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Excessive heat accumulation in photovoltaic panels increases operating temperature and
reduces electrical performance, particularly in tropical regions. Shape-stabilized phase
change material (SSPCM) offers a passive thermal management approach by absorbing
excess heat as latent heat while maintaining dimensional stability through a supporting
matrix. This study evaluates the effect of SSPCM integration on photovoltaic
performance compared with a reference panel without SSPCM, and compares lauric acid-
and paraffin wax-based SSPCMs using activated fly ash (AFA) as the supporting matrix.
Both SSPCMs were evaluated through leakage test, Differential scanning calorimetry
(DSC), and outdoor solar panel performance testing. The optimum lauric acid formulation
was a 45:55 lauric acid-to-AFA ratio, with the lowest leakage rate (0.043%) and the
highest latent heat (56.21 J/g). Under representative outdoor test conditions, this
formulation reduced the solar panel temperature by 2.72 °C and increased efficiency by
1.76 percentage points. For the paraffin wax system, the optimum formulation was
obtained at a 40:60 paraffin wax-to-AFA ratio, with a mass loss of 1.82% and a latent
heat of 53.78 J/g. Under the same representative test conditions, this formulation reduced
the solar panel temperature by 3.29 °C and increased efficiency by 1.88 percentage points.
Across five outdoor testing sessions, LA-SSPCM and PW-SSPCM reduced the average
PV temperature by 2.44 and 2.62 °C, respectively, and increased electrical efficiency by
2.53 and 1.65 percentage points, respectively. The results confirm that SSPCM integration
improves photovoltaic performance. LA-SSPCM showed lower leakage rate, slightly
higher latent heat, and superior electrical efficiency improvement, while PW-SSPCM
provided a slightly greater average temperature reduction, although the difference in
average temperature between the two SSPCMs was not statistically significant.

Contribution to Sustainable Development Goals (SDGs):
SDG 7: Affordable and Clean Energy

SDG 9: Industry, Innovation and Infrastructure

SDG 12: Responsible Consumption and Production

1. INTRODUCTION
1.1. Research Background

Solar photovoltaic (PV) technology is widely recognized as one
of the most promising renewable energy systems due to its clean
operation, modular configuration, and suitability for regions with
high solar irradiation. Field-scale PV applications have shown

emissions [1]. However, PV performance is strongly affected by
operating temperature, as excessive heat accumulation can reduce
voltage output, electrical power, and conversion efficiency [2],
[3]. This issue becomes more critical in tropical outdoor
conditions, where high solar radiation and ambient temperature
can push PV modules above their ideal operating range.

potential to reduce conventional fuel consumption and CO:
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Therefore, effective thermal management is required to maintain
PV performance under real operating conditions [4].

Researchers have developed various PV  thermal
management strategies, including active, passive, and hybrid
cooling systems. Active cooling can enhance heat dissipation, its
implementation often depends on additional energy consumption,
auxiliary components, and more complex maintenance [5]. In
contrast, passive cooling systems are more attractive for low-cost
and small-scale PV applications because they operate without
external power consumption and have simpler system
configurations [4]. Among passive cooling materials, phase
change materials (PCMs) have attracted interest due to their
ability to store excess thermal energy as latent heat during melting
and release it during solidification, thereby reducing temperature
fluctuation in PV systems [6]. This thermal buffering mechanism
helps reduce temperature fluctuation in PV systems, particularly
when the PCM phase transition temperature is compatible with
the operating temperature range of the PV module [7].

Organic PCMs, particularly fatty acid-based and paraffin-
based materials, are frequently investigated for thermal energy
storage and PV thermal management owing to their chemical
stability, appropriate melting temperatures, and relatively high
latent heat capacity [8]. Lauric acid is recognized as a bio-based
fatty acid PCM with promising thermal storage characteristics
[9], while paraftin wax is widely used due to its availability, low-
cost, non-corrosive behavior, and stable phase change
characteristics [10], [11]. Nevertheless, leakage during the solid—
liquid phase transition limits the practical use of PCMs. When the
PCM melts, it may flow out of the system without a supporting
matrix, causing material loss and reducing long-term reliability.
To overcome this issue, shape-stabilized phase change materials
(SSPCMs) are fabricated by impregnating PCMs into porous
matrices that retain melted PCM through capillary forces, surface
tension, and interfacial interactions [12].

Fly ash, an underutilized solid waste from coal-fired power
plants, offers potential as a low-cost supporting matrix for
SSPCM due to its thermal stability, porous structure, and silica-
alumina-based composition [13]. Fly ash-based composites have
been reported as promising shape-stabilized PCM systems for
thermal energy storage applications [14], [15]. However, raw fly
ash may have limited pore accessibility and surface activity,
which can reduce its ability to retain PCM effectively. Chemical
activation using alkaline agents such as NaOH can modify the
aluminosilicate structure, improve surface reactivity, and increase
pore availability, making fly ash more suitable as a PCM
supporting matrix [16], [17]. Despite growing studies on PCM-
based PV cooling and fly ash-supported SSPCMs, direct
comparison between lauric acid and paraffin wax using the same
activated fly ash (AFA) matrix remains limited. Therefore, this
study evaluates both SSPCM systems based on their physical
stability, thermal properties, and photovoltaic performance.

1.2. Literature Review

Previous studies have reported that the performance of
photovoltaic (PV) modules is governed by both environmental
and operational factors, such as solar irradiance, operating
temperature, wind velocity, panel surface condition, and
installation angle [2]. Solar irradiance determines the available
input energy, while operating temperature affects the electrical
characteristics of the PV cell, particularly voltage and conversion
efficiency [3]. The electrical output of a PV module is commonly
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evaluated through voltage, current, power output, and efficiency
parameters, which are used to assess the effectiveness of a
thermal management system [18]. Under outdoor conditions,
temperature fluctuation becomes more difficult to control
because PV modules are continuously exposed to variations in
irradiance and ambient conditions [4], [19]. Therefore, various
thermal management strategies have been investigated to reduce
excessive temperature rise and maintain PV performance during
operation [20].

1.2.1 PCM-Based Thermal Management for Photovoltaic

Phase change materials (PCMs) are thermal energy storage
materials that absorb and release heat through phase transition,
commonly between solid and liquid states [8]. PCMs have been
widely investigated as passive thermal management materials for
PV modules because they can regulate temperature without
requiring external energy input [4]. In PV systems, PCM is
commonly placed on the rear side of the panel to absorb part of
the heat transferred from the module during solar radiation
exposure. During melting, PCM stores thermal energy as latent
heat, thereby slowing the increase in panel temperature and
helping maintain more stable electrical performance [6].

The overall effectiveness of PCM cooling is heavily
influenced by melting temperature, latent heat capacity, thermal
conductivity, PCM quantity, and the heat transfer arrangement
between the PV module and PCM layer [6], [20]. A PCM with an
unsuitable melting range may either melt too early and lose its
buffering capacity or fail to melt sufficiently during the operating
period. Therefore, the specific melting range of the PCM must be
fully compatible with the actual operating temperature range of
the PV module [11].

1.2.2 Lauric Acid and Paraffin Wax as Organic PCMs

Organic PCMs are widely used in thermal energy storage
applications because of their excellent chemical stability,
relatively high latent heat capacity, low corrosiveness, and stable
phase transition behavior [21]. Lauric acid, also known as n-
dodecanoic acid, is a fatty acid-based PCM that can be obtained
from bio-based sources and has a moderate melting temperature
suitable for low- to medium-temperature thermal regulation [9].
Its reliable thermal storage behavior makes it highly relevant for
PV thermal management, especially under tropical outdoor
conditions where panel temperatures may approach its phase
transition range [22].

Paraffin wax is another commonly used organic PCM due to
its widespread availability, low-cost, non-corrosive behavior, and
stable  melting-solidification  characteristics ~ [23].  Its
thermophysical properties vary with temperature, making
detailed temperature-dependent characterization important for
selecting appropriate paraffin materials in various thermal energy
storage applications [11]. However, both lauric acid and paraffin
wax may naturally leak during the solid-liquid phase transition if
directly applied without a secure supporting matrix [24]. This
critical limitation requires effective shape stabilization to retain
the melted PCM, reduce material loss, and improve long-term
reliability during repetitive thermal cycling [25].

1.2.3 Shape-Stabilized Phase Change Materials

Shape-stabilized phase change materials (SSPCMs) are
developed to overcome the leakage problem of conventional
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PCMs [12]. In SSPCM systems, the PCM serves as the active
latent heat storage material, while the supporting matrix
maintains the composite's macroscopic shape during phase
transition. The matrix retains the melted PCM through capillary
forces, surface tension, adsorption, and interfacial interactions
[12]. An effective SSPCM should have low leakage rate, suitable
melting temperature, high latent heat capacity, good thermal
stability, and compatibility between the PCM and supporting
matrix [24]. Previous studies have shown that porous supporting
materials such as expanded graphite, mineral-based matrices,
carbon-based materials, and fly ash can improve PCM shape
stability and reduce leakage [26]. For PV applications, SSPCM is
more practical than conventional PCM because it can be attached
to the rear side of the panel with lower risk of liquid PCM leakage
during operation [20].

1.2.4 Fly Ash as a Supporting Matrix

Fly ash is a fine solid residue generated from coal combustion in
coal-fired power plants. Fly ash is produced in large quantities
and is often underutilized, creating potential environmental and
disposal concerns [27]. Its aluminosilicate-based composition,
thermal stability, and potential porous structure make it a
promising low-cost supporting matrix for PCM-based composites
[13]. In this study, the fly ash was obtained from PLTU Sebalang
in Indonesia. Its chemical composition is dominated by SiO- and
AlOs indicating its aluminosilicate nature of the material. This
composition is important because silica—alumina-based materials
are generally associated with structural stability, surface activity,
and potential pore formation after activation [16]. The chemical
composition of the fly ash used in this study is presented in Table
l.

Table 1. Chemical composition of fly ash from PLTU Sebalang.

Composition wt%
Si02 67.23
ALO; 8.21
Fe203 2.3
CaO 3.51
MgO 0.73
SOs 0.64
Na,O 0.35
K20 0.32

However, raw fly ash may have limited pore accessibility
and surface activity, reducing its ability to retain melted PCM
effectively [17]. Alkali activation is commonly used to improve
fly ash surface and pore characteristics. Sodium hydroxide
(NaOH) can interact with aluminosilicate structures, dissolve part
of the amorphous silica and alumina phases, and increase surface
reactivity [16]. Therefore, AFA is expected to provide better
PCM impregnation and retention in lauric acid and paraffin wax-
based SSPCMs [15], [26].

1.2.5 Characterization of SSPCM Performance

The performance of SSPCM is commonly evaluated through
physical and thermal characterization. Leakage test is used to
determine the ability of the supporting matrix to retain melted
PCM during heating, where lower mass loss indicates better
shape stability [26]. Thermal characterization is commonly
performed using Differential Scanning Calorimetry (DSC),
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which provides information on onset temperature (Tonset), peak
temperature (Tpeak), endset temperature (Tendset), and melting
enthalpy (AH) [28]. These parameters are important because the
optimum SSPCM composition should not only exhibit low
leakage, but also have sufficient latent heat capacity and a phase
transition range compatible with PV operating temperature [29].
Therefore, leakage and DSC characteristics are complementary
indicators in evaluating the feasibility of SSPCMs as passive
thermal management materials for solar panels [30].

1.3. Research Objective

This study compares lauric acid-based and paraffin wax-based
shape-stabilized phase change materials (SSPCMs) incorporating
AFA as the supporting matrix for passive thermal regulation of
photovoltaic panels. Their performance is systematically
evaluated in terms of physical stability based on leakage test,
thermal properties based on DSC analysis, panel temperature
reduction, and photovoltaic efficiency improvement. Through
this comparison, the study evaluates the suitability of both
SSPCM systems as passive thermal management materials for
solar panel applications.

2. MATERIALS AND METHODS
2.1. Materials and SSPCM Preparation

The research was conducted from April to June 2026 at the
Chemical Engineering Laboratory, Politeknik Negeri Sriwijaya.
This specific study involved the systematic preparation and
evaluation of lauric acid and paraffin wax-based SSPCMs, using
AFA as the primary supporting matrix for photovoltaic passive
thermal management. The overall experimental procedure
consisted of four main sequential stages: initial fly ash activation,
SSPCM  preparation, material characterization, and final
photovoltaic performance testing. Lauric acid and paraffin wax
served as the organic phase change materials (PCMs), while fly
ash served as the porous supporting matrix. To prepare the matrix,
the fly ash was chemically activated using a 2 M NaOH solution
with a strict solution-to-fly ash ratio of 5:1 (v/w). The fly ash was
immersed continuously for 24 h, washed thoroughly to a near-
neutral pH, and oven-dried before use.

SSPCM composites were prepared using impregnation
methods tailored to each PCM's characteristics. For the lauric
acid-based SSPCM, lauric acid was completely melted in a water
bath at 60 °C, while the AFA was simultaneously preheated to the
same temperature before mixing. The melted lauric acid and
preheated AFA were then continuously stirred together in a water
bath for 30 min to promote impregnation. For the paraffin wax-
based SSPCM, the paraffin wax was first melted and impregnated
directly into the AFA wusing an ultrasonication-assisted
impregnation method at approximately 70 °C for 30 min. For both
composite systems, the established PCM-to-AFA mass ratios
were 30:70, 35:65, 40:60, 45:55, and 50:50. The resulting lauric
acid samples were coded as LA-a to LA-e, while the paraffin wax
samples were coded as PW-a to PW-e, as shown in Table 2.
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Table 2. Composition ratios of SSPCM samples

PCM Sample PCM AFA
Type Code (wt%) (wt%)
Lauric Acid LA-a 30 70
Lauric Acid LA-b 35 65
Lauric Acid LA-c 40 60
Lauric Acid LA-d 45 55
Lauric Acid LA-¢ 50 50
Paraffin Wax PW-a 30 70
Paraffin Wax PW-b 35 65
Paraffin Wax PW-c 40 60
Paraffin Wax PW-d 45 55
Paraffin Wax PW-¢ 50 50

We evaluated the shape stability of the SSPCM samples
using a leakage test. We formed each sample into a cylinder with
a diameter of 6 cm and a thickness of 1 cm. We weighed the
samples before and after heating to determine mass loss. Lauric
acid-based samples were heated at 60 °C while paraffin wax-
based samples were heated at 72 °C for 30 min. The leakage rate
was determined from the percentage of mass loss using the
standard evaluation method for assessing the shape stability of
SSPCMs [31], as shown in Equation (1):

e(%) =100 0
m;
where € is leakage rate, m; is the initial mass before heating and

mr is the final mass after heating.

The thermal characteristics of the SSPCM composites were
evaluated by differential scanning calorimetry (DSC) to
determine Tonset, Tpeak, Tendset, and melting enthalpy (AH). The
selected formulation from each PCM system was determined
based on both low leakage rate and high latent heat storage
capacity.

2.2. Experimental Setup and Performance Evaluation
After material characterization, the selected SSPCM formulation
from each PCM system was inserted into an aluminium-zinc
container and attached to the rear of a 5 Wp monocrystalline solar
panel. The container held the SSPCM layer, ensuring direct
thermal contact with the panel's rear surface. We tested three
identical solar panels outdoors: one reference panel without
SSPCM, one with lauric acid-based SSPCM, and one with
paraffin wax-based SSPCM. The reference panel served as the
control, while the SSPCM-integrated panels were evaluated to
assess passive thermal management effects on panel temperature
and photovoltaic performance. Fig. 1 illustrates the layer
configuration of the SSPCM-integrated solar panel.

Solar Panel

Al-Zn Container

Al-Zn Container Lid

Fig. 1. SSPCM Integrated Solar Panel Layer
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We conducted outdoor performance testing over five
consecutive days (10-14 June 2026) under the same measurement
schedule, from 11:00 to 12:30 WIB at 5 min intervals. Because
on-site meteorological sensors were not available, the ambient air
temperature, relative humidity, and wind speed for each testing
session were retrieved from the ERAS reanalysis dataset through
the Open-Meteo historical weather archive [32], using the
geographic coordinates of the test site in Palembang
(approximately 2.98° S, 104.71° E) and averaged over the same
11:00-12:30 WIB window used for the on-site measurements.

Three identical solar panels were placed side by side at a
15° tilt angle to ensure exposure to similar outdoor conditions.
Light intensity was measured using a lux meter and recorded in
lux during each measurement interval. The measured illuminance
was converted into solar irradiance using a conversion factor of

122 lux per W/m? [33], as shown in Equation (2):
E
LAY &)

122 lux/ (W)
where G is the solar irradiance (W/m?) and E is the measured
illuminance (lux).

Panel temperature was measured at three points on the front
surface of each panel, namely the upper, middle, and lower
sections, and the average value was used as the representative
panel temperature. We measured the voltage and current of each
solar panel directly at the panel output terminals using a digital
multimeter. The electrical output power of each solar panel was
calculated from the measured voltage and current [18], as shown
in Equation (3):

P = VxI 3)
where P is the electrical output power (W), V is the measured
voltage (V), and I is the measured current (A).

The photovoltaic efficiency was calculated as the ratio of
electrical output power to incident solar power on the panel
surface [18], as shown in Equation (4):

= 1009 4
n GXAX % “4)

where 1 denotes the photovoltaic efficiency (%), P is the
electrical output power (W), G is the solar irradiance (W/m?), and
A is the panel surface area (m?). We compared each SSPCM-
integrated panel's performance with the reference panel based on
panel temperature reduction and efficiency improvement.

For statistical analysis, we treated the five outdoor testing
days as independent experimental replicates (n = 5). We
calculated the average panel temperature and electrical efficiency
for each testing day. The results are presented as mean =+ standard
deviation (SD). We used paired-samples t-tests to compare the
reference panel with the LA-SSPCM and PW-SSPCM panels
because we tested all three panels simultaneously during each
outdoor session. We evaluated statistical significance at p < 0.05.

3. RESULT AND DISCUSSION

Material stability and latent heat storage capacity are key factors
in determining the feasibility of SSPCM for photovoltaic thermal
regulation. A formulation with high latent heat but poor leakage
resistance may not be suitable for practical application, while a
highly stable formulation with low heat storage capacity may
provide limited cooling performance. For this reason, the
discussion begins with leakage stability and DSC thermal
properties, followed by the evaluation of panel temperature and
photovoltaic efficiency under outdoor conditions.

Fitri et al
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3.1. Shape Stability Based on Leakage Test

The leakage test evaluated the AFA matrix's ability to retain
melted PCM during heating. Shape stability is an important
requirement for long-term SSPCM application because leakage
during the solid-liquid phase transition can reduce PCM content,
decrease thermal reliability, and limit practical use in solar panel
thermal management [12]. In this study, we used a maximum
leakage rate below 2% as the strict shape-stability criterion for
feasible SSPCM compositions [14]. The leakage rates (€) of
lauric acid (LA) and paraffin wax (PW) based SSPCMS at
different PCM-to-AF A ratios are presented in Table 3 and Fig. 2.

Table 3. Leakage rate of LA and PW SSPCM composites
Ratio PCM : AFA

%) £ LA (%) £ PW (%)
30:70 0.179 0.120
35:65 0.150 1.080
40:60 0.081 1.820
45:55 0.043 2.960
50:50 0.086 4.170

The LA-based SSPCM samples showed consistently low
leakage rates of 0.043-0.179%, remaining well below the
acceptable 2% criterion. In contrast, the PW-based SSPCMs
showed a progressive increase in leakage rate from 0.120% at the
30:70 ratio to 4.170% at the 50:50 ratio. This difference indicates
that AFA retained the molten LA more effectively than molten
PW under the specific applied testing conditions. Because AFA
remained the solid supporting framework during heating, the
measured mass loss mainly reflected excess PCM that was not
fully confined within the matrix. The retention of molten PCM in
such porous supports is generally governed by capillary forces,
surface tension, adsorption, and interfacial interactions between
the PCM and the solid supporting matrix [9].

The LA system achieved the lowest leakage rate with LA-
d at the 45:55 LA:AFA mass ratio, with an exceptionally low
0.043% leakage rate, indicating the optimum balance between
PCM loading and the AFA matrix's internal retention capacity. At
lower LA contents, the amount of PCM was insufficient to fully
occupy the available internal pore structure, whereas excessive
LA loading gradually reduced the matrix's ability to immobilize
the molten PCM, resulting in a slight but measurable increase in
leakage [17]. Nevertheless, all tested LA compositions remained
well below the maximum allowable shape-stability criterion
required for these passive thermal stabilizer applications. In
contrast, leakage in the PW system increased continuously with
higher paraffin content. Only the 30:70, 35:65, and 40:60
compositions met the strict 2% criterion, while leakage exceeded
the acceptable limit at the 45:55 and 50:50 ratios. This finding
indicates that the effective loading capacity of AFA for paraffin
was approximately 40 wt%, in agreement with several previous
studies on paraffin-based SSPCMs [26], [34]. Beyond this critical
threshold, the capillary forces and surface adhesion within the
pore network were no longer sufficient to retain the molten
paraffin, allowing the excess PCM to freely migrate from the
composite during the melting process [24], [25].
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Fig. 2. Leakage rate of the (a) LA and (b) PW composites at
different PCM:AFA ratios

The fitted regression curves in Fig. 2 further illustrate the
distinctly different leakage behaviors of the two PCM systems.
The LA composites followed a second-order polynomial
relationship (y =0.0125x>—0.1043x + 0.2832; R = 0.8799), with
a minimum near the 45:55 composition, indicating that leakage
was governed by the balance between PCM loading and the
retention capacity of the AFA matrix. In contrast, the PW
composites showed an almost perfectly linear relationship (y =
0.998x — 0.964; R? = 0.9921), showing that leakage increased
proportionally with increasing paraffin content. Beyond
describing the experimental trends, both regression models
provide a practical means of estimating leakage at intermediate
compositions within the investigated range, thereby supporting
composition optimization while reducing the need for additional
experimental trials. Based on these results, the PW 40:60 (PW-c)
composite with leakage rate 1.82% was selected as the highest
loading that still satisfies the 2% criterion, while for the lauric
acid the 45:55 (LA-d) composite with a leakage rate of 0.043%
was selected as the optimum formulation.

3.2. Thermal Properties Based on DSC Analysis

The thermal properties of all prepared composites, including the
onset, peak, and endset melting temperatures and the
corresponding melting enthalpy (AH), are clearly summarized in
Table 4. The DSC thermograms of the tested composites are
presented in Fig. 3, while the effect of PCM composition on the
AH for both systems is visually compared in Fig. 4.
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Table 4. DSC Analysis results of SSPCM composites

Ratio Tonset Tpreak TEndset AH

Sample W%)  (©C) (°C) °C) J/g)

LA-a 30:70 41.80 43.43 45.48 23.29
LA-b 35:65 41.62 43.51 46.59 35.96
LA-c 40:60 41.48 46.37 49.08 51.15
LA-d 45:55 41.48 45.97 48.76 56.21
LA-e 50:50 41.51 43.87 48.22 38.74
PW-a 30:70 45.04 51.45 53.26 46.00
PW-b 35:65 47.59 53.80 56.29 39.23
PW-c 40:60 47.27 51.87 54.99 53.78
PW-d 45:55 44.47 52.54 54.27 53.99
PW-e 50:50 48.08 49.80 53.67 51.03

——LA-a
——LA-b
—LA-c
—LA-d
4 —LA-e

2 2329 J/g
56,21 J/g

—_—
38,7408
35,96 J/g

51,15 J/g

Heat Flow (mW/mg)
=3

46,37 °C
45,97 °C

35 40 45 50 55 60 65 70 75 80 8 90 95 100
Temperature (°C)

(2)

46,00 J/g
31,03 078
53,78 J/g

Heat Flow (mW/mg)

35 40 45 50 55 60 65 70 75 8 8 90 95 100
Temperature (°C)

(b)
Fig. 3. DSC thermograms of the (a) LA and (b) PW composites

The DSC thermograms in Fig. 3 show a single endothermic
peak for every composition in both systems, with no secondary
peaks. This confirms that the melting of the lauric acid or paraftin
wax is the only significant heat absorption event during heating,
while the AFA acts as a thermally inert supporting matrix that
does not undergo any phase transition over the tested temperature
range [9]. For the LA composites, the melting peaks of all
compositions are concentrated within a narrow range of about 43-
46 °C, indicating that the intrinsic melting character of lauric acid
is well preserved after successful impregnation into the matrix.
For the PW composites, the endothermic peaks are likewise
concentrated within a relatively narrow temperature band of
about 5054 °C. In both systems, the single, narrow melting peak
that overlaps with the solar panel's operating temperature is a key
finding because it supports effective latent heat absorption when
the panel enters its high-temperature operating range.
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Fig. 4. Melting enthalpy (AH) of the LA and PW composites at
different PCM:AFA ratios

The LA composites melt over 41.5-49.1 °C with peaks of
about 43-46 °C, whereas the PW composites melt over 44.5—
56.3 °C with peak temperatures of about 50-54 °C. Both windows
lie within the operating temperature range of solar panels
observed in this study (up to about 57 °C), so both materials are
activated as latent heat absorbers during operation; however, the
LA starts melting earlier in the temperature rise, while the PW
melting range coincides with the peak midday panel temperature.

The latent heat of the LA composites rises with PCM
content from 23.29 J/g (30:70) to a maximum of 56.21 J/g at
45:55 and then falls to 38.74 J/g at 50:50, forming a clear
optimum. This trend is well described by a downward-opening
second-order polynomial (y =—5.0294x* +35.29x — 9.4772; R*=
0.9075). The decline beyond 45:55 is attributed to the PCM
content exceeding the retention capacity of the matrix, so that part
of the fatty acid is weakly bound and tends to associate with its
own molecules rather than acting as an effective latent heat
storage phase [8], [35].

In contrast, the PW composites show non-monotonic AH
values (46.00, 39.23, 53.78, 53.99, and 51.03 J/g) with a very low
regression fit (y = —0.4803x? + 5.3647x + 37.997; R? = 0.4154).
The low R? is itself informative. Within the 30-50 wt% loading
range, composition does not systematically control the latent heat
of the PW composites. This behavior is consistent with the
milligram-scale DSC sample that may not fully represent the
heterogeneous composite [36] and with the loss of weakly bound
paraffin above the loading capacity during preparation and
handling [28]. Combining shape stability and thermal capacity,
LA-d (45:55, AH = 56.21 J/g) and PW-c (40:60, AH = 53.78 J/g)
were selected for the panel application stage.

3.3. Effect of SSPCM on Solar Panel Surface
Temperature

Lauric acid-based SSPCM (LA-SSPCM) and paraffin wax-based
SSPCM (PW-SSPCM) panels were tested against the same
reference panel without SSPCM under identical irradiance
conditions, allowing direct comparison of the two materials'
thermal responses. Five outdoor testing sessions were conducted
on five consecutive days, from 10 to 14 June 2026, under
naturally changing sky conditions. As a result, the solar irradiance
varied between testing days. The daily average irradiance ranged
from 526.69 W/m? on 14 June to 977.80 W/m? on 13 June, with
an overall average of 724.99 W/m? across the five sessions.
Instantaneous irradiance values varied from approximately 94 to
1539 W/m? due to intermittent cloud cover.
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The reference and SSPCM panels were tested
simultaneously, meaning that all three panels were exposed to the
same solar irradiance at each measurement point. Therefore,
differences in temperature response among the panels can be
evaluated under the same solar input, whereas variations between
testing sessions reflect changes in daily outdoor environmental
conditions. Ambient conditions during the 11:00-12:30 WIB
testing period also varied across the five sessions. The average
ambient temperature was 31.4 °C, ranging from 30.4 to 32.4 °C.
The average relative humidity was 61.7%, ranging from 55 to
71%, and the average wind speed was 2.8 m/s, ranging from 2.0
to 4.0 m/s. The detailed solar irradiance and specific
environmental conditions for each testing session are summarized
in Table 5.

Table 5. Outdoor testing conditions across the five testing

sessions
. Solar Ambient Relative Wind
Testing . . ..

session irradiance temperature humidity speed
(W/m?) (W9) (%) (m/s)

1 774.89 30.8 66 2.0

2 603.34 31.5 59 4.0

3 742.20 31.6 58 2.8

4 977.80 324 55 2.1

5 526.69 304 71 2.8

Mean 724.99 31.4 61.7 2.8

Among the five outdoor testing sessions, the first session
was selected to illustrate the dynamic temperature response of the
three evaluated panels. Fig. 5 shows the detailed rear surface
temperature profiles of the reference, LA-SSPCM, and PW-
SSPCM panels during the first test. The time axis serves only as
a chronological marker of data collection, while the observed
temperature changes directly reflect the thermal response of the
SSPCMs and natural variations in solar irradiance.

65.0
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—o—LA-SSPCM

60.0 1 —=— PW-SSPCM

55.0 4

50.0 4

45.0

Temperature (°C)

30.0 4

25.0 ——
10:50 11:00 11:10 11:20 11:30 11:40 11:50 12:00 12:10 12:20 12:30 12:40
Time (WIB)

Fig. 5. Temperature profiles of the reference, LA-SSPCM, and

PW-SSPCM panels during the first outdoor testing session.

The LA-SSPCM panel exhibited a lower surface
temperature than the reference panel, with an average reduction
of 2.72 °C and a maximum difference of 5.57 °C. This behavior
indicates that the LA-based composite effectively moderated the
panel temperature through the phase transition of lauric acid [30].
Owing to its lower melting range of approximately 41.48-
48.76 °C, the LA-SSPCM became active earlier as the solar panel
temperature increased, allowing thermal heat absorption to occur
more gradually throughout the test. Although its peak cooling
effect was lower than that of PW-SSPCM, the LA panel
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maintained a more sustained thermal regulation and remained
slightly cooler than the reference panel until 12.30 WIB, with a
minimum difference of 0.17 °C.

The PW-SSPCM panel showed a higher overall average
temperature reduction of 3.29 °C, with a maximum difference of
8.00 °C. This stronger suppression was associated with its higher
melting range of approximately 47.27-54.99 °C, which was
closer to the PV panel's peak operating temperature. As the panel
temperature approached this range, the active PW composite
absorbed heat more intensively, resulting in a more pronounced
cooling effect during the hottest period. By the end of the test at
12.30 WIB, the temperature difference fell below 1 °C and
reached —0.33 °C. This narrowing difference is better understood
as a delayed thermal response of the SSPCM to the decreasing
irradiance, rather than direct evidence that the PCM had
completely melted [37]. When irradiance decreases, the reference
panel can cool more rapidly, while the SSPCM panel tends to
release the previously stored heat gradually through internal
thermal heat transfer [36]. Consequently, the SSPCM panel's
subsequent temperature decrease may occur more slowly than the
reference panel's.

Between 11.05 and 11.50 WIB, both the integrated LA-
SSPCM and PW-SSPCM panels showed fluctuating temperature
profiles that closely followed the reference panel's general trend.
This observed pattern reflects the complex nature of outdoor
testing, where solar irradiance, wind movement, ambient
temperature, and temporary shading may frequently vary within
a short period [19]. The recorded fluctuations therefore do not
indicate SSPCM instability, but rather its dynamic response to
changing heat input. Both composites acted as flexible thermal
regulators: they followed the PV panel's natural temperature
changes while maintaining a lower overall temperature.

To thoroughly evaluate the comprehensive consistency of
the thermal performance across different independent outdoor
testing days, the average rear surface temperature obtained from
each of the five distinct testing sessions was further analyzed and
presented in Table 6 and Fig. 6. The control reference panel
recorded an overall mean surface temperature 0f49.64 +£2.91 °C,
while the LA-SSPCM and PW-SSPCM panels recorded 47.20 +
1.68 °C and 47.02 + 2.04 °C, respectively (n = 5). These
quantitative values correspond to notable average temperature
reductions of 2.44 °C for LA-SSPCM and 2.62 °C for PW-
SSPCM relative to the reference panel. The results across the five
testing sessions show that both SSPCM configurations
maintained consistent thermal performance under varying
outdoor conditions.

Table 6. Average temperature profiles across five outdoor
testing sessions

:::::31% Reference LA-SSPCM  PW-SSPCM
1 51.29 4857 4801
2 4831 46.17 4552
3 50.54 4727 47.96
4 52.76 49.04 49.29
5 4529 44.96 4431

Mean £SD  49.64 £2.91 47.20+1.68 47.02 =2.04
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Fig. 6. Temperature profiles of the reference, LA-SSPCM, and
PW-SSPCM panels across five outdoor testing sessions.

The paired-samples t-test showed that both SSPCM
configurations significantly reduced the average panel
temperature compared with the reference panel. The difference
between the reference and LA-SSPCM panels was statistically
significant (p = 0.014), as was the difference between the
reference and PW-SSPCM panels (p = 0.004). In comparison, the
average temperatures of LA-SSPCM and PW-SSPCM did not
differ significantly (p = 0.544), although PW-SSPCM showed a
slightly lower mean temperature.

3.4. Effect of SSPCM on Solar Panel Efficiency

Fig. 7 presents the efficiency profiles of the reference panel,
LA-SSPCM panel, and PW-SSPCM panel during the first
outdoor testing session from 11:00 to 12:30 WIB. Since the three
panels were measured simultaneously under the same irradiance
conditions, the differences in efficiency can be evaluated
primarily in relation to SSPCM integration.

14.0

—a—Reference
—#—PW-SSPCM
12.0 1 —e—LA-SSPCM

10.0 4
8.0 4

6.0 4

Efficiency (%)

4.0 4
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Fig. 7. Efficiency profiles of the reference, LA-SSPCM, and

PW-SSPCM panels during the first outdoor testing session.

During the test, the reference panel achieved an average
efficiency of 6.17%, while the LA-SSPCM panel reached 7.93%,
corresponding to an improvement of 1.76 percentage points. The
LA panel's efficiency remained higher than the reference panel
throughout the test, indicating that the LA-based SSPCM helped
maintain the PV panel's electrical performance under outdoor
operating conditions. This improvement is closely related to the
earlier thermal regulation provided by LA-SSPCM. As discussed
in the temperature analysis, the lower melting range of LA-
SSPCM, approximately 41.5-49.1 °C, allowed the composite to
become active earlier during the temperature rise. By reducing the
operating temperature more gradually over the measurement
period, the LA panel was able to limit temperature-induced
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electrical losses and sustain a higher conversion efficiency than
the reference panel [6], [7].

The PW-SSPCM panel showed a slightly higher average
efficiency of 8.05%, equivalent to an increase of 1.88 percentage
points relative to the reference panel. This marginally higher gain
is consistent with the stronger temperature suppression observed
for PW-SSPCM during the higher-temperature stage of the test.
The melting range of PW-SSPCM, approximately 47.27-
5499 °C, was closer to the PV panel's peak operating
temperature, allowing more intensive latent heat absorption when
the thermal load was highest. As a result, the PW panel achieved
a more pronounced efficiency improvement during the period
when temperature reduction had the greatest influence on
electrical output [11], [38].

The efficiency profiles of all panels showed fluctuations,
particularly during 11.05-11.45 WIB. This trend reflects the
nature of outdoor testing, where variations in irradiance, cloud
movement, wind conditions, and ambient temperature affect both
the solar input and the panel operating temperature [19]. Such
fluctuations are relevant because the optimal performance of solar
panels can be affected by temperature, shading, dust, and the solar
cell material itself [39]. However, the efficiency curves of the
LA-SSPCM and PW-SSPCM panels remained consistently above
that of the reference panel. This indicates that the efficiency
improvement was not caused by differences in irradiance, since
all panels received the same solar exposure, but by SSPCM's
ability to reduce the thermal load on the PV cells. In silicon solar
cells, elevated temperature commonly reduces the open-circuit
voltage and affects the semiconductor band gap, leading to lower
power output and conversion efficiency [40]. Therefore, by
maintaining a lower operating temperature, both SSPCM
composites helped reduce the temperature-related degradation of
electrical performance.

Although the first outdoor testing session illustrates the
SSPCM-integrated panels' response to changing conditions, a
single session may not represent their overall performance.
Therefore, five outdoor testing sessions were analyzed to assess
performance consistency. The efficiency profiles summarized in
Table 7 and shown in Fig. 8.

Table 7. Average efficiency profiles across five outdoor testing

sessions
Testing
session Reference LA-SSPCM  PW-SSPCM
1 6.17 7.93 8.05
2 6.45 8.91 8.15
3 5.20 7.85 6.68
4 4.69 7.82 6.33
5 5.38 8.04 6.96
Mean £SD  5.58 +£0.72 8.11 £ 0.46 7.23+0.82

Across the five outdoor testing sessions, the reference panel
achieved an average electrical efficiency of 5.58 + 0.72%, while
the LA-SSPCM and PW-SSPCM panels achieved 8.11 + 0.46%
and 7.23 £ 0.82%, respectively (n = 5). Relative to the reference
panel, average efficiency improved by 2.53 percentage points for
LA-SSPCM and 1.65 percentage points for PW-SSPCM. The
paired-samples  t-test indicated  statistically  significant
improvements in electrical efficiency for both SSPCM
configurations compared with the reference panel, with p =
0.00034 for LA-SSPCM and p = 0.000017 for PW-SSPCM. The
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LA-SSPCM also showed a higher average efficiency than the
PW-SSPCM, and this difference was statistically significant (p =
0.033).

w o N ® ©
T

Average Efficiency Profile (%)

o = N W B
T

Reference LA-SSPCM PW-SSPCM

Solar Panel Configuration

Fig. 8. Efficiency profiles of the reference, LA-SSPCM, and
PW-SSPCM panels across five outdoor testing sessions.

Overall, both LA-SSPCM and PW-SSPCM improved PV
panel efficiency through passive thermal regulation, although
their effects differed slightly. Across the five testing sessions,
LA-SSPCM exhibited a higher average electrical efficiency than
PW-SSPCM, although the first-session profile showed a slightly
higher efficiency for PW-SSPCM. These results confirm that
waste-based SSPCMs can effectively improve PV performance
by stabilizing the thermal condition of the panel under real
outdoor operation.

3.5. Long-Term Stability and Thermal Cycling

Considerations
The outdoor evaluation was conducted over five consecutive days
under real operating conditions. During the testing period, both
SSPCM-integrated panels were repeatedly heated and cooled as
solar irradiance and ambient conditions changed. The
performance of each SSPCM panel was compared with the
reference panel during the same testing session. Across the five
testing sessions, the efficiency improvement remained relatively
stable. The LA-SSPCM showed an average improvement of 2.53
percentage points, while the PW-SSPCM showed an average
improvement of 1.65 percentage points compared with the
reference panel. No clear decrease in efficiency improvement was
observed across the five testing sessions. The temperature
reduction was also relatively consistent during the first four
sessions. The fifth session showed a lower temperature reduction
for both SSPCM panels, when daily irradiance was at its lowest.
This suggests that the variation was more likely related to the
outdoor conditions than to material degradation.

The AFA matrix mainly supports the composites' shape
stability. The matrix remained as the supporting phase during
PCM melting and helped retain the molten PCM within the
composite. The LA composites showed leakage rates of 0.043—
0.179%, while the selected PW-c composite showed a leakage
rate of 1.82%. These low leakage values indicate that most of the
PCM remained within the supporting matrix during the leakage
test. The relatively consistent thermal performance across the five
outdoor testing sessions did not show an apparent progressive
decline in thermal regulation during the test period. However, the
increase in leakage observed at higher paraffin loadings indicates
that leakage may become a limitation when the PCM content
exceeds the retention capacity of the AFA matrix.
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Long-term aging effects were not evaluated in this study.
Repeated phase transitions over a longer period may affect the
latent heat capacity, PCM retention, and microstructure of the
composites. Previous studies have reported that form-stable
paraffin- and fatty-acid-based PCMs can maintain their thermal
properties after repeated thermal cycling [24], [25], [26]. These
findings support the potential stability of the SSPCM systems, but
they cannot be directly used to establish the long-term durability
of the composites investigated in this study. Therefore, longer
thermal cycling tests are required to evaluate the aging behavior
of both SSPCM systems. Accelerated melting—solidification
cycles combined with periodic DSC analysis and leakage
measurements could be used to assess changes in latent heat
capacity, phase transition characteristics, and shape stability
during prolonged operation.

3.6. Practical Applicability and Scalability

The results obtained from the 5 Wp PV modules
demonstrate the potential of AFA-based SSPCMs for practical
thermal management of photovoltaic panels. The use of AFA as
the supporting matrix also provides an additional benefit by
utilizing coal combustion waste as a functional material. For
larger PV modules or arrays, the SSPCM layer could be adapted
by adjusting the material quantity and coverage area according to
the module dimensions. However, the optimum SSPCM
thickness, thermal contact, and heat transfer characteristics may
differ with module size and configuration [41]. Therefore, further
testing at larger module scales is needed to determine the
appropriate material loading and configuration for effective
thermal management.

In terms of installation, the SSPCM configuration used in
this study was placed on the rear side of the PV module using an
aluminium-zinc container, so that the front surface remained
exposed to solar radiation. This configuration is consistent with
previous studies that applied PCM-based cooling at the rear side
of PV modules under tropical conditions [42]. For practical
application, the containment system should maintain adequate
sealing to minimize PCM leakage during repeated thermal
cycling. Sufficient thermal contact between the SSPCM layer and
the rear surface of the PV module is also required to facilitate heat
transfer. In larger PV installations, the additional mass of the
SSPCM and its container should be considered in the design of
the mounting structure.

The use of AFA may also provide an economic benefit
because an industrial waste material is utilized as the supporting
matrix. However, the economic feasibility of the proposed
SSPCM system depends on the cost of PCM, AFA activation,
containment materials, fabrication, installation, and maintenance.
These costs should be considered alongside the additional
electrical energy gained from improved PV performance.
Previous techno-economic studies have shown that PCM
integration can improve PV thermal performance, while the
economic benefit depends on the balance between additional
system costs and the resulting energy gain [41], [42]. Therefore,
a detailed techno-economic analysis is required to evaluate the
economic feasibility of the proposed SSPCM system for larger-
scale PV applications.
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4. CONCLUSION

This study evaluated and compared lauric acid (LA) and paraffin
wax (PW)-based shape-stabilized phase change materials
(SSPCMs) using activated fly ash (AFA) as the supporting matrix
for passive thermal management of photovoltaic panels. The LA
composites showed better shape stability, with leakage values of
0.043-0.179%, and the optimum composition was LA-d (45:55)
with the lowest leakage of 0.043%. In comparison, PW leakage
increased with increasing PCM content, and PW-c (40:60) had
the highest leakage at 1.82%. DSC analysis showed melting
enthalpies of 56.21 J/g for LA-d and 53.78 J/g for PW-c, with
melting ranges suitable for the PV panel's operating temperature.

Outdoor testing showed that both SSPCM configurations
improved PV thermal and electrical performance compared with
the reference panel. In the representative outdoor test, LA-
SSPCM reduced the panel temperature by 2.72 °C and increased
the efficiency by 1.76 percentage points, while PW-SSPCM
produced a larger temperature reduction of 3.29 °C and increased
the efficiency by 1.88 percentage points. Across five outdoor
testing sessions, LA-SSPCM and PW-SSPCM reduced the
average PV temperature by 2.44 and 2.62 °C, respectively, while
increasing the average electrical efficiency by 2.53 and 1.65
percentage points, respectively. These results indicate that LA-
SSPCM provided the higher average electrical efficiency
improvement, whereas PW-SSPCM provided slightly greater
average temperature reduction.

Overall, both AFA-based SSPCMs demonstrated potential
for passive photovoltaic thermal management. The LA-based
composite showed better leakage resistance, slightly higher latent
heat capacity, and greater average efficiency improvement, while
the PW-based composite provided greater temperature reduction
under the tested outdoor conditions. The use of AFA as the
supporting matrix also provides a potential pathway for utilizing
coal combustion waste in thermal management applications.
However, this study did not evaluate long-term thermal-cycling
durability or large-scale application. Further research should
therefore focus on extended thermal cycling, long-term leakage
and aging behavior, and techno-economic assessment at larger
PV module or array scales.
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