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Abstract: Organic phase change materials (PCMs) have been widely studied for thermal
management applications, such as the passive cooling of silicon photovoltaic (PV) cells,
whose efficiency is negatively affected by rising temperature. The aim of the present study is
to investigate the shape stabilization of PCMs by using expanded graphite (EG) as a highly
conductive supporting matrix, leading to the development of novel PCM/EG composites
with melting temperatures in the range 30-50 °C. Different organic PCMs were selected
and compared, i.e., two paraffins and a eutectic mixture of fatty acids (myristic and palmitic
acid). The EG was vacuum-impregnated with organic PCMs, and, subsequently, powdery
composites were cold-compacted to obtain dense heat-absorbing panels. The thermal
conductivity was enhanced up to 6 W/m-K, guaranteeing composites with a melting
enthalpy of 160 to 220 J/g. This study found that the EG vacuum impregnation method
is suitable for PCM shape stabilization, and cold compaction allows for the formation of
solid panels with improved thermal response. The obtained PCM/EG composites were
utilized to produce panels of about 6 x 6 x 2 cm?, suitable for the thermal management of

silicon PV.
Keywords: PCM; thermal management; photovoltaic; thermal conductivity;
expanded graphite

1. Introduction

In recent years, excessive fossil fuel consumption has given rise to a deep energy crisis
and environmental concerns, making clean energy technologies of increasing interest in
order to replenish conventional fuels. Solar energy is a sustainable and accessible renewable
energy source of unlimited potential. Nowadays, photovoltaics (PVs) represent the most
effective technology for taking advantage of solar energy for electricity production.

The most consolidated PV technology involves the use of mono- and polycrystalline
silicon cells, which cover around 97% of the PV market [1]. Cumulative PV installation is
exponentially growing in order to fulfill the renewable electricity generation capacity, which
has to reach 6 TW worldwide in order to limit the average global temperature increase to
1.5 °C above pre-industrial levels [2]. However, in 2024, the cumulative total PV capacity
barely reached 2 TW, and thereby, the total replenishment of silicon cells with emerging
PV technologies, such as perovskites [3,4], is becoming even more difficult thanks to the
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advantages offered by silicon technology such as their low-cost, environmental friendliness,
and economies of scale [5].

PV cells absorb part of the incoming energy from the sun, dissipating the rest into
heat. The excessive heat can raise module temperatures, shortening their lifespan and
reducing their efficiency. In particular, the conversion efficiency of crystalline silicon
solar cells decreases by 0.3-0.5% for every degree of temperature increase. Silicon solar cell
efficiencies are approaching the maximum theoretical value [6]; hence, thermal management
becomes fundamental to minimize efficiency losses. It is therefore essential to maintain the
lowest possible working temperatures, developing active or passive cooling systems to be
coupled with PV cells [7,8]. Because active cooling requires specifically dedicated energy
consumption, passive systems are energetically preferred [9,10].

An emerging strategy in the field of passive cooling is the use of phase change materials
(PCMs), storage materials able to absorb incoming heat flux during melting and store it in
the latent form at constant temperature. The stored latent heat is released in crystallization
during the opposite thermal cycle, as reviewed in the literature [11,12]. PCMs have been
exploited in many applications related to energetic transition. They may replace insulating
materials to mitigate building environmental impacts [13], and also, they can prevent
overheating in electronic devices [14] and batteries [15,16]. In addition, they have been
proposed for low-temperature thermal energy storage (TES) [17,18]. PCMs can also be
employed in PV modules as passive cooling systems to mitigate the already mentioned
efficiency losses [19-22].

PCMs are subdivided into classes based on their chemical structure: organic, inorganic,
and eutectic mixtures [23]. Organic PCMs include paraffins, fatty acids, and poly(ethylene
glycol) derivatives. They offer advantages such as high melting enthalpy, non-corrosiveness,
chemical stability, and no supercooling phenomenon. However, they present high volumet-
ric expansion upon melting, flammability, and low thermal conductivity. These drawbacks
do not exist in inorganic PCMs, a class composed of salts, hydrated salts, metals, and
alloys. Nevertheless, inorganic PCMs are often avoided because they are corrosive, scarcely
stable, and they may incur the supercooling phenomenon. Likewise, eutectic mixtures are
combinations of two or more PCMs of the previous classes, which enable the fine-tuning of
PCM melting temperatures. Because of their disadvantages, inorganic PCMs are discarded,
and in the following, we consider only organic PCMs and their eutectic mixtures.

Organic PCMs are poor thermal conductors, so thermal conductivity improvement
is fundamental for fast charging and discharging rates, which are critical issues when
PCMs are applied for the thermal management of electronic devices and batteries [24].
Thermal conductivity in organic PCMs can be enhanced by adding carbon substances
such as graphene [25], graphene oxide [26], and expanded graphite [27-29]. They can
rely on their excellent porous structure, which allows for the efficient absorption of PCMs,
making possible the creation of a highly stable PCM-based composite. Graphene and
graphene oxides, notwithstanding their excellent properties, have been often discarded
due to the high cost, in favor of expanded graphite (EG). EG has become of huge interest in
the realization of PCM-based composites due to its low density and high specific surface
area, which creates a thermal conductive network, which additionally provides shape
stabilization and limited leakage [30-32].

This stabilizing effect of EG is crucial to restrict the main technological limitation in
the use of PCMs, which is the need to confine them once molten. Many solutions have
been proposed, like macro- [33] or micro-encapsulation [34]. These are valid strategies
but they do not increase the thermal conductivity and macro-encapsulation has to deal
with the large volumetric expansion of PCMs upon melting, while micro-encapsulation is a
fairly expensive process. Moreover, the micro-encapsulated PCM must be dispersed into
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a polymeric matrix, such as one made up of thermoplastics [35,36], acrylic resins [37], or
elastomers [38], but this process can be performed also with neat PCMs, obtaining higher
melting enthalpy composites. For these reasons, carbon-based structures are preferred
when a high PCM content is needed.

In a previous study [39], for the first time, we impregnated EG with a fatty acid mix-
ture under vacuum conditions and the obtained powder was cold-compacted to realize
shape-stabilized panels. We found that a 14 EG parts per hundred ratio (phr) of PCM is the
optimum amount for leaking prevention and thermal conductivity enhancement, obtaining
isotropic thermal conductivity values not reached before in the literature. However, the
considered PCM melted at 50-55 °C and we verified that, to maximize the thermal man-
agement efficacy in PV systems at a north-Italian latitude, a lower melting point (around
40-45 °C) is preferable. For this reason, in the present study, we focus on lower-melting-
point PCMs, in order to maximize the thermal management action, intending to obtain
EG-based passive cooling systems to be coupled with crystalline silicon PV cells, which can
be applied to either new plants or existent ones.

2. Materials and Methods
2.1. Materials

The investigated organic PCMs were selected due to their melting interval from 30 to
50 °C. They are reported in increasing order of melting temperatures:

e  Rubitherm® RT35HC (RT35), whose melting peak temperature is 35 °C, characterized
by a melting enthalpy of 240 J /g (£7.5%) and density in the solid state of 0.88 g/cm?,
was provided by Rubitherm GmbH (Berlin, Germany);

e  Rubitherm® RT44HC (RT44), whose melting peak temperature is 44 °C, characterized
by a melting enthalpy of 250 ] /g (+7.5%) and density in the solid state of 0.8 g/cm?,
was provided by Rubitherm GmbH (Berlin, Germany);

e A fatty acid mixture of myristic and palmitic acids (MPAs), mixed at a 61:39 weight
ratio to finetune the melting temperature to around 50 °C, yielded a eutectic
composition, whose precursors (purity > 95%) were provided by Merck KGaA
(Darmstadt, Germany).

The expanded graphite (EG) chosen as the supporting matrix was SIGRAFLEX®
EXPANDAT, provided by SGL Carbon GmbH (Meitingen, Germany). It is characterized by
tapped density of 25 g/L at 20 °C and particle size of 4-40 pm.

2.2. Sample Preparation

RT35 and RT44 were used without any preliminary treatments. In order to obtain MPA,
instead, myristic and palmitic acid (61:39 ponderal ratio) were heated at 70 °C and, once
molten, were magnetically stirred for 5 min to obtain a PCM with a lower melting point
with respect to the two neat fatty acids, accordingly to the requirements for the application
of photovoltaic thermal management.

Masses of 100 g of PCM and 14 g of EG were inserted into a 11 flask and hand-mixed.
This choice was made due to an earlier study focused on the optimization of the considered
graphite-to-PCM ratio in the vacuum impregnation process, in order to allow thermal conduc-
tivity enhancement and leaking reduction, maintaining significant enthalpic content [39].

The flask was then attached to a rotary vapor apparatus at room temperature,
20 rotations per minute (rpm) were applied, and a 60 mbar vacuum was created using
a rotary pump. Once the vacuum level was in equilibrium, fundamental to remove the
entrapped air from the EG’s pores, the water bath was heated up to 90 °C. After melting
the PCM, evidenced by the disappearance of whitish flakes inside the flask, the rotation
was maintained for 30 min in the presence of the heated bath to guarantee homogeneous
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EG impregnation with the PCM. Then, the flask was removed from the bath, and the PCM,
stabilized into EG, was cooled down until solidification. The vacuum was removed and
the rotation stopped. The obtained material was a powder with a similar appearance to the
EG before impregnation. As a result, the disappearance of all the free PCM can be noticed,
evidencing its full impregnation into the EG pores. The PCM remained entrapped in the
molten state due to capillary forces, with the EG porosity allowing volume expansion when
the melting transition occurs.

Subsequently, the powders were cold-compacted using a Carver® press (Carver,
Wabash, IN, USA) into a steel mold 62 x 62 mm? [35] starting from a column of 60 mm?3.
Then, 10 MPa was applied for 30 s and bricks with a size of 62 x 62 x 20 mm> were
obtained. For some characterizations (e.g., thermal diffusivity measurements), disks of
12.7 mm diameter were obtained with the use of cylindrical molds. Powder compaction
with a press was performed at 20 °C (below the melting point of PCM) to avoid the PCM
squeezing out of the graphite matrix. Figure 1 shows a schematic representation of the
sequence to obtain the composites and Table 1 lists the sample composition.

Figure 1. Schematic representation of material production through vacuum impregnation and
cold compaction.

Table 1. Sample coding and compositions.

Sample RT35 RT44 MPA EG
P [phr] [wt.%] [phr] [wt.%] [phr] [wt.%] [phr] [wt.%]
RT35/EG14 100 87.7 - - - - 14 12.3
RT44/EG14 - - 100 87.7 - - 14 12.3
MPA/EG14 - - - - 100 87.7 14 12.3

2.3. Experimental Methodologies

The chemical structure of neat PCMs was investigated through Fourier-transform
infrared (FTIR) spectroscopy, using a Spectrum One Perkin-Elmer spectrometer (Perkin-
Elmer, Shelton, CT, USA) operating in attenuated total reflectance (ATR) mode. The spectra
were obtained by averaging 4 scans in the wavenumber range of 4000-640 cm 1.

The ability of the samples to retain the PCM was investigated through leaking tests,
which quantifies the PCM loss above its melting temperature. Disks of diameter 20 mm,
thickness 1 mm, and masses 1 g were placed into an oven at 60 °C on filter paper for 3 h,
and the masses were monitored hour by hour.

Fracture surfaces of compacted panels were observed by scanning electron microscopy
(SEM) by using the secondary electron signal of a Zeiss Supra 40 field emission scanning
electron microscope (Carl Zeiss, Oberkochen, Germany), which operates at 10~° Torr
vacuum and an acceleration voltage of 2.5 kV. The surfaces were covered by a thin layer of
Pt-Pd before the observations.

Thermogravimetric analysis (TGA) was performed using a Mettler TG50 thermobal-
ance (Mettler-Toledo, Greifensee, Switzerland), heating at 10 °C/min, from 30 °C to
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700 °C and fluxing 100 mL/min of nitrogen gas. Samples of mass 10 g were analyzed in
an alumina crucible. The parameters determined to compare the curves of the different
samples were the temperature associated with a mass loss of 5 wt.% (Ts9,), the temperature
of the maximum degradation rate (T),), and the residual mass at 700 °C (11700).
Differential scanning calorimetry (DSC) of neat PCMs and composite samples was
performed using a Mettler DSC5+ calorimeter (Mettler-Toledo, Greifensee, Switzerland).
The thermal cycles were composed of heating/cooling/heating in the range 25 °C to
55 °C in 40 uL aluminum crucibles. The scans were conducted under a nitrogen flow of
100 cm3/min at a rate of 1 °C/min to increase the precision in the determination of the phase
transition temperatures [35,39]. From the thermograms, the characteristic temperatures
of the samples were obtained, in particular, the melting temperatures during the first
and the second heating scan (T,;; and T,,;;) and the crystallization temperature (T;) in
cooling. The specific melting and crystallization enthalpy values (AH,,1, AH, and AH,;»)
were additionally determined. The effective PCM content (PC Mfg ) of the impregnated
EG samples was determined in the second heating scan according to Equation (1), and
Equation (2) gave the calculation for the efficiency of melting during the second melting

scan (f,2).

eff AHpyp .
pCMI] = TN 100 (1)
AH
2 m2 100 )

~ AHyuppcm - Weem
where AH,,;,pcpm is the specific enthalpy of the neat PCM in the second heating scan and
Wpcm is the weight fraction of the PCM.

The specific heat capacity at constant pressure (c,) was determined in the solid state
for comparison with a sapphire reference according to the ASTM E1269-11 standard [40].
Three specimens of 10 mg for each sample were analyzed using a Mettler DSC5+ machine
(Mettler-Toledo, Greifensee, Switzerland) performing a heating scan at a rate of 1 °C/min,
and the specific heat capacity was determined at 20, 25, 30, and 35 °C.

Thermal diffusivity («) was determined in the solid state at 20, 25, 30, and 35 °C
using a Neztsch Laser Flash Analyzer (LFA) 446 (Netzsch GmbH, Selb, Germany). The
specimens were disks of thickness 2.5 mm and diameter of 12.7 mm. A laser signal
of 250 V was imposed using a pulse width of 0.6 ms. The composite specimens were
obtained by cold compaction of the impregnated EG, while the neat PCMs were cast into a
polytetrafluoroethylene mold.

Thermal conductivity (1) was indirectly determined according to Equation (3).

A=a-p-cp @3)

where p is the bulk density of the analyzed specimens, determined at 20 °C as the ratio
between mass and geometrical volume, and it is approximated as being constant for the
investigated temperature range. The values of specific heat capacity, thermal diffusivity,
and thermal conductivity are reported as the mean value and standard deviation.

3. Results and Discussion
3.1. Fourier-Transform Infrared (FTIR) Spectroscopy

The three selected PCMs are compared by FTIR analysis before and after EG impreg-
nation, as shown in Figure 2, in order to identify the functional groups of the PCMs, which
can be correlated with the leakage behavior. As expected, the presence of EG reduces the
transmittance of the composite materials. The position of the peaks remains at the same
position before and after impregnation.
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Figure 2. FTIR spectra of neat PCMs and composite materials: (a) RT35 and RT35/EG, (b) RT44 and
RT44/EG, (c) MPA and MPA /EG.

The peaks at 2915 and 2850 cm ! correspond to the stretching of the aliphatic C-H,
while those at about 1470 and 715 cm ™! indicate C-H bending and wagging; thus, RT35
and RT44 are organic aliphatic compounds. No other peaks are present in the RT35 and
RT44 spectra, indicating that these two PCMs are paraffins.

MPA, a mixture of myristic and palmitic acids, presents a stretching peak at about
2915 and 2850 cm !, as in the already described olefins. In addition, it presents an intense
peak at about 1700 cm ™!, attributed to C=O stretching and a large band at 2600-2550 cm !
typical of the carboxylic group. Moreover, the fingerprint zone confirms that MPA is an
aliphatic fatty acid [35].
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3.2. Leaking Test

The ability of EG to retain the different PCMs is investigated considering the leaking
test curves shown in Figure 3, in which the PCM loss of the pressed disks is reported as a
function of time.

Oqm-—o
\\\‘ T L |
s 11N
% s, - = -MPA/EG14
E 5 - -a- - RT44/EG14
@ b S - -»- - RT35/EG14
o N
» —34 \ "\
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.._g 4 .\‘~\ \\-\
(o] =S T S
[ “~s Rl
-5 \.—“~»~: <g
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_6 T T T T
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Time (h)

Figure 3. Leaking test results at 60 °C. The pictures on the right show the leakage comparison of MPA /EG14
(red frame), RT44/EG14 (blue frame), and RT35/EG14 (green frame) disks after one hour of testing.

The fatty acid mixture, MPA, interacts much better with EG with respect to the two
commercial paraffins, deducible by the much less pronounced leakage after every mass
measurement, experiencing only 0.55 wt.% of mass loss after three hours, around 10 times
lower than those of RT35 (—5.36 wt.%) and RT44 (—5.11 wt.%). The slightly lower leakage
of RT44 in comparison with RT35 can be probably attributed to the higher melting point of
the first one, hence the higher viscosity at the test temperature of 60 °C, considering the
same aliphatic nature of the oligomers. Similarly, the slightly higher melting point of MPA
(see the following) could influence the leakage behavior. However, for the test, a constant
temperature was preferred to a fixed range above the PCM melting point to better simulate
the real conditions in which when all the PCM is molten, the system temperature tends to
stabilize with that of the PV panel, proportionally to the striking irradiance.

The most pronounced leakage is evidenced for RT35/EG14 and RT44/EG14 during
the first hour, a behavior already encountered in previous works by the authors [35,39].
The pictures of the specimens after one hour of testing perfectly match the trend of the plot,
showing a particularly contained leaked MPA halo.

For these reasons, the fatty acid mixture can be considered the best candidate to be
shape-stabilized in EG, probably due to the higher chain polarity and higher capillary
forces conferred by the carboxylic groups [35]. Another explanation could be the planar
shape of the fatty acid flakes, which makes them suitable to be intercalated among the
already distanced graphitic lamellae [39,41].

3.3. Scanning Electron Microscopy (SEM)

The EG before impregnation was observed to identify the effect of the expansion in
the lamellar plane spacing, as shown in Figure 4.

Figure 4a shows an image of carbon monolayers in a granule, whose inter-layer
distance is typically 3.35 A [42]. Figure 4b is focused on a micrometric space between the
packets of carbon planes in which the PCM domains can be allocated, evidencing the low
exfoliation degree of EG. The shape and dimensions of the introduced porosity allows high
capillary forces once the PCM is molten, a characteristic which further confirms that this
graphite expansion is suitable for PCM shape stabilization.
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Figure 5a—f show SEM micrographs of the fracture surfaces of the compacted samples
at two different magnitudes.

(b)

Figure 4. Fracture surface of an EG granule to evidence: (a) the carbon planes of graphite; (b) the
additional spacing introduced by the expansion between the lamellae.

@) | (f)

Figure 5. SEM micrographs of compacted samples at low (left) and high magnification (right):
RT35/EG14 (a,b), RT44/EG14 (c,d), MPA /EG14 (e f). Observations performed at 25 °C.
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From Figure 5, the distinct powdery granules are recognizable. They are only weakly
connected thanks to the cold compaction process, which, using granule interlocking, infers
acceptable mechanical properties when the PCM is solid and permits shape maintenance
above the melting point. At these magnifications, no substantial differences can be noted
comparing the three samples. However, higher magnifications were critical also when using
a low voltage due to PCM melting in the observed zone, favored by the high vacuum level.
The morphologies are coherent with those encountered in a former study [39]. Fractures
occur for both intergranular detachment and granule breaking, even if it is quite difficult to
distinguish the open porosity of granules, which permits the impregnation of mechanically

cracked granules.
3.4. Thermogravimetric Analysis (TGA)

Figure 6 shows the TGA curves of the neat PCMs and composite samples as the
residual mass and derivative of weight loss. The main results are summarized in Table 2.

100
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Figure 6. TGA curves: (a) residual mass and (b) derivative of mass loss of neat PCMs and samples.

100

It is evident that the full thermal degradation of the PCMs occurs in the temperature
range of 200-300 °C, with faster mass loss for paraffins with respect to the fatty acid mixture.
The residues at 700 °C are consistent with the EG content (12.3 wt.%), in fact, EG is stable
in the considered temperature interval [39]. Discrepancies from the nominal value can be
attributed to local inhomogeneities in the PCM-to-EG ratio.
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Table 2. TGA results.

Ts9, Tyeax mz00
Sample [°Cl [°Cl [wt.%]

RT35 204.5 269.3 0.0
RT35/EG14 195.3 261.5 12,5
RT44 2195 281.7 0.0
RT44/EG14 217.8 284.0 10.7
MPA 2232 299.8 0.0
MPA /EG14 204.3 268.8 12.9

T's9, = temperatures associated with a mass loss of 5 wt.%; Tpear = temperatures associated with the maximum
degradation rate; myg = residual mass at 700 °C.

3.5. Differential Scanning Calorimetry (DSC)

The phase transition temperatures and enthalpies of the neat PCMs and composite
samples can be determined from the DSC thermograms shown in Figure 7, the main results
of which are summarized in Table 3.

Table 3. DSC results.

Sample Tml AHml TC AHC Tm2 AHmz (IJCan'ﬁ2 17m2
[°C] /gl [°Cl [/g] [°C] /gl [WE%] [wt.%]

RT35 37.5 234 36.2-36.7 234 37.4 236 100 100
RT35/EG14 37.3 204 35.6-32.7 206 37.2 206 87.4 99.7
RT44 42.7-45.2 272 44.2-39.9 270 45.2-42.8 270 100 100
RT44/EG14 42.8-454 221 43.8-37.7 219 45.4-42.6 220 81.5 92.9
MPA 48.6 193 45.2 196 48.5 196 100 100
MPA/EG14 47.7 166 449 155 47.6 159 81.1 92.5

Melting temperature and enthalpy in the first (T,,;, AH,;1) and second heating (T2, AH,;), crystallization

temperature and enthalpy (T;, AH,), effective PCM content during second heating scan (PC anf{ ), efficiency of
melting during the second heating scan (#7,,2).

The temperature range of melting is between 30 °C and 50 °C for all of the compo-
sitions. As expected, RT35 presents a lower melting point, even completing the phase
transition before the start of RT44 melting. The MPA is the last to melt, with the entire
transition occurring in the 45-50 °C range, slightly above that expected for this composition
(61 wt.% myristic acid, 39 wt.% palmitic acid) [43].

RT44 shows an extraordinary high melting enthalpy (270 J/g), RT35 has an interme-
diate value (236 J/g), and the lowest value belongs to MPA (196 ] /g). This last material,
obtained by mixing two fatty acids, benefits from a tuned melting enthalpy, reduced with
respect to its neat precursors. However, it suffers from melting enthalpy reduction as a
consequence of the mixing of its precursors.

RT44 presents a double peak in melting, probably corresponding to two distinct stable
molecular weight fractions, with C22 predominating [44]. When cooling, this separation
appears even more evident, with the second peak at 39 °C being very sharp. Likewise,
RT35 presents a double crystallization peak with a very similar shape to that of RT44,
shifted to lower temperatures and with closer peaks. This peak separation can be attributed
to the crystallization of the more mobile fraction of PCM (first peak), which acts as a
nucleating site for crystallizing the remaining molecules [35]. MPA does not present any
peak separation, even if a shoulder can be noticed in crystallization.

EG enhances the PCM thermal response anticipating the phase transition, even if
the scanning rate was selected to minimize this effect. RT35/EG14 exploits the melting
enthalpy coherent to the expected value, while RT44/EG14 and MPA /EG14 shows around
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93% of the theoretical enthalpy. A possible explanation could be a local inhomogeneity of
the impregnation, with a higher graphite content in the scanned specimens in comparison
with the nominal composition.

First heating

exo
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[—— RT44/EG14
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Figure 7. DSC thermograms of the neat PCM and PCM/EG systems at 1 °C/min: first heating (a),
cooling (b), and second heating (c).
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3.6. Specific Heat Capacity, Thermal Diffusivity, and Thermal Conductivity

The specific heat capacity values in the solid state of the neat PCMs and impregnated

EG are reported in Figure 8.
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Figure 8. Specific heat capacity in the solid state from 20 °C to 35 °C.

The specific heat capacity strongly increases with temperature, confirming well-known
trends already encountered for other organic PCMs [45], and an incipient variation before
the main melting point was observed, with a direct consequence on the ¢, evaluation, as
observable in other studies on PCM’s thermophysical properties [46—48].

Note that for RT35 and RT35/EG14, the specific heat capacity evaluation is not possible
above 25 °C because the phase transition has already started; hence, the specific heat
capacity cannot be defined. The same consideration is valid for RT44 and RT44/EG14
above 30 °C. The trend for each PCM is confirmed also in the presence of EG, which
decreases the specific heat capacity in all of the compositions due to the lower specific
heat capacity of EG [39,49], particularly for MPA. On the contrary, RT44 is not drastically
affected by the EG addition.

Moreover, an uncertainty of 4% in the heat flux, due to DSC calibration, must be
taken into consideration [50]. The mean values and standard deviation of the three tested
specimens for each sample are reported in the results to simplify the visualization. However,
the trends are not affected by this issue, because the same calibration was adopted for all
the specimens.

The EG’s beneficial effect on enhancing the thermal diffusivity can be seen in Figure 9a,
and in Figure 9b, the thermal diffusivity values are normalized with respect to those of the
neat PCMs to appreciate the improvement inferred by EG.

From Figure 9a, an opposite trend with respect to the specific heat capacity can be
noticed, with a decrease in thermal diffusivity when the temperature increases. Also, in this
case, the most pronounced decreasing trend with temperature is presented by RT35/EG14,
which, in this case, possesses the lowest values among the three compositions. From
Figure 9b, it is possible to appreciate how the highest thermal diffusivity increase, thanks
to the EG matrix, is exploited by MPA (more than 20 times), followed by RT44 (around
13 times), and finally RT35 (8 times).
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The thermal conductivity values, calculated using Equation (3), are reported in

Figure 10.
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Figure 9. Thermal diffusivity in the solid state from 20 °C to 35 °C (a) and thermal diffusivity
enhancement after EG addition (b).
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Figure 10. Thermal conductivity assuming constant bulk density in the solid state in the range
20-35 °C (a) and thermal conductivity enhancement after EG addition (b).

Although the specific heat capacity and thermal diffusivity are directly measured
independently, the indirectly evaluated thermal conductivity trends are quite constant
with temperature; hence, a sort of compensation between thermal diffusivity decrease and
specific heat capacity increase occurs. This constancy of the thermal conductivity with
temperature is in agreement with many other studies, but, rarely, it is correlated to two
opposite trends of specific heat capacity and thermal diffusivity.

The highest value is 5.95 £ 0.07 W/m-K, reached at 25 °C by RT44/EG14, which
corresponds to an enhancement of 16 times with respect to the neat PCM. Lower
values are obtained for MPA/EG14 (4.73 + 0.01 W/m-K at 30 °C) and RT35/EG14
(4.03 £ 0.15 W/m-K at 25 °C). The high uncertainty in the determination of the specific
heat capacity of RT35/EG14 propagates to the thermal conductivity, leading to standard
deviation values much higher with respect to RT44/EG14 and MPA /EG14.
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The EG’s effect in increasing thermal conductivity is predominant in the cases of MPA
and RT44 (more than 15 times), while, for RT35, is slightly higher than 8 times, as clear in
Figure 10b. In any case, the thermal conductivities are in the range 0.25-0.45 W/m-K for all
of the neat PCMs, and they are increased above 4 W/m-K in the composites.

Errors in these measurements can arise from different applied pressures during speci-
men preparation or from improper EG impregnation, which strongly affects not only the
bulk density but also the thermal diffusivity; a higher void fraction will reflect a lower
thermal diffusivity because voids are excellent thermal insulators [39].

These obtained thermal conductivity values are compared in Table 4 with those
obtained in representative studies in which EG was used to increase the PCM thermal
conductivity. Both fatty acids and paraffins were considered with melting temperatures in
the ranges 1869 °C and 3664 °C, respectively.

Table 4. Comparative thermal conductivity (A) of PCM/EG composite based on fatty acid and
paraffins at selected different melting temperatures.

T, EG Content A Year
PCM Type [°C] [wt.%] [W/m-K] [Reference]
Fatty acid (PA) 68 8.0 0.8 2009 [51]
Fatty acid (CA-LA-PA) 18 na. 0.7 2012 [52]
Fatty acid (LA-MA-PA) 31 5.3 1.7 2013 [53]
Fatty acid (PA-SA) 54 7.1 2.5 2014 [54]
Fatty acid (SA) 69 15.0-30.0 7.5-23.3 2016 [55]
Fatty acid (SA base) 53 5.0-20.0 1.5-3.2 2018 [56]
Fatty acid (SA base) 53 2.0-10.0 0.8-3.6 2019 [57]
Fatty acid (MA) 53 6.5 2.1 2020 [58]
Fatty acid (CA-SA) 25 10.0-12.0 0.5-0.6 2021 [59]
Fatty acid (LA-SA) 31 10.0-15.0 0.6 2022 [60]
Fatty acid (SA) 68 8.0-12.0 3.3-6.5 2022 [28]
Fatty acid (SA) 69 5.0-25.0 0.7-7.7 2022 [61]
Fatty acid (MA) 54 4.0-6.0 2.3 2023 [62]
Fatty acid (CA-MA) 19 5.0-20.0 0.3-1.2 2024 [63]
Fatty acid (PA) 61 16.0 49 2024 [64]
Fatty acid (PA-SA) 53 9.0-12.3 4.0-10.3 2024 [39]
Fatty acids 62-66 2.0-6.0 0.3-0.5 2024 [65]
Fatty acid (MA-PA) 48 12.3 4.7 2025 Present study
Paraffin 64 2.0-6.0 0.3-0.5 2024 [65]
Paraffin 53-57 6.0 1.0-1.3 2019 [66]
Paraffin 50 8.0 0.8 2022 [30]
Paraffin 36 10.0-30.0 5.3-6.0 2024 [67]
Paraffin 37 12.3 4.0 2025 Present study
Paraffin 45 12.3 6.0 2025 Present study

T), = melting temperatures; A = thermal conductivity value at room temperature (mainly 20-30 °C). CA capric
acid; LA lauric acid; PA palmitic acid; MA myristic acid; SA stearic acid.

Table 4 evidences the large amount of data related to the thermal conductivity of
various PCM/EG composites with melting temperatures in the range 18 °C and 69 °C. The
higher the EG content, the higher the thermal conductivity. The highest values of thermal
conductivity, 8-24 W/mK, were obtained with the composition with 25% EG in stearic acid
for applications at a high temperature (Tm 69 °C).

Moreover, as is clear from Table 4, our vacuum impregnation and compaction process
permits a thermal conductivity enhancement in the range 4-6 W/m-K, higher than the
majority of works in which the main production strategies consist of melt PCM mixing
with EG.
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3.7. Comparative Thermal Management System Properties

Table 5 compares the main properties of the thermal management systems, considering
panels 2 cm thick. A qualitative and quantitative comparison of the material performances
can be represented by the thermal management ability (TMA) for a panel of thickness 2 cm,
expressed as the normalized energy for surface unit [35].

TMA = AHmz-p-% 4)

where V is the volume of a panel 100 x 100 x 2 cm3, and A is the unitary area of 1 m?.
Preliminary panels of the three PCM compounds were prepared with a constant weight
of 70 g and a constant surface dimension of 62 x 62 mm?. The resulting thickness ()
and thermal energy capacity (TEC) values, calculated according to Equation (5), can be
considered peculiar parameters of the realized thermal management panels.

TEC = AHy-m )
where m is the mass of the panels, equal to 70 g for all the systems.

Table 5. Specifics of realized thermal management systems.

TMS p Ass AT* AT AH,, AH,,* SD TMA t TEC
Panels [g/em3]  [W/(m-K)] [°C] [°C] /gl J/cm®]  [kg/m?] [MJ/m?] [mm] [k]J/Unit]
RT35/EG14 0.94 4.03 30-39 37-30 206 194 18.8 3.9 19.4 14.4
RT44/EG14 0.99 5.95 40-47 45-35 220 218 19.8 4.4 18.4 154
MPA/EG14 1.05 4.66 45-51 48-42 159 167 21.0 3.3 17.3 11.7

p = bulk density at 25 °C; A3y = thermal conductivity determined through LFA technique at 30 °C; AT * = melting
temperature range (heating); AT ~ = crystallization temperature range (cooling); AH,, = specific melting enthalpy
(2nd heating scan); AH,,* = melting enthalpy normalized by volume; SD = surface density of a panel with
thickness 20 mm; TMA = thermal management ability of a panel with thickness 20 mm (Equation (4)); t = thickness
of a 70 g panel of area 62 x 62 mm?; TEC = thermal management capacity of a panel.

RT44/EG14 clearly appears to be the best candidate in terms of the ability to subtract
heat and have a high thermal conductivity. However, the melting temperature range plays
a fundamental role in material selection; hence, RT35/EG14, even though it presents a
lower thermal management ability, could be preferable for setting a lower temperature
control. Outdoor tests to verify the PV cell performance will be necessary. MPA /EG14
had the worst ability to store heat, even when, considering the higher melting temperature
range, the daily temperature peak was completely smooth.

4. Conclusions

In this work, PCM panels for PV applications were successfully prepared and com-
pared. EG vacuum impregnation is confirmed as a suitable process for the shape stabi-
lization of organic PCMs, either paraffin (RT35 and RT44) or a fatty acid mixture (MPA).
EG is particularly effective in avoiding MPA leakage, probably due to the stronger polar
interaction and the planar shape of the crystals. Panels with a fixed geometry can be
obtained via a cold compaction process, additionally conferring a low void fraction to
the composites. Consequently, the graphitic network enhances the thermal conductivity
from 7 to 16 times with respect to the neat PCMs, with and the maximum reached value of
6 W/m-K was approached by RT44/EG14 at 25 °C. The high melting enthalpy of the
thermal management systems was maintained thanks to the low EG fraction (14 phr),
guaranteeing 3.3—4.4 MJ/m? of thermal management ability. The intervals in which the
cooling action can be exploited are 30-39 °C for RT35/EG14, 40-47 °C for RT44/EG14, and
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45-51 °C for MPA /EG14. Outdoor tests with the thermal management panels coupled
to silicon PV cells will be necessary to make conclusions regarding the effectiveness of
improving the PV conversion efficiency, which will depend not only on the material prop-
erties but also on the environmental conditions at a specific latitude and season. Thereby, a
rank of the investigated systems cannot be drafted a priori and all of the passive cooling
systems developed in this study can be considered good candidates in PV applications.
The obtained PCM-based panels were attached to the rear of the polycrystalline silicon
cells, whose efficiency improvement was quantified under exposure to sunlight conditions
during the summer of 2024 at a latitude of 46° N. The results of the PV tests by using the
selected PCM/EG panels will be presented in a forthcoming paper.
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