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The growing dependence on limited fossil fuels and their environmental
impact drive the adoption of renewable energy, with photovoltaics (PV)
being a leading option. However, PV performance often declines due to
elevated operating temperatures and surface soiling, especially in tropical
climates, leading to reduced efficiency. To address this, coating materials
with dual functionalities of passive cooling and self-cleaning are highly
desirable. This study investigates banana leaf wax as a natural coating to
enhance PV performance. The wax was extracted using n-hexane, applied
via spray-coating, and characterized through light transmittance tests,
scanning electron microscope (SEM) imaging, water contact angle (WCA),
adhesion analysis, and field trials on PV modules. The wax demonstrated an
average WCA of 127°, with a microcrystalline structure supporting
hydrophobic and self-cleaning properties. Field implementation showed that
a 9 um wax layer reduced the PV module operating temperature by
approximately 5 °C and increased output power by 15-20% under high solar
irradiance (G =1200 W/m?). The cooling effect proved more significant than
transmission losses, confirming the potential of banana leaf wax as an
effective tropical PV coating. Nevertheless, further studies are required to
optimize thickness, strengthen adhesion through hybrid formulations, and
integrate the material into advanced optoelectronic coatings for sustainable
efficiency improvements.
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1. INTRODUCTION

Solar energy has become one of the most promising renewable energy solutions due to the
abundance of solar radiation and its lower environmental impact compared to fossil fuels [1]-[3].
Photovoltaic (PV) technology has continuously advanced in terms of efficiency improvement and cost
reduction [4]; however, its performance is still strongly influenced by environmental conditions [5]. One of
the main challenges is the reduction in PV panel efficiency caused by high operating temperatures [6].
Experimental studies have shown that the conversion efficiency of solar modules decreases significantly as
operating temperature increases. The efficiency of monocrystalline modules can drop from approximately
12% to only 2-3% when the temperature rises above 55-58 °C [1], [6], [7]. This efficiency reduction is
proportional to the increase in panel temperature, generally resulting in power losses of about 0.3-0.6% per

degree Celsius [1], [8].
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Furthermore, surface soiling caused by dust, dirt, and other particulate pollutants significantly
reduces light absorption [9]. Dust accumulation on solar panels can decrease power output by 10—20% per
year if panels are not cleaned regularly [10]-[12]. In dry and dusty regions, power losses due to soiling can
even reach several percent per day [1], [10]. Consequently, high operating temperatures and progressive
surface soiling act synergistically to degrade both the immediate performance and durability of PV panels
under real-world operating conditions [12].

Various approaches have been developed to mitigate the negative effects of temperature and dust on
PV panels. For instance, passive cooling coatings (radiative cooling) and active cooling systems (air or liquid
circulation) are capable of reducing panel surface temperature by up to 1020 °C and improving electrical
efficiency by several percent [2]. On the other hand, hydrophobic and superhydrophobic surface coatings (self-
cleaning coatings) have been developed to prevent dust accumulation on PV cover glass [10], [12], [13].

Nevertheless, many of these solutions focus on only a single function. Conventional cooling
coatings generally do not mitigate dust accumulation, while radiative-cooling layers are not inherently self-
cleaning [2]. Similarly, superhydrophobic coatings are typically designed to remove dust through water
repellency but do not provide a significant cooling effect [13]. Furthermore, most multifunctional coating
studies still rely on synthetic materials (such as silicon nanoparticles, fluorosilanes, or titanium dioxide),
which are often translucent or opaque and therefore not optimal for all applications [10], [12], [14].

In tropical regions in particular, detailed studies on PV panel performance and coating solutions
remain limited [15]. As reported in the literature, investigations into the effects of soiling in humid tropical
climates are still scarce. This is despite the fact that tropical climates present a unique combination of high
solar irradiance, high humidity, and organic pollution. Consequently, a research gap exists in the
development of solar panel coatings capable of simultancously addressing both thermal and soiling issues,
especially through the use of environmentally friendly natural materials.

This study proposes a novel solution by utilizing banana leaf wax as a multifunctional natural
coating material for photovoltaic panels. Banana leaf wax exhibits hydrophobic properties with a water
contact angle (WCA) of 110°-130° [16], similar to those of natural wax found on lotus leaves, which can
reduce dust adhesion and facilitate self-cleaning behavior when exposed to rainwater [17]. Banana leaf wax
can also reflect 60-80% of infrared rays [18]. From an ecological perspective, banana leaf wax is
biodegradable and can be obtained from abundant agricultural waste in tropical regions such as Indonesia.
These properties make banana leaf wax a promising multifunctional coating candidate for addressing soiling
and thermal issues in photovoltaic systems.

Beyond its self-cleaning capability, the wax coating is also expected to enhance PV efficiency through
passive cooling. Wax-coated surfaces generally have low thermal conductivity and can reflect a portion of
infrared radiation, thereby reducing heat absorption by the PV module. This integrative approach has rarely
been reported in the literature; although several studies have examined cooling materials and self-cleaning
coatings separately, only a few have successfully integrated both functions within a single bio-derived natural
material [10], [14].

Therefore, this research offers a novel contribution by utilizing local resources (banana leaves) to
develop a dual-function PV coating that simultaneously reduces panel temperature and suppresses surface
soiling. The ecological advantages and originality of this approach lie in the use of low-cost, readily
available, and environmentally friendly natural materials compared to synthetic alternatives. Consequently,
banana leaf wax coatings are expected to represent an innovative and underexplored solution for improving
photovoltaic performance in tropical climates.

2. METHOD

This research was conducted using an experimental method according to the research flowchart in
Figure 1. The material was prepared in the form of wax extracted from banana leaves. The extraction process
began with preparing clean banana leaves, cutting them into approximately 3x3 cm? pieces, and then drying
them. Wax extraction was carried out using a maceration process using 1 liter of n-hexane solvent per 100 g
of dried banana leaves, followed by filtration and purification to yield a homogeneous banana leaf wax
solution in n-hexane with a solid wax concentration of 5%—10 wt% [19].

After the banana leaf wax solution was successfully extracted and formulated into a homogeneous
solution, the next step was to prepare test samples for material characteristic analysis. This process involved
coating the wax solution on a microscope slide using a spray-coating method, known to be effective in
producing thin films with controlled thickness and uniform distribution. The coating thickness was varied
within a range of approximately 3, 5, 7, 9, 11, and 13 pum to evaluate the effect of morphology on the
material's functional properties. Spray-coating techniques are also widely used in optoelectronic coating
research due to their film uniformity and scalability [20]. A series of tests were then conducted to analyze the
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transmittance, hydrophobicity, surface microstructure, and wax adhesion properties. A coating with a
transmittance of approximately 90% was selected for implementation and full-scale field testing.

Transmittance was obtained by comparing the measurement of sunlight irradiation that successfully
penetrated the wax layer on the glass test sample with the incident irradiation received directly, using a solar
meter. This transmittance value indicates the proportion of light that passes through the wax layer without
being absorbed or reflected, making it an important indicator for assessing the material's effectiveness as a
coating. Higher transmittance allows more incoming light to reach the photovoltaic panel surface [21].

SEM analysis examined the wax layer’s micrometer-scale morphology, revealing protrusions, pores,
and textures that define its physical properties. The link between morphology and hydrophobicity is key, as
microstructure shape and distribution affect water-repellent ability. High hydrophobicity enables self-
cleaning, with dirt removed by rolling droplets. Thus, SEM results provide both visual evidence of the wax
structure and insights into mechanisms supporting its functional performance in practical applications [22].

Hydrophobicity testing was performed by measuring the WCA using the droplet goniometry method
with the help of the ImageJ application. This measurement quantitatively determines the surface's water-
repellent ability. The expected WCA value should be greater than 90° (>90°), indicating the surface's
hydrophobicity. This property is essential for the self-cleaning mechanism, as rolling water droplets easily
pick up and carry away dust particles, mitigating particulate accumulation [23].

The infrared (IR) transmittance percentage in the 700-1100 nm spectrum is obtained by comparing
the illuminance of sunlight passing through the wax layer on the glass of the test sample to the illuminance of
the incident light, measured using a TSL2591 lux sensor [24]. This measurement provides an indication of
how much IR illumination can pass through the wax layer. This IR illumination that passes through plays a
crucial role because it directly affects the temperature increase in the silicon of photovoltaic (PV) modules.
Therefore, the IR transmittance level is a crucial parameter in assessing the effectiveness of the wax layer in
controlling overheating in PV modules.

Adhesion is a critical parameter for ensuring coating durability under environmental conditions.
Measurements are made using the Pull-Off Adhesion Test method, which can provide precise quantitative
data on adhesion strength. Strong adhesion between the coating and the substrate is a prerequisite for coating
durability [25].
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Figure 1. Research flowchart for evaluating the potential of banana leaf wax as a dual-functional
PV coating material

The field implementation phase is designed as a comparative study to validate the performance of
the wax layer under real-world operational conditions. This methodology uses two PV modules installed side
by side to ensure that both modules experience identical environmental conditions. One PV module was
coated with a banana leaf wax solution, while the other was left in its standard condition (without the wax
coating) to serve as a control module. Both modules were then installed in the same location for comparative
testing.

To automatically and continuously collect performance data, an Arduino microcontroller-based real-
time data acquisition system was installed with seven sensors, as shown in the test schematic in Figure 2. The
sensors used included: two RTD PT100 temperature sensors, two INA226 voltage/current sensors on each
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PV module, one ambient temperature sensor (DS18B20), one solar irradiance sensor (SEM228A), and one
infrared light sensor (TSL2591). The Arduino microcontroller-based data acquisition system is an efficient
and cost-effective solution for real-time PV monitoring. Automation of data collection is key to minimizing
human error and enabling continuous and accurate monitoring [26], [27].

Before testing begins, all sensors are calibrated against standard measuring instruments to ensure the
reliability and accuracy of the collected data. This calibration process is carried out by generating a curve of
the measurement results from the standard (reference) instrument as a function of the sensor measurement
data. The linear regression equation from the resulting curve is used as the calibration equation for the sensor
readings.

After calibration, the real-time data acquisition process begins, recording irradiance, temperature,
current, and voltage data from both modules. Data collection is carried out intensively, with a frequency of
one data point every 30 seconds for 30 days. This high-frequency data collection over a long period allows
for a very detailed analysis of the panel's response to variations in solar irradiance

PV Modul
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DS18B20 RTD ‘l:T 100 INA226 SEM228 TSL2591
A
Adapter Adapter
MAX3180 MA)|(485
|
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Figure 2. Schematic diagram of the real-time outdoor testing setup and data acquisition system for the
PV modules, featuring RTD PT100 temperature sensors with MAX31865 adapters and INA226
current monitor

3. RESULTS AND DISCUSSION
3.1. Wax extraction from banana leaves

Banana leaf wax extract is obtained in the form of an n-hexane solvent-based wax solution as shown
in Figure 3(a). This form can produce a homogeneous dispersion that allows application as a solvent-based
coating. This liquid phase strongly supports the spray-based deposition method, which is known to be
effective in producing a uniform thin layer on glass substrates and PV modules. With this technique, material
distribution can be well controlled, resulting in the formation of a continuous film that is optically stable and
functions optimally as a protective layer and thermal control.

3.2. Transmittance of solar irradiation on banana leaf wax

The results of the solar irradiance (G) transmittance characteristics test of banana leaf wax
irradiation coating on glass are shown in Figure 3(b). The measurement was carried out by placing a layer of
banana leaf wax on a thin glass. The transmittance percentage was obtained by comparing the light that
penetrates the wax to the incident light. It can be seen that the light transmittance decreases with increasing
wax thickness. The transmittance decreases by 1.36% for every 1 pm increase in layer thickness.

Wax transparency decreases with increasing thickness, and although the cooling effect is dominant
under high irradiance, transmission losses still occur at low light intensities. This trade-off indicates that
increasing the wax thickness does not always improve the overall performance of the photovoltaic module.
Therefore, further research is needed to determine the optimal wax layer thickness that balances the cooling-
induced power gain and the power loss caused by reduced light transmittance, thereby achieving higher
overall power output.

3.3. Transmittance IR illuminance on banana leaf wax

Analysis of the infrared (IR) illumination transmission graph in Figure 3(b) shows that the banana
leaf wax layer has a clear ability to block IR radiation. This characteristic is particularly important for silicon
photovoltaic (PV) solar cell applications because IR radiation carries heat that increases the operating
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temperature of the cells. By reducing the transmission of IR radiation, the wax layer has the potential to
minimize heat accumulation and help maintain the efficiency of PV solar cells.

The results indicate an inverse relationship between layer thickness and IR transmission: the thicker
the wax layer, the less IR rays can penetrate it. For example, increasing the layer thickness from 3 um to
13 pm decreases IR transmission from approximately 62.5% to 59.0%. This decrease in transmission directly
indicates that the layer's effectiveness in blocking (absorbing or reflecting) IR rays increases with thickness.

Quantitatively, this wax layer is capable of achieving IR blockade levels between 37.5% and 41.0%.
This ability to block approximately 40% of infrared heat makes banana leaf wax a potential material to
function as a thermal filter layer in solar panels. By reducing the amount of heat reaching the silicon PV cell,
this layer can help keep the cell's operating temperature lower, thereby maintaining or improving electrical
conversion efficiency.

3.4. Banana leaf wax adhesion

Tests show that the adhesion of banana leaf wax to the glass sample is relatively stable in the range
of 180-200 kPa as shown in the graph in Figure 3(b). A marginal but discernible decreasing trend as the
coating thickness increases from 3 to 13 pum. This phenomenon can be directly attributed to the uneven
volumetric distribution of internal shear stress and localized cohesive defects in the thicker coatings, which
collectively reduce the effective microscopic interfacial contact area. Mathematically, the adhesion strength
is expressed as ca = F/A, force F (N) per unit area A (m?). The adhesion value obtained is sufficient for PV
module coating applications, as long as the thickness is kept thin to maintain optimal optical transparency
and thermal stability, however, for long-term applications, reinforcement is necessary.

Although banana leaf wax exhibits adequate adhesion in the range of 180-200 kPa on glass
substrates, the soft and easily peeled nature of the wax poses a challenge for long-term applications in
outdoor environments. Polymer matrix reinforcement studies are needed by developing hybrid coating
formulations by mixing banana leaf wax into an inert and transparent polymer matrix, such as
polydimethylsiloxane (PDMS) or polyurethane, to improve hardness, abrasion resistance, and adhesion
without compromising hydrophobic and optical properties. Substrate surface modification is also needed by
analyzing the pre-treatment of the PV module glass surface (e.g., plasma treatment or ultrathin primer layer
deposition) to improve the adhesion interaction between the wax and the glass.

3.5. Coating contact angle testing

The results of WCA measurements on banana leaf wax coatings show that the average contact angle
of six test samples reached 127°. The contact angle of one sample is shown in Figure 4. With this value, it is
generally categorized as a hydrophobic surface. This characteristic indicates that banana leaf wax coatings
have the potential to produce a self-cleaning effect through the rolling mechanism of water droplets carrying
dirt particles from the surface. A similar phenomenon has been reported on natural wax-based biomimetic
surfaces, where contact angles above 120° have been shown to improve optical durability and self-cleaning
capabilities [28], [29].

100 o 250
£ 4 b““"“‘--g g
e ——o 2002
© SRR R e S =
4 o 80 A =l
= 150 &
£ 70 o
= o— . 4 00 &
(@) (b) a 60 & — ——— - —® ! v
< =
= 50 »L 50 &
L
0 5 10 15 ‘g:
Coating Thickness (um)
> » ==k ~--Transmittance G ~—®- = Transmitansi IR

< % - Adhesive Strength

Figure 3. Characteristics of the banana leaf wax: (a) extracted wax solution in n-hexane and (b) solar
transmittance (G), near-infrared (NIR) transmittance, and pull-off adhesion strength as functions of
coating thickness
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Figure 4. Wetting behavior and water contact angle (WCA) measurement on the spray-coated banana leaf
wax layer

3.6. Microstructural morphology of the banana leaf wax coating

Observations using a Scanning Electron Microscope (SEM) show that the surface of banana leaf
wax is composed of a microcrystalline structure that forms platelet-shaped and tabular aggregates with
random orientations, as seen in Figure 5. This morphology produces a surface topography that is rough at the
micro- to nanoscale, with a dense distribution of overlapping wax crystals. This distinctive texture creates
microscopic air pockets within the hierarchical topography that covers the substrate surface.

This micro- and nano-scale surface roughness plays a crucial role in increasing the WCA.
According to the Cassie—Baxter model, a surface that combines intrinsic hydrophobic properties with micro-
and nano-roughness traps air between its surface structures, allowing water droplets to only partially contact
the leaf. As a result, the adhesive force between the water and the surface is very small, and the droplets tend
to form nearly perfect spheres. This explains why banana leaf wax can achieve a WCA of around 127°,
which is considered high and indicates strong hydrophobicity.

Furthermore, the homogeneous distribution of wax crystals enhances the "self-cleaning" effect,
similar to the lotus effect. Water droplets rolling over the surface not only easily detach but also carry away
dirt particles, thus keeping the leaf surface clean. Thus, the microcrystalline structure of banana leaf wax not
only determines hydrophobicity but also provides ecological benefits by protecting against excess moisture
and the accumulation of foreign particles.

Overall, the SEM results demonstrate that the extreme hydrophobicity of banana leaves is a direct
consequence of the combination of the intrinsically hydrophobic chemical composition of the cuticular wax
and its micro- and nanoscale surface architecture. This synergistic combination increases the water contact
angle to approximately 127°, thereby enhancing the leaf's water-repellent properties. These findings
underscore the importance of wax morphology as a key factor in the design of biomimetic surfaces for water-
repellent and self-cleaning applications.
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Figure 5. Surface morphology and microstructural architecture of the banana leaf wax coating: SEM
micrographs at (a) 10-pum scale and (b) 4-um scale

3.7. Thermal performance and PV module temperature mitigation

The data from the field test of the temperature relationship of the test PV module to solar irradiation
on the PV module coated with 9 um banana leaf wax and the standard PV module are shown in Figure 6(a).
The green curve (ambient temperature) shows a linear increase with a low slope. The ambient temperature
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increases from a temperature-to-solar irradiation relationship of ~28 °C at low irradiation to ~38 °C at high
irradiation (~1200 W/m?). The red curve (standard PV) shows the most significant increase in the
temperature of the standard module to 60.5+2.1 °C at 1200 W/m? irradiation. The yellow curve (PV module
coated with banana leaf wax) shows a lower temperature increase than the standard PV, with a maximum
value of around 55.3+1.9 °C at 1200 W/m? irradiation. The temperature of the photovoltaic module (7,)
depends on the thermal relationship with the ambient temperature (7,), the intensity of solar irradiation (G),
and the convection heat transfer coefficient (4.), and the module efficiency 7 (7.) is expressed by the
empirical (1).

Ty~ Ty + 220 hoG (1)
Where T, represents the ambient environmental temperature, G defines the total incident solar irradiance
(W/m?), h_is the calculated convective heat transfer coefficient (W/m?-K), and 7(7,,) signifies the precise
temperature-dependent electrical conversion efficiency of the underlying solar cell.

PV modules coated with banana leaf wax operate at lower temperatures than standard modules due
to the coating’s optical and thermal properties. The hydrophobic surface can reflect part of the solar
irradiation, especially in the infrared range that causes heating. In addition, the coating enhances surface
emissivity, allowing heat to dissipate more effectively through radiation and convection. As a result, excess
radiant energy not converted into electricity is released faster into the environment instead of being stored as
heat in the module. This leads to a gentler temperature rise with increasing irradiation, keeping the coated
module cooler than the standard one. The reduced temperature lowers efficiency losses caused by the PV
power temperature coefficient. Consequently, banana leaf wax coating improves electrical performance and
helps maintain higher efficiency under strong solar irradiation, offering a simple yet effective approach to
enhance PV system performance in tropical regions.

The performance of the banana leaf wax coating presents a competitive advantage when compared
to recent literature: While standard superhydrophobic coatings discussed by Ingole et al. [13] are effective for
self-cleaning, they typically do not offer significant cooling effects. This study demonstrates that banana leaf
wax provides a dual function: high hydrophobicity (WCA 127°) and a measurable cooling effect
(= 5 °C). Kargaran ef al. [2] reviewed various cooling strategies capable of reducing temperatures by
10-20 °C; however, these often require complex setups or active energy consumption. In contrast, this bio-
based coating offers a simple passive cooling solution that, despite a more moderate reduction (= 5 °C) is
cost-effective and sufficient to mitigate the efficiency degradation reported in tropical climates.

3.8. Influence banana leaf wax coating on PV module output power

The results of the field experiment in Figure 6(b) show that the PV module coated with banana leaf
wax exhibits a significant enhancement in output power under medium to high solar irradiance, while a
modest performance penalty is observed under low-irradiance conditions due to reduced optical
transmittance. At irradiance levels exceedingly approximately 500 W-m2, the thermal mitigation effect of
the 9-pm wax layer outweighs the minor transmission loss. Consequently, the coated module delivers an
average increase in maximum power of about 13.3% within the 500—800 W-m™ range and up to 19.9-20.5%
at irradiance levels above 800 W-m2 (>1000 W-m2), relative to the uncoated reference module. These
improvements are statistically significant based on paired-sample analysis (p « 0.001).

The observed power enhancement is directly associated with a reduction in module operating
temperature. On average, the banana leaf wax coating reduces the module temperature by approximately
2.0 °C across all operating conditions, with a more pronounced reduction of about 4.2—4.6 °C under high
irradiance (>800-1000 W-m™). A strong correlation between solar irradiance, temperature reduction, and
power gain confirms that thermal regulation plays a dominant role in the performance improvement. This
behavior is primarily attributed to the combined effects of partial infrared (IR) radiation blocking and
enhanced thermal emissivity of the wax layer, which promote passive cooling of the PV module [2], [14].

From a theoretical perspective, the maximum power output of a PV module can be expressed as a
function of irradiance and module temperature. The maximum power output is expressed as (2).

By (G, Ty = nrefGAmod [1 - .B(Tm - Tref)] @)

Where 7)g..fy is the reference efficiency at Tg.ory = 25 °C T, Agpoqy is the module area, § is the temperature
coefficient of power, G denotes solar irradiance, and 7 is the module temperature. The presence of the banana
leaf wax coating effectively reduces the operating temperature by A7Tc.u;, leading to a relative power gain that
can be approximated as (3).
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AP
S _;B ATcoat (3)

Pstd

Where AP = Poaed - Psia represents the net positive power increase, Py is the baseline electrical power of the
standard uncoated control module, S is the negative temperature coefficient of power characteristic of the
semiconductor material (typically recorded as, e.g., S = -0.4%/°C, and AT = Tcouea - Tsa represents the
differential temperature change. Since the coated temperature is consistently lower (Tcoaed < Tsa), the value
for AToarea is strictly negative. Consequently, multiplying the physically negative $\beta$ coefficient by the
negative AT .aeq variable directly produces a positive resultant value, yielding a substantial net positive
power gain. Given the established negative physical value of f resulting from elevated electron-hole
recombination rates at high temperatures, the experimentally observed and verified temperature reduction
directly and proportionally translates into a highly measurable, significant increase in total electrical power
output, placing the theoretical framework in perfect agreement with the empirical field data robustly obtained
throughout this study.

When compared with multifunctional coatings reported in the literature, the banana leaf wax coating
occupies a distinct and practical niche. Many transparent superhydrophobic coatings primarily enhance self-
cleaning performance but provide only limited thermal benefits, typically resulting in marginal or statistically
insignificant power gains [14]. In contrast, advanced radiative-cooling or metamaterial-based coatings can
achieve larger temperature reductions (often exceeding 8—10 °C), yet they involve complex fabrication
processes and higher material costs [2]. Hybrid hydrophobic—IR-reflective coatings reported in recent studies
offer moderate cooling (3—5 °C) and partial self-cleaning functionality, but often rely on synthetic or
engineered materials [14], [30].

In this context, banana leaf wax represents a low-cost, bio-derived multifunctional coating that
simultaneously provides effective passive cooling and high surface hydrophobicity (WCA ~127°). This dual
functionality leads to statistically significant power enhancement under high irradiance without the need for
active cooling systems or complex material architectures. Therefore, the proposed coating is particularly well
suited for PV deployment in tropical regions, where high solar irradiance and elevated module temperatures
are dominant factors limiting PV performance [30].
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Figure 6. Outdoor performance results of PV modules coated with banana leaf wax: (a) temperature PV
module test and temperature and (b) output power of test PV module

4. CONCLUSION

This study successfully proved that the proposed hypothesis regarding the potential of banana leaf
wax as a coating for dual-functional PV modules to overcome degradation due to high temperature and
fouling in tropical climates has been strongly validated by the results and discussion. The main problems of
PV efficiency degradation due to high temperature, dust, and water scale, can be overcome by banana leaf
wax. Microscopically, the extracted and spray-applied wax layer produces a random microcrystalline
structure which, according to the Cassie—Baxter model, forms an extremely hydrophobic surface with an
average WCA of 127°, thus enabling an effective self-cleaning mechanism. Furthermore, thermal testing
demonstrated significant heat-reducing effectiveness, where a 9 um layer was able to keep the PV module
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temperature down by =5 °C compared to a standard module at a high irradiance of 1200 W/m?. Crucially, this
cooling effect has been shown to outweigh the small optical transmittance losses, resulting in a 15-20%
increase in PV module output power at high irradiance. This compatibility of problems and results positions
banana leaf wax as a prime candidate for tropical applications.

Future work should improve durability, as the wax’s softness and low adhesion (180-200 kPa) need
reinforcement. Studies may use polymer matrices like PDMS, surface modification (e.g., plasma treatment),
and thickness optimization to balance thermal and optical effects. Integration with optoelectronic coatings
could create multifunctional solutions, enhancing energy efficiency and extending solar panel lifespan in
tropical regions, with broader applications in PV systems for zero energy buildings (ZEB).
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