared spectroscopy

The virgin panel (P0) exhibited the typical FTIR spectrum of post-
cured PU foam, confirming the completion of the polyaddition re-
actions between polyol and isocyanate (Fig. 5). This is demonstrated by
the presence of urethane bond signals: a broad peak at 3360 cm™* (N-H
stretching), a peak at 1530 cm ™! (N-H in-plane bending), a peak at 760
em™! (N-H wagging), and a peak at 1230 em™! (C-N stretching) [27,62].
In addition, the disappearance of the band at 2260 cm ™!, associated with
the isocyanate bond (N=C=0), along with the appearance of a peak at

1690 cm ™! corresponding to the C=0 bond in urethane, confirms that
the isocyanate groups have fully reacted with the hydroxyl groups of the
polyols to form urethane bonds [63-65]. The bands at 2930 em~! and
2850 cm ™! correspond to the asymmetric and symmetric stretching vi-
brations of -CHy groups, respectively, associated with the aliphatic
chains of both polyol and isocyanate components [66].

The PU-PCM foams exhibited FTIR spectra identical to those of the
virgin PO, supporting the hypothesis that PCM particles are fully
encapsulated and shielded by the polyurethane matrix, rendering their
specific signals undetectable by ATR-FTIR. The similarity of the spectra
among all panel samples further demonstrates that PCM and PU do not
chemically interact and are physically embedded.

The PCM spectrum exhibits the same peaks at 2930 cm ™! and 2850
cm ™, corresponding to -CHj stretching vibrations of the paraffinic core.
Additional bands in the 800-1730 cm ™! region are likely associated with
Si-CH3 and Si-O-Si vibrations, originating from the silica-based shell
[66,67]. The band at 1730 cm ! indicates the presence of C=0 bonds,
possibly from long-chain esters within the organic core of the PCM. The
peak at 720 c¢m ! (zoomed-in section of the spectrum) is attributed to
the in-plane -CH; rocking vibration [68], characteristic of long-chain
hydrocarbons such as paraffinic structures. This vibration is
commonly associated with the ordered packing of methylene (-CHs-)
groups in crystalline or semi-crystalline regions of aliphatic chains,
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Fig. 5. FTIR-ATR spectra of panels and PCM. Wavenumber range of 500-4000 cm~’; resolution of 4 cm ™. Average curves based on 5 replicates.
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which largely constitute the PCM core. Notably, this peak increases in
intensity with increasing PCM content.

3.3. Morphology

Fig. 6 shows the particle size distributions of the commercial PCM
after sieving. The 125-212 pm fraction accounts for the largest weight
percentage (54 wt%) and is mainly composed of spherical particles with
smaller satellites adhered to their surface. ImageJ software was used to
determine the size of the PCM particles and to analyse the PU-PCM cell
structure.

Each post-cured panel shown in Fig. 1Th was sectioned into rectan-
gular specimens (L = 50 mm x L = 50 mm x H = 30 mm, Fig. 7a). The
samples were cryo-fractured, and their cross-sections were examined via
SEM to assess the PU-PCM morphology and the dispersion of PCMs
within the polyurethane matrix (Fig. 7b—g). The SEM micrographs of PO
(Fig. 7b) revealed a well-defined cellular morphology composed of both
open and closed-cells, consistent with the study focus and the use of the
cell-opening agent Ortegol® 500. The cells exhibited a regular shape
with a relatively narrow size distribution (200-500 pm), in agreement
with the findings of Rossi et al., 2025 [28]. PCM particles tended to
accumulate between the cells, particularly at strut-joints connecting
three or more cells (Fig. 7d-f) slightly distorting the polyhedral cell
morphology and reducing cell dimension (100-450 pm). This behaviour
is related to the nucleating effect of PCM particles during polyurethane
crosslinking [69]. Similar localized accumulation of PCM particles,
enclosed within the PU matrix at the inner junction of cell boundaries,
has also been reported by Mahajan et al. (2023) [14].

The presence of embedded PCM within PU struts supports previous
thermal and FTIR analyses. This affinity between PCM and PU benefits
overall composite integrity but also hinder the foaming process. This is
evidenced by the interface between PCM and PU, which exhibits micro-
porosity (1-5 pm), characterized by incompletely developed cells
(Fig. 7g). Since silica particles are partially surface-terminated with Si-
OH groups, they can interfere with polyurethane formation. A possible
explanation is that silica reduces the extent of the foaming by reacting
through its OH groups with a part of the isocyanate, thereby lowering
the availability of isocyanate groups for reaction with the polyol and
water during foaming [61,70]. This effect was also confirmed by Frances
et al. (2014), who investigated the influence of silica nanoparticles on
the polyurethane foaming process and foam properties [71].

Stereo microscope images of PO (Fig. 8a) and P15 (Fig. 8b) confirm
the uniform distribution of PCM microcapsules within the foam matrix.
The PCM microcapsules appear evenly dispersed across the cell surfaces,
indicating their effective incorporation into the PU foam and their
excellent compatibility.

Interestingly, the P5 samples exhibited upper regions slightly richer
in PCM than the lower regions, suggesting segregation towards the top
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due to the lower density of PCM relative to the precursors. This obser-
vation is consistent previous reports of particle segregation at low PCM
content (Table 2). The density of the precursor mixture prior to foaming,
measured with a pycnometer, was 1.15 g/cm?, higher than the typical
density of paraffinic PCMs (<1 g/cm3) [9].

3.4. Mechanical characterization

Fig. 9a presents the density trend (at 20 °C) of the designed panels as
function of the PCM content. The nominal density (p,) corresponds to
the density of the mixture prior to foaming (Fig. 9b), while the total
density (py) represents the final density of the rectangular panel portion
after post-curing (Fig. 9¢). The bulk density (pp) refers to the homoge-
neous density of the panel portion after the removing the upper and
bottom layers (3 mm thickness each) as well as the edges in contact with
the Teflon-coated mould (Fig. 9¢). As expected, p, > p; in PO, a differ-
ence attributed to the gas released during foaming. In contrast, pt > pp,
with only minor differences due to the removal of the denser cellular
structure formed near the Teflon mould.

The nominal density p, increased with the PCM content (from PO to
P15). Interestingly, in the PCM-containing samples, p, < p, confirming
that the presence of silica-based PCM inhibits the foaming process,
resulting in more compact and rigid structures [61,70]. Consequently, p;
> pp with a larger deviation than PO, reflecting the removal of the outer
layers enricher in PCM.

The bulk density (py) ranged from 128 to 157 kg/m? (a 23 % in-
crease), which is consistent with flexible polyurethane foams used in
insulation and packaging applications, requiring load-bearing capacity
[72]. The density of the virgin panel PO is higher than that reported by
Rossi et al. (2025) for the same precursors (128 kg/m3 vs. 86 kg/m?’)
[28]. This discrepancy is attributed to different temperatures used
during the foaming stage (18 °C vs. 25 °C). The higher temperature in
the previous study likely enhanced foam expansion and promoted cell
wall rupture, leading to a greater fraction of open cells [73].

It is well established that PCM phase transitions are accompanied by
a general volume increase [9]. However, this effect is usually negligible
and cannot be detected in real time by SEM analysis, as the instrument is
not equipped with temperature control. To confirm this, bulk density
measurements were carried out after preconditioning the panels in an
oven at 50 °C > Tp,. The values matched those obtained at room tem-
perature (20 °C < Tp), confirming that the phase transition does not
alter the morphology or dimensions of the developed panels.

Fig. 10 reports the compression force deflection (CFD) values
measured at 20 °C. These values were markedly affected by the PCM
content incorporated into the foam. The panels exhibited CFD values
ranging from 85.5 kPa (P0) to 234.8 kPa (P15), corresponding to an
almost threefold increase in compressive resistance with higher PCM
content. The presence of rigid inclusions enhances stiffness in a nearly

Fig. 6. Particle size distribution of commercial EnFinit® PCM 35CP (a). PCM particle (b). The 125-212 pm size range constitutes the largest weight fraction (54

wt%).
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Fig. 7. Cryo-fractured portion of panels (L = 50 mm x L = 50 mm x H = 30 mm) (a). SEM images of PO at different magnifications (b-c), P5 (d), P10 (e), and P15 (f-
g). Red rows indicate PCM particles accumulated at the strut joints connecting three or more cells.

Fig. 8. Stereo microscope images of PO (a) and P15 (b). PCM particles in P15 appear evenly dispersed into the PU foam matrix.
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Fig. 9. Nominal density (py), total density (p,), and bulk density (p) as function of nominal PCM content at 20 °C (a). Mean values + standard deviation based on 5
replicates. Mixture before foaming and p,, (b). Portion of panel (L = 50 mm x L = 50 mm x H = 30 mm) and contour used for the determination of p, and p;, (c).

Fig. 10. Compression force deflection (CFD) test (ASTM D3574-C) performed at 20 °C on rectangular samples (L = 50 mm x L = 50 mm x H = 30 mm). 65 o, as

function of PCM content. Mean values + standard deviation based on 5 replicates.

proportional manner, since the particles act as effective reinforcements
within the polymer network. This trend is expected, as the PCM occupies
space within the polymeric struts, thereby reducing cell dimension
(Fig. 7). A greater number of smaller cells enhances the ability to
withstand external loads, since the increased strut density per unit area
improves structural support. Consequently, the panels display reduced
elasticity but increased strength and rigidity [15,74]. These findings are
consistent with the results of Galvagnini et al. (2022) and Fredi et al.
(2024), who reported increased stiffness accompanied by a marked
reduction in strain at failure in three-point bending tests [19,20].
Comparable trends were also observed in PU-PCM composites examined
by Gama et al. (2018), Vatankhah et al. (2022), and Mahajan et al.
(2023) under uniaxial compression [14,15,34].

The relatively high CFD values obtained highlight the suitability of
the panels for insulating and reinforcing structural components in

automotive and building applications, where high stiffness (CFD >200
kPa) is required [72]. Furthermore, the results demonstrate that
tailoring the PCM concentration in the initial mixture provides a
straightforward means to customize the foam’s stiffness for specific
application needs.

Fig. 11 presents the DMA results of the panels. The dynamic storage
modulus (E") curves exhibit characteristic trends that correlate with both
PCM content and CFD values. Within the operational temperature range
of the panels (from —10 to 50 °C), higher PCM concentrations yield
foams with generally greater E’ values, indicating increased stiffness and
enhanced resistance to dynamic deformation. The higher density and
stiffness imparted by PCM incorporation are also expected to improve
acoustic performance, contributing to sound absorption and vibration
damping.

The peak associated with the motion of the side chains (f-transition)
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Fig. 11. Dynamic mechanical analysis (DMA) test performed on foam disks (14
mm in diameter, 10 mm thick). E' and tan$ as a function of temperature (from
—70 to 120 °C); heating rate of 2 °C/min at a frequency of 1 Hz and dynamic
deformation of 70 pm. Average curves based on 5 replicates.

[75], typically observed below —120 °C in the loss factor (tand) [28], is
absent within the studied temperature range. In all formulations, the
glass transition of the soft segments (Tg; soft) appears as a small shoulder
preceding the primary glass transition of the hard segments (Tg1 hard)
[76,77]. This behaviour suggests a high crosslinking density and good
miscibility between the two phase domains, likely promoted by
hydrogen bonding interactions between the -NH- groups in the soft
segments and C=0 groups in the hard segments [63-65].

While Ty sofc remains nearly unchanged (ranging from —40 °C in PO
to —35 °C in P15), Ty harq shifts to higher temperatures (from 20 °C in
PO to 60 °C in P15). This upward shift is attributed to the reinforcing
effect of the PCM shell, which increases rigidity and restricts hard-
segment relaxation, thereby elevating their glass transition tempera-
ture. A secondary, minor hard-segment transition (Tg2 hard) remains
essentially unaffected by PCM content [28].

Notably, no shoulders or peaks appear at the PCM melting temper-
ature (T, = 36 °C), confirming that the paraffinic PCM core is effectively
encapsulated within a rigid, non-melting shell. This finding further
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Fig. 12. Dynamic mechanical analysis (DMA) fatigue tests (ASTM D3574-11)
performed on PO and P15 foam disks (14 mm in diameter, 10 mm thick) at
20 °C and 50 °C. Dynamic stress required to induce dynamic deformation
corresponding to 25 % of the sample thickness. 2 h repeated cycles (70 cycles
per minute). Average curves based on 5 replicates.
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supports the absence of leakage, which would otherwise soften the
material and reduce the glass transition peaks [15,19,20].

Polyurethane insulating foams are widely used in applications
involving repeated loading cycles, such as packaging and cushioning.
Fig. 12 illustrates the evolution of dynamic tensile stress over multiple
loading cycles at 25 % deformation for the virgin panel (PO) and the
panel with the highest PCM content (P15). For PO, load-bearing capacity
and dynamic deformation resistance progressively decrease with
increasing cycle number and temperature (from 20 to 50 °C). This
behaviour is attributed, respectively, to partial damage of the cellular
structure caused by cyclic loading and to polymer chain relaxation
occurring at T > Tg hard [2,78]. At these temperatures, the polymer
chains exhibit high mobility, leading to rapid relaxation, which can
reduce the accumulation of localized stresses but also compromise the
integrity of the foam’s cellular structure.

Incorporation of PCM (P15) results in higher dynamic stress
compared to PO at both 20 and 50 °C, due to the increased stiffness
imparted by the PCM. Accordingly, the slopes of the curves in Fig. 12,
representing the rate of polymer chain relaxation under cyclic loading,
become steeper with increasing PCM content and decreasing tempera-
ture [2].

Fatigue tests were further conducted on P15 by subjecting samples to
100 consecutive heating-cooling DSC cycles at a high rate (10 °C/min) to
evaluate potential shell ruptures leading to PCM leakage and/or foam-
PCM detachment. The resulting thermograms closely overlap with
those in Fig. 3, showing negligible enthalpy hysteresis (AH’p15 cycled =
25.9 + 0.21 J/g) and unchanged melting and cooling temperatures (T’
=3594+0.1°C, T¢q =29 +£0.1°C, Tco =19 £ 0.1 °C). These results
confirm that the designed panels can withstand thermal stress without
compromising thermal energy storage performance, even after repeated
mechanical loading.

3.5. Thermal conductivity

Fig. 13 presents the experimental thermal conductivity (1) of the
virgin panel (PO) and the PU-PCM panel with the highest PCM content
(P15). As expected for insulating materials, PO exhibits a linear increase
in A with temperature, ranging from 46.15 to 47.81 mW/m-K [4,13],
consistent with values reported for open-cell insulating panels [4]. The
P15 panel exhibits a slightly higher thermal conductivity (48.44-48.58
mW/m-K) compared to PO, which is attributed to the presence of the
conductive silica-based PCM shell [49,50]. However, this modest

Fig. 13. Thermal conductivity (\) of PO and P15 as function of temperature
(from 20 °C to 50 °C) based on ISO/FDIS 22007-2 standard and rectangular
samples (L = 50 mm x L = 50 mm x H = 30 mm). Mean values + standard
deviation based on 5 replicates.
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increase does not compromise the overall insulating performance of the
panel. Notably, the nearly constant A values measured for P15 with
increasing temperature likely result from two opposing effects: the
intrinsic positive temperature dependence of thermal conductivity is
counterbalanced by a reduction occurring near the PCM solid-liquid
phase transition (T, = 36 °C) [37-40].

PU-PCM panels are particularly advantageous under transient ther-
mal conditions, as the presence of PCMs attenuates temperature peaks
and helps maintain stable thermal conditions over short time spans. The
improvement of transient thermal performance of the insulating panel
with PCM can be assessed through the thermal diffusivity (o = )»/pbq)

of the material. When PCM is incorporated, the composite exhibits
averaged thermal properties. As shown in Fig. 13, A changes only
marginally between PO and P15. In contrast, the equivalent specific heat
capacity (c,) of P15 is expected to be substantially higher than that of
PO, especially within the phase transition range. This increase is
attributed to the latent heat storage/release (AHpcy = 187 J/g), which is
incorporated into the ¢, term along with the sensible heat capacity of the
composite foam [79]. Furthermore, bulk density increases from pp =
128 kg/m® (P0) to 157 kg/m® (P15). The combined increase in ¢, and py,
reduces the thermal diffusivity of P15 compared to PO. A lower o cor-
responds to a slower thermal response, meaning that P15 delays the
propagation of the thermal front compared to PO. Consequently, the
PCM-loaded panel enhances the ability of the system to dampen rapid
temperature fluctuations and maintain more stable thermal conditions
in the insulated environment.

3.6. Cone calorimetry

The fire behaviour of both PO and P15 was evaluated by cone calo-
rimetry under various conditions simulating small-to-medium fire sce-
narios (35 and 25 kW/m?), with and without an ignition trigger
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(Fig. 14).

All samples sustained combustion under a heat flux of 35 kW/m?
This outcome is expected due to the relatively high flammability of
polyurethanes [80], as also indicated by their very short time to ignition
- typically a few seconds in standard conditions [81]. The heat release
rate (HRR) analysis revealed similar heat production profiles for both PO
and P15 samples, as well as comparable total heat release (THR). The
only appreciable difference was the ignition delay (20-22 s vs. 5-7 s)
when fire development was driven solely by the self-combustion of
volatile gases evolved from the surface (no trigger). Mass loss trends
aligned with the combustion profile and were comparable among all
samples. These findings are consistent with previously reported poly-
urethane foams [82-84]. Tests were interrupted at 400 s, by which time
the flames had already extinguished and the HRR had dropped to
negligible values, with only a few remaining embers.

At the lower heat flux of 25 kW/m?, flame development was delayed
(11-13 s vs. 5-7 s), the peak heat release rate (pHRR) was reduced
(~300 kW/m? vs. ~ 400 kW/mz), and heat release was more broadly
distributed over time, while the THR remained similar. This trend agrees
with literature data on heat flux variations [85]. A flux of 25 kW,/m? was
insufficient to initiate self-combustion of flammable gases, and visible
flames occurred only in the presence of an electric spark. In the absence
of an external ignition source, the samples produced emitted smoke but
did not sustain flaming combustion. As a result, the HRR curve lacked
the abrupt increase typically observed in burning polymers, with a
maximum of only ~14 kW/m?, THR not exceeding 6 MJ/m?, and a mass
loss rate markedly lower than in flaming conditions.

Smoke production was also monitored to provide a comprehensive
overview of the fire behaviour of the materials [86,87]. As shown in
Fig. 15, under the heat flux of 35 kW/m?, the P15 foam exhibits a smoke
production behaviour nearly identical to that of the unmodified PU (P0).
The smoke production rate (SPR) and the total smoke production (TSP)

Fig. 14. Cone-calorimeter test results carried out under 35 kW/m? (top row) and 25 kW/m? (bottom row) heat flux. From left to right: Heat Release Rate (HRR),

Total Heat Release (THR), and specimen mass trends over time.
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Fig. 15. Smoke evaluation by cone-calorimeter test carried out under 35 kW/m? (top row) and 25 kW/m? (bottom row) heat flux. Left: Smoke Production Rate

(SPR); right: Total Smoke Production (TSP).

trends are comparable for both materials. However, a difference
emerges between samples tested with and without the ignition trigger.
The absence of a trigger produces a pronounced peak just a few seconds
from the start of the test (maximum peak in SPR traces), corresponding
to a high rate of smoke production. Then, after burning of the sample,
the SPR reduces. The initial peak, associated with a high SPR, is absent
in the case of samples tested with the ignition trigger. In terms of TSP,
the smoke produced is almost halved in the case of heat exposure with
the trigger. Such smoke reduction can be attributed to the early fire
development compared with the samples that experienced spontaneous
combustion. The smoke production of samples irradiated with 25
kW/m? is quite different: the presence of PCM leads to an increase in the
smoke production, especially when the samples are allowed to
self-ignite.

Overall, the addition of PCM (P15) did not significantly affect HRR
and THR with respect to the virgin foam (P0), despite the intrinsic
flammability of paraffin. This outcome is explained by the encapsulation
of the PCM in a glass shell, which provides a protective barrier. More-
over, silica, the main component of the shell, is known to act as a flame
retardant [88-92]. In general, silica creates a protective thermal barrier
by insulating the flammable polymer matrix from heat [91], besides the
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formation of a char layer which, again, forms a physical barrier pre-
venting combustion [93]. This barrier, promoted by silica, is also
effective for the PCM particles under examination. Indeed, the paraffinic
material is insulated by the silica shell, making the PCM material more
thermally stable [94], and providing a physical barrier that reduces heat
transfer to the core. This means that the silica shell reduces the rate at
which heat reaches the inner material, thereby delaying its ignition and,
consequently, limiting the spread of fire. Since the particle’s core is
made of high-flammable paraffin, it is not possible to avoid its burning;
however, silica is able to counterbalance the paraffin’s negative effect on
the material flammability, leading to an overall “neutral” effect on the
flame behaviour of the PCM-modified PU foams.

4. Conclusions

This study reports the development of sustainable flexible poly-
urethane (PU) composite foams with integrated thermal regulation ca-
pabilities for energy storage and insulation applications. In particular, it
investigates the synergistic integration between silica-shell/paraffinic-
core phase change materials (PCMs) and 80 wt% bio-based PU derived
from waste cooking oils (WCO), evaluating their compatibility and
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performance in the fabrication of flexible PU-PCM panels.
The key findings are as follows.

PU-PCM panels were successfully produced using a direct PCM
integration method. The PCM was effectively incorporated, exhibit-
ing consistent phase change behaviour and enhanced energy storage
capacity (up to 26.2 J/g) at the highest PCM content (15 phr). This
enthalpy value aligns with previously reported data for petroleum-
based polyurethane foams and polymer-based PCMs at 15 phr con-
tent. The encapsulation efficiency aligned with the theoretical PCM
content introduced before PU foaming, with minimal particle
segregation and no evidence of leakage.

e PU-PCM samples exhibited thermal stability up to 200 °C. The
degradation behaviour and FTIR spectra of both virgin and PCM-
containing panels were comparable, suggesting complete encapsu-
lation of the PCM within the PU matrix. The addition of PCM did not
significantly affect the fire performance under both 35 and 25 kW/
m?, with or without ignition source. This is likely due to a balance
between the flammability of paraffinic core and the flame-retardant
effect of the silica shell of the PCM microcapsules.

e PCM microcapsules were uniformly distributed within the PU ma-

trix, predominantly accumulating at the cell strut joints. This resul-

ted in a slight distortion and reduction in cell dimensions (from 200

to 500 to 100-450 pm) while increasing panel density (from 128 to

157 kg/m°, corresponding to a 23 % rise). The incorporation of PCM

enhanced the structural support, strength, and rigidity of the mate-

rial while reducing its elasticity. Consequently, compression force
deflection (CFD) increased from 85.5 kPa for virgin PU to 234.8 kPa
with the addition of 15 phr PCM.

Fatigue tests demonstrated the ability of the developed panels to

withstand cyclic loading, with a reduction of dynamic stress to 25 %

deformation that decreased with load-bearing cycles. The incorpo-
ration of PCM resulted in increased dynamic stress due to enhanced
stiffness, leading to steeper polymer relaxation curves with higher

PCM content and lower temperatures. DSC analysis conducted before

and after fatigue tests confirmed negligible enthalpy hysteresis

(£0.26 J/g) and stable phase-change temperatures (+0.1 °C), high-

lighting the resilience of the panels to thermal and mechanical

stresses while maintaining energy storage capacity.

The thermal conductivity of virgin foam increased linearly with

temperature from 46.15 mW,/m-K (20 °C) to 47.81 mW/m-K (50 °C).

The panel with the highest PCM content exhibited a slightly higher

thermal conductivity, ranging from 48.44 to 48.58 mW/mK, due to

the silica-based conductive PCM shell. The nearly constant thermal
conductivity of the PCM-based panel with temperature is likely due
to a balance between intrinsic temperature dependence and reduced
conductivity near the solid-liquid phase transition (T, = 36 °C).

Furthermore, PCM-containing panels showed lower thermal diffu-

sivity than the virgin foam, making them particularly suitable for

transient thermal regimes where damping of temperature fluctua-
tions is required.

The results demonstrate that the developed bio-based PU flexible
panels incorporating PCMs are promising for applications in trans-
portation and construction, where lightweight, insulating, and flame-
retardant properties are required. The proposed PCM-loaded PU foams
exhibit improved sustainability, along with enhanced thermal and me-
chanical performance, compared to conventional petrochemical PU
panels and flammable PCMs. Furthermore, this strategy is consistent
with circular economy principles, as it promotes resource recovery by
valorising end-of-life WCO within a sustainable recycling chain.

Future work should concentrate on the evaluation of long-term sta-
bility and ageing behaviour of PU-PCM composites to ensure reliable
performance over their service life. Additional investigations will
address the incorporation of higher PCM contents (>15 phr) and the
optimisation of reagents and additives. This approach is expected to
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further enhance the thermal energy storage capacity of the PU-PCM
system, while maintaining foam flexibility and integrity, thereby
broadening their potential applicability. Moreover, the use of fully bio-
based PCMs derived from vegetable oils would further increase the
overall sustainability of the resulting composite foams. The proposed
utilisation of waste cooking oil (WCO) as the primary feedstock for PU-
PCM panel production will also be evaluated in a forthcoming study
through Life Cycle Assessment (LCA) to quantify its environmental
impact.
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