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Abstract — The world market for solar energy continues to
expand. However, to be competitive with traditional energy
sources, photovoltaic (PV) modules must be capable of continuous
and reliable high performance. Performance losses occur due to
the soiling of the cover glass on modules. Soiling can be reduced
by using hydrophobic coatings. These decrease surface energy
and thus minimize adhesion to soiling. These coatings can help
reduce maintenance and retain consistent electrical output. It is
not yet clear, how hydrophobic coatings can be assessed and
compared. In this paper, test methods to simulate the stresses that
coatings experience in their life-time are assessed. These test
methods help to predict the durability and useful lifetime of the
coatings when applied to solar cover glass. Various test methods
from different standards have been applied to hydrophobic coated
glass surfaces and optimized to simulate real-outdoor conditions.
A sand impact test and a water drop simulation test have been
devised to study the effect of sand and rain on hydrophobic
performance and durability.

Index Terms — hydrophobic coating performance, photovoltaic
(PV) anti-soiling, coating durability tests.

|. INTRODUCTION

Solar Photovoltaic (PV) modules need to be highly efficient
and reliable to compete with conventional energy sources.
Currently they are produced with a manufacturer’s warranty
period of 25 years [1]. It is crucial to maintain the maximum
performance throughout their life-time.

Soiling on PV cover glass is a significant problem that
affects performance and requires costly maintenance. Dust and
grime accumulation is a complex phenomenon and is
influenced by diverse site-specific environmental and weather
conditions. Accumulation of debris such as dust, sand, bird-
droppings and water-stains (salts) cause a reduction of the
incident solar irradiance to the PV absorber and degrade the
efficiency of the module [2]. The presence of soiling causes a
reduction in transmitted light into the module. It also leads to
inhomogeneous shading with an increased possibility of
triggering hot spots [3]. It causes a reduction in the power
output, thus increasing the cost of energy production. The
solar industry schedules periodic cleaning of the PV arrays in
solar farms to prevent the build-up of soiling on the module
cover glass. However, the ongoing cost of maintenance is an
additional financial burden for the operator.

The surface of the PV cover glass can be coated with a thin
layer that acts as an anti-soiling coating. This layer can either
be hydrophilic [4], that has high surface energy which attracts
sufficient water to clean the surface or hydrophobic that has
low surface energy which repels the water and washes the

soiling away. These coatings reduce soiling and minimise the
frequency of the cleaning task. The coating must be
transparent otherwise it would cause optical losses.

The cleaning action of hydrophobic coatings stems from
their high water contact angle. When water impinges on the
hydrophobic surface, droplets of almost spherical shape form.
These then roll away, carrying away the dust and dirt [5], [6].
Hydrophobic coatings have the potential to play an important
role in reducing the level of soiling by presenting a low surface
energy for reduced adhesion. They also make cleaning and
maintenance easier for retaining performance [7].

Figure 1-Measurement of the water contact angle on a glass
surface with a hydrophobic coating

The life-time of hydrophobic coatings is crucial to sustain
performance and ideally should match the life-time of the
module. The coatings should resist the harshest outdoor
conditions. The potential of hydrophobic coatings has already
been recognized commercially and they are beginning to be
deployed in the field. However, standards do not yet exist for
performance and durability assessment. It is important that this
is addressed to enable a fair and unbiased assessment of
different anti-soiling coatings. In this work, methods to test
and predict the durability and performance of hydrophobic
coatings for PV cover glass are assessed. The results presented
are obtained from hydrophobic coatings under development
for application to solar cover glass. The formulation of the
coatings was changed during these trials. However, the
purpose of this study was to develop testing techniques for
performance and durability. The results of tests on specific
formulations will be published elsewhere.



Il. EXPERIMENTAL

Tests to assess the performance of hydrophobic coatings
include optical transmission, water contact angle and roll-off
angle. The durability tests include damp heat, ultraviolet (UV)
exposure, thermal cycling, adhesion, abrasion resistance,
solubility, sand impact and rain drop simulation, all of which
simulate outdoor conditions or exposure to cleaning and
maintenance. These tests have been performed on a variety of
hydrophobic formulations. The test results reported are on
hydrophobic coatings under development for commercial use
by the PV industry. The focus has been on performance and
not cost-effectiveness.

A. Performance of Hydrophobic Coatings for PV Cover
Glass

The water contact angle (WCA) and the roll-off angle at a
certain surface inclination determines the performance of
hydrophobic coatings. In PV applications, the optical
measurements also play an important role to avoid any
absorption/reflection losses at the air-glass interface. Thus, the
transmittance (T) and reflectance (R) measurements are
considered important measures of coating performance. For
simplicity, transmittance and reflectance measurements at 550
nm are used.

B. Durability

Durability is defined as the ability to withstand mechanical
and environmental stresses. Hydrophobic coated cover glass
surfaces were exposed to environmental stress tests such as
damp heat, thermal cycling and UV exposure tests. These tests
were carried out in accordance with IEC 61646:2008 to
evaluate the scale and causes of degradation [8]. The surfaces
were also exposed to various types of mechanical and
chemical stress tests, including adhesion, resistance to
abrasion, and water solubility.

The coated glass surface was visually inspected before and
after each test. The optical measurements were obtained using
a Varian Cary® UV 5000 spectrophotometer. The water
contact angle was measured using a Dataphysics OCA 20
system after coating and at increasing time intervals during
each of the accelerated durability tests. Optical and Scanning
Electron Microscopy (SEM) images (Jeol® 7100F) were
obtained to characterize the severity of the degradation. Roll-
off angle was measured before and after each test with an in-
house developed measurement system, using between 20-40 pl
water drops.

A sand impact test (SIT) was devised to evaluate durability
to sand erosion. A new water drop test was developed to
assess the impact of rain. In both of these devised tests, the
samples were positioned on a platform at a 45° angle, which is
adjustable.

I1l. RESULTS

A. Damp Heat Test

The hydrophobic coatings were exposed to a damp heat test
at 85°C and 85% relative humidity (RH). The surface was
exposed for a total of 1000 hours with intermediate optical and
water contact angle measurements made at 100, 250 and 500
hours. The performance of the hydrophobic coating was
severely reduced by the damp heat test after 1000 hours of
exposure. Table I shows T, R, roll-off angle and WCA
measurements for initial, post 500 hours and final
measurements until the surface lost the hydrophobic property
which is defined when WCA is measured below 90° [5]. The
increase in roll-off angle shows that the damp heat exposure
also increases the adhesion of the water drops. Despite
degradation in hydrophobic performance, the optical
performance showed a slight improvement associated with the
effects of heat treatment on the coating.

TABLE |
DAMP HEAT TEST RESULTS
Initial 500 hours | 1000 hours
WCA (°) 106.3 90.7 83.1
Roll-off angle (°) 73.0 - 78.2
R (%) 7.3 7.0 6.3
T (%) 92.9 92.8 93.1

B. Thermal Cycling Test

The hydrophobic coatings were stressed using a thermal
cycling test. One cycle comprises of 10 minutes of exposure to
85°C followed by 10 minutes at -40°C with no humidity
control according to the testing protocol IEC 61646:2008. The
sample was exposed to a total of 200 cycles. The optical and
hydrophobic measurement results in Table Il shows that the
coating was resilient to thermal cycling. The WCA
measurements reveal a gradual degradation with increasing
number of cycles with a reduction of 4.0% after 200 cycles.
Transmittance and reflectance measurements show no
significant change. However, an improvement in the roll-off
angle is observed on exposure to thermal cycling.

TABLE 11
THERMAL CYCLING TEST RESULTS
Initial 100 cycles 200 cycles
WCA (9 106.3 104.5 102.1
Roll-off angle (°) 72.9 - 50.1
R (%) 7.0 6.8 6.7
T (%) 93.1 92.9 92.9




C. UV Exposure

The UV Exposure test was applied to hydrophobic coated
surfaces for 500 hours with an intermediate check at 250 hours
to determine its effect. The test was conducted with a
minimum of 15 kwh/m?of UV light with a 3% to 10 % of the
total energy in the UVB light range. The WCA measurement
result shows that the UV exposure affects the hydrophobic
performance of the coatings noticeably, but does not affect the
optical performance significantly. The roll-off angle is
increased slightly with UV exposure. This shows that the
effect of UV exposure on roll-off angle and WCA can vary
separately depending on the coating chemistry, as the two are
not related [9]. The T, R, roll-off and WCA results are shown
in Table Il1.

TABLE 111
UV EXPOSURE TEST RESULTS
Initial 250 hours | 500 hours
WCA () 106.3 100.7 99.1
Roll-off angle (°) 72.5 - 79.4
R (%) 7.8 7.6 7.3
T (%) 92.7 92.3 92.4

D. Adhesion Test

A tape adhesion test [10] was used to determine the adhesion
of the coatings to the glass substrate. The surface was tested
according to Mil-C-675C with minor changes. A linch long
and linch wide adhesive tape was pressed firmly on the coated
area for 10 seconds with an extra linch to hold the tape. The
tape is then removed rapidly within 1s. The results revealed no
peeling or detachment of the coating. No change was observed
to the hydrophobic and optical performance. The results
shown in Table IV are consistent with good adhesion.

TABLE IV
ADHESION TEST RESULTS

Initial Post exposure
WCA (°) 106.3 105.9
Roll-off angle (°) 71.0 72.5
R (%) 7.9 8.0
T (%) 92.6 92.6

E. Abrasion Resistance Test

The abrasion resistance test is important to assess the
durability of hydrophobic coatings when exposed to
maintenance or cleaning cycles. A test method similar to BS
EN 1096-2 [11] was performed using a reciprocating abraser.
A CS-10 grade abrader material [12] was used to simulate the
degradation caused by particles. This provided a ‘medium to
hard” abrasion of the hydrophobic coating. Figure 2 shows an
optical microscope image of an abraded area on the coating
tested. The optical results are similar to the uncoated glass
suggesting that in some cases most of the coating was removed
during the test.

Figure 2-Optical Image of the coating after Abrasion
Resistance Test

The initial and final results are shown in Table V. The WCA

was reduced dramatically to below 90°. A significant increase
in the roll-off angle of the coating could be caused by the
increased roughness or hydrophobic coating removal in the
abraded area..
Figure 3 shows the transmittance measurements over the 350
to 800 nm wavelength range for comparison with an uncoated
glass sample. As seen on the graph, the transmittance of the
coating (green) reduced to the level of the uncoated glass
(amber) after the abrasion test.

TABLE V
ABRASION TEST RESULTS
Initial | 100 cycles [200 cycles
WCA () 104.8 76.5 70.2
Roll-off angle (°) 44.3 70.2 89.1
R (%) 7.2 8.3 8.3
T (%) 92.9 92.0 92.0

F. Solubility Test

Hydrophobic coated samples were used to evaluate the
applicability of a solubility test according to BS ISO 9211-4
[13]. There are 12 levels of severity for these tests. The
severity can be increased gradually. The least severe exposure
is immersion in DI water and the most severe exposure
consists of immersion of the coating in boiling DI water for 2
minutes followed by immersion in DI water at room
temperature for 1 minute. The coatings were exposed
gradually to the most severe condition. Table VI shows the
measurements after 10 cycles at the most severe exposure
level.

Optical measurement results indicate that the coating had
slight degradation in transmittance and reflectance. However a
lower WCA was measured at the edges of the coated samples
after tests at severity level 3. This is a total 96 hours of
immersion in de-ionized (DI) water. Nevertheless, the coating
preserved its hydrophobicity until testing at severity level 12.
The post-exposure WCA results shown in Table VI are



average values over the surface. The lowest was 99.6° and
highest was 118.5° for the sample tested.
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Figure 3-Measured transmittance before and after the Abrasion

Resistance Test

TABLE VI
SOLUBILITY TEST RESULTS
Initial Post exposure
WCA (9 118.6 104.4
Roll-off angle (°) 47.6 75.3
R (%) 4.7 5.3
T (%) 95.1 94.7

G. Sand Impact Test (SIT)

Hydrophobic coated samples were exposed to 500g of sand
impacting the surface in 90s. The system was adopted from
ASTM D968-15 [14]. The size of the sand particles used was
~0.25 mm. The results shown in Table VII correspond to the
coating performance after sand exposure. The optical
performance is measured approximately on the same point on
each of the samples. The WCA results shown are the average
of measured values over the coated area. The hydrophobic
performance was not measured after the SIT without cleaning
to avoid misleading results due to the retention of sand
particles. The results after cleaning with pressurized air were
compared with surfaces cleaned with IPA and DI water.

The SEM images in Figure 4 — A and 4 — B show the effect
of abrasion on the surface of the coating. Some areas were
only slightly damaged while on others the coating was
completely removed. The optical and hydrophobic
measurement results confirm the areas damaged by different
degrees results in different levels of performance degradation.
The lowest transmittance and reflectance measured over the
coated area was 94.4% and 5.2%, respectively. The lowest
WCA measured post SIT after cleaning with air and with
IPA/DI water was 62.5° and 70.0°, respectively.

TABLE VII
SAND IMPACT TEST RESULTS
Post SIT- | Post SIT- Post SIT-
Initial no cleaning |[cleaning with IPA
cleaning | with air and DI water
WCA (°) 119.5 - 84.6 92.8
Roll-off angle (°)| 76.8 - - >90.0
R (%) 2.8 4.4 34 4.2
T (%) 96.8 96.5 96.0 96.1
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Figure 4-A - SEM image of a damaged area on the coating
after Sand Impact Test

H. Rain Drop Simulation Test (RDST)

Deionized (DI), rain and tap water are used to simulate the

effect of rain. The test was carried out for a continuous period
of 1 minute to evaluate the coating performance in a controlled
laboratory environment. In this way, outdoor factors such as
temperature, dust etc. that may affect performance could be
controlled. The diameter of the simulated drops was measured
to be between 2 to 3 mm on a flat glass substrate. After
exposure, the sample was left to dry under atmospheric
conditions. The results show that the optical and hydrophobic
performance was reduced mainly by water stains remaining on
the surface after drying.
The results obtained using tap water are shown in Table VIII.
The results indicate that the effect of water stains is highly
detrimental to the coating performance. A slight increase in the
WCA is possibly due to additional roughness caused by the
exposure. However this additional roughness also caused an
increase in roll-off angle. The water stains obstruct the
movement of the water drop at roll-off. Figure — 5 is the
image of a coating surface after drying under atmospheric
conditions.



Figure 4-B - SEM image of partially

Impact Test
TABLE VI
RAIN DROP SIMULATION TEST (RDST) RESULTS
Post | Post | Post RDST-|Post RDST-
Initial| RDST- | RDST- after stain after
highest| lowest | cleaning cleaning
WCA (°) 118.9| 128.0 | 52.0 125.0 90.0
Roll-off angle (°) | 61.1 - >90.0 83.0 >90
R (%) 13| 11 5.4 15 1.4
T (%) 98.6| 98.2 | 96.0 98.5 98.4

8
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Figure 5-Surface of the coating post-RDST after drying at
room temperature

1VV. CONCLUSION

Hydrophobic coatings on solar cover glass have the
potential to minimize the accumulation of soiling and maintain
module performance. The coatings are already becoming
available commercially. Durability is a key concern. It will
determine if the coatings will need to be re-applied and at what
time interval. It is clear that durability will be dependent on the

local environment. It is vital that the optical transmission of
the coating is maintained. This paper considers the tests and
standards that should be applied to hydrophobic coatings to
ensure they are fit for purpose.

The environmental stress tests which are adopted from PV
qualification standards are used to evaluate the degradation of
hydrophobic coatings for PV modules. The test results show
that the hydrophobic performance is degraded at different
levels for different environmental stresses. Increase in optical
performances was observed if heat is involved which acts as
heat treatment of the coating surface.

Sand Impact Tests show how both optical and hydrophobic
performance of coatings can suffer during the exposure. The
coatings can be partially or completely removed. Optical
measurements show that the point where the coating first
suffered from sand impact has highest degradation. Variation
between the WCA results over the coated surface was
investigated using SEM. The images confirm the different
effects of the sand impact at different locations.

The results from the rain drop simulation test emphasize that
the roll-off angle should be below a ‘critical value’, so that the
water drops clean the surface and reduce the risk of staining on
the surface. Water stains are detrimental for the hydrophobic
properties of coatings. ldeally, the roll-off angle should be
below the installation angle of the PV modules.

V. SUMMARY

In this paper, the testing methods and performance
requirements for hydrophobic coatings used on solar cover
glass are compiled and assessed. The results of different
environmental and mechanical stresses on hydrophobic
coatings under development for commercial use by the PV
industry are analysed. It is clear that the performance of the
coatings may vary according to local environmental
conditions. However, hydrophobic and optical performance
should be consistent. The challenges for durability and
performance of hydrophobic coatings in the field are
highlighted.
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