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Introduction

Soiling of solar power systems, such as CSP mirrors and PV 
modules, signifi cantly affects energy yield and increases the 
Levelized Cost of Electricity (LCOE), which poses signifi cant 
socio-economic, technological, and environmental threats 
[1-5]. Although the consequences of soiling are higher for 
concentrating systems than for non-concentrating systems, 
the gradual reduction of nominal power output is widely 
recognized as a defect mainly of PV systems. This is probably 
due to the fact, that a vast number of small PV installations are 
managed directly by individual owners.

Various reports [1-3] all over the world have revealed large 
decrements in effi ciency due to heavy soiling (including dust, 
dirt, and pollen), exceeding 25% within a 6-month period, 
especially in areas of high industrial pollution, at seaside 
locales with abundant salt mist, in deserts and at areas with 
volcanic activities and mining. 

Soiling of CSP mirrors and PV modules is a complex 
phenomenon. Scientifi c research has proven that soiling on 
surfaces of solar systems develops in two adjacent layers: one 
top layer which can be relatively easily removed by wind, rain, 
or cleaning action, and one sub-layer, which adheres strongly 
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to the glass surface and forms a hard crust that reduces the 
amount of light reaching the solar cells [1]. Environmental 
conditions can also evoke degradation or “corrosion” of the 
solar panel or collector, which further adds to energy losses. 

Although there are several soiling mitigation strategies, 
none of them has been widely adopted, since effectiveness 
in real fi eld conditions is often disputed. Optimization of 
the system’s effi ciency [6-8] is thus diligently pursued. In 
addition, the implementation of anti-soiling coatings has 
been recently intensifi ed [9-15] representing perhaps the most 
promising solution in solar power projects, since effectiveness 
is usually combined with low application costs.

Although soiling rates, climate, and types of soil vary by 
location the application of an anti-soiling coating can benefi t 
energy output by a non-negligible fraction. By assuming, for 
example, a 1.5 MWh/MWdc PV system with a power purchase 
agreement of 60 €/MWh, a 5% discount rate, a 0.5% annual 
power degradation, baseline soiling losses of the order of 5%, 
and two module washes per year, an increment in energy yield 
of at least 3% should be expected. In arid climates, this can 
reach 4.5%. Therefore, the application of an effi cient self-
cleaning coating may result in a 2.5% increment of total 
revenues in net present values and this calculation should be 
considered a rather conservative approach. 

Major manufacturers of solar systems have realized the 
utility of coatings and more particularly, of hydrophobic 
coatings. Some of them have already included the application 
of hydrophobic coatings during production and market them as 
premium products. What about however for those solar power 
plants, which were installed 5, 10 or more years ago? 

Coated surfaces accumulate dirt at a slower rate, exhibit 
in rainy conditions an enhanced self-cleaning effect, need 
less frequent cleanings, and are easier to clean. In general, 
anti-soiling coatings are broadly categorized into hydrophilic 
(water-attracting) and hydrophobic (water-repellent) [16-26]. 
Most hydrophilic coatings have a photocatalytic functionality 
being able to decompose organic matter by sun irradiation [15-
18]. However, a large portion of environmental pollution is of 
an inorganic nature, therefore, predicting the performance of 
hydrophilic coatings in real outdoor conditions, especially arid 
climates, may be challenging. Furthermore, in areas of high 
humidity or frequent rainfalls water accumulation can lead to 
light scattering, which may degrade optical properties. On the 
other hand, hydrophilic coatings can be quite enduring with 
useful lifetimes that may exceed 5 years. 

Hydrophobic anti-soiling coatings present perhaps more 
favorable characteristics [16,17,20-23]. It is widely accepted, 
that the biggest portion, i.e., at least 60%, of liquid pollution 
can be self-cleaned by the application of standard hydrophobic 
coatings. Their non-stick properties also act as soiling 
deterrents. Abrasive cleaners, as well as cleaning frequency and 
cleaning effort during regular maintenance, are minimized, 
too, thus reducing Operational and Maintenance (O&M) costs 
of the solar system. 

Nevertheless, some coatings may turn ineffective, and 
depending on environmental conditions the power output of 
CSP mirrors and PV modules may decrease below the threshold 
of uncoated systems. 

Among various commercial anti-soiling coatings, 
the SolarSkin coating system (SolarSkin by BFP) [27] is a 
prominent example of cutting-edge, high performing self-
cleaning technology. Based on the patented HyDRoP system, 
it effectively combines the properties of both inorganic and 
organic materials within a multi-functional easy-to-clean, 
optically free, coating. The dual-activated (both chemically 
and mechanically) preparation of the surface promotes the 
development of a strong covalent bond (of about 230 Kilo-joule 
per mol) between the coating and the substrate, which promises 
superior resistance to chemicals, temperature changes, UV, 
and abrasion. SolarSkin brings solar glass back to its original 
appearance and protects it from abrasion, mineral deposits, 
pollution, and corrosion. Upon curing the coating, a surface-
repellent charge is formed. This acts as an invisible barrier 
to water, soil, and stains, thus providing abrupt recovery of 
substrate’s transmittance after mild rainfalls. It should be also 
noted that the coating’s thickness has been chosen in a way 
that the wavelength of the incoming light and the refractive 
index of solar glass are effectively combined and refl ection 
losses are minimized. SolarSkin is friendly to the environment 
and can be easily applied both on-site during the assembly of 
solar panels and collectors or directly in the fi eld at existing 
plants.

Discussion

Hydrophilic coatings increase the substrate’s surface 
energy, thus minimizing water contact angles. Under conditions 
of rainfall or high humidity, thin continuous layers of water 
are formed which increase surface conductivity. Localization 
of electrostatic charges is thus prevented and the surface 
becomes antistatic. Water contact angles of less than 7-80 
can be achieved, therefore dirt may be easily washed off [21]. 
On the other hand, hydrophobic coatings have a low surface 
energy which enables the removal of dirt as water droplets roll 
off from the surface. Th erefore, both types of coatings enhance 
self-cleaning properties, although by a different mode of 
action. Depending on the particles’ size and the water quantity 
and fl ow, the removal effi ciencies may be less or more effective 
[28]. 

It should be noted that in both types of coating, the 
fundamental mode of action aims at reducing adhesion 
forces between the substrate and contaminants. Ideally, this 
should be achieved without compromising the substrate’s 
optical properties. In solar systems especially, maintaining 
the substrate’s transmittance is of crucial importance, since 
even the slightest absorption of the incoming light, either 
due to poor design or increased thickness of the coating may 
severely affect the system’s performance, especially in large 
solar power plants (Figure 1). In such case, the reduction of 
refl ection losses being the result of soiling mitigation may be 
compromised by the restriction of transmittance. 
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Furthermore, in real-fi eld conditions, the coating’s 
performance, as this is refl ected by water contact angles, may 
differ signifi cantly from nominal values, due to environmental 
factors, tilt angles, cleaning strategy, etc. The reason is that 
physisorption or chemisorbed dirt and dust may dramatically 
degrade the coating’s functionality. 

More specifi cally, the upper layers of the coating 
are constantly exposed to the effects of the surrounding 
environment. Over time, dust and various contaminants are 
physically adsorbed on the surface. The majority of them will be 
desorbed by natural convection or removed by the mechanical 
action of wind or rainfalls, within a short period of time, e.g. 
within a few minutes. In the latter case, the hydrophilic or 
hydrophobic attributes of the coating will enhance the self-
cleaning effect. However, in dry areas or regions of high 
insolation and humidity, some of the above physisorbed foreign 
material will at some point be chemically adsorbed to the surface 
through nucleation and growth, despite the coating’s non-
stick properties. Accumulation of chemisorbed contamination 
increases over time up to a point where it can be removed 
only by cleaning. This process deteriorates the self-cleaning 
attributes rendering the coating non-functional since water is 
in direct contact with the contaminant layer, not with the non-
stick surface of the coating. This has a notable effect on the 
surface’s anti-sticking properties. The initial properties of the 
coating can then be recovered when contamination is removed, 
e.g. by cleaning, so fresh layers of the coating are exposed. 
However, strongly adhered, i.e. chemisorbed contaminants 
may ultimately affect the coating’s performance, since their 
removal may pull off the adjacent underlying coating layers as 
well, thus deteriorating the coating’s surface. 

In addition, on hydrophilic coatings contamination may form 
a continuous layer that blocks incoming light. On hydrophobic 
coatings, the contaminant layer is localized, therefore, and up 
to a certain point, does not have any effect on transmittivity. In 

real PV and CSP applications, consistent self-cleaning ability 
and optimum performance of the coating may be secured only 
by implementing an optimized cleaning strategy, based on 
climate/meteorology conditions and location, which will be 
able to remove the major part contamination before the onset 
of chemisorption.

Consequently, an optimized cleaning schedule coupled with 
the application of an optically free hydrophobic coating seems 
to be the most effective anti-soiling approach.

i. Hydrophobic surfaces can be developed through various 
approaches [30-35]. These usually employ the following 
materials/methods:Organofunctional silanes such as 
reactive alkyl- or fl uoro-alkoxysilanes which promote 
hydrophobicity/superhydrophobicity, 

ii. Preceramic materials, i.e. polysilazanes enhance 
mechanical stability against weathering effects. 

iii. Polymeric binders functionalized with silane coupling 
agents. These can enhance adhesion to the substrate.

iv. Silicon oils, i.e. polydimethylsiloxanes, provide facile 
application, lubricity, and suffi cient hydrophobicity 
with low hysteresis. 

v. Nanocomposites comprising nanoparticles, nanotubes, 
nanorods, etc. improve surface hardness and provide 
multifunctional attributes. 

vi. Polymeric fi lms, such as PMMA are appropriately 
roughened (nanotexturing) and then coated with low-
surface energy fi lms. This method usually imparts 
superhydrophobic attributes to substrates.

In applications where maintenance of the substrate’s 
optical properties is critical, such as PV and CSP plants, the 
implementation of most of the above methods, is limited either 

Figure 1: Aerial image of the 19.9MW Gemasolar CSP system, Seville, Spain [29].
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due to the increased thickness of the coating which may restrict 
transmittance or poor durability. Application complexities, 
such as the limited pot life of two-component coatings are 
additional problems.

Among the above approaches, organofunctional silanes are 
more advantageous for solar power applications. These can be 
directly deposited to substrates to promote hydrophobicity or 
processed further to develop superhydrophobicity. Typically, 
the backbone of alkoxysilanes consists of two or three 
hydrolysable groups that can hydrogen bond with surface 
hydroxyl groups forming stable silica matrixes. 

Thus, organofunctional silanes are the primary material of 
choice in current commercial hydrophobic coatings. In real-
fi eld conditions, however, most of them suffer more or less 
from some of the following drawbacks: 

• Poor endurance, especially with regard to abrasion, 
cleaning chemicals, and adverse environmental 
conditions such as sandstorms, sea mist, humidity, etc.

• Low overall mechanical strength.

• Reduced light transmittance.

• Low water sliding angles, despite strong static 
hydrophobicity values.

• Signifi cant degradation of initial hydrophobicity after 
exposure to outdoor conditions.

• UV instability.

• Inadequate adhesion to the substrate, since they often 
do no not possess active anchoring groups or do not 
suffi ciently follow the contour (step coverage) of the 
substrate.

• Short life cycle (e.g., 6 months to 2 years), which 
necessitates repetitive applications that shrink 
economic benefi ts throughout the service life of the 
system.

• Inadequate resistance to high temperatures and abrupt 
temperature fl uctuations.

• Application diffi culties, due to high curing temperatures 
(which can evoke the onset of diffusion of alkaline 
species from the substrate to the coating) and expensive 
equipment.

• Poor biodegradability.

There are also anti-soiling coatings for solar applications, 
especially for PV plants, that are marketed as both antirefl ective 
and hydrophobic. As a rule of thumb, however, water contact 
angles do not exceed 95 degrees and therefore, the maintenance 
of self-cleaning properties over time is rather questionable. 
This is due to the fact that after a few abrasive cycles, the water 
contact angle can fall below the widely accepted “easy-to-
clean” threshold, which is about 80 degrees. In other words, 

the combination of both anti-refl ection and anti-soiling 
properties may sound attractive, but the direct benefi ts in the 
actual transmission of the glass panels can be completely lost 
if soiling losses are higher than refl ective losses, either due 
to non-uniform shading or due to location distinctiveness. 
Moreover, current antirefl ective anti-soiling coatings do not 
cure at ambient temperatures and their application can only 
be made during the assembly of new PV modules. As a result, 
effective protection of existing solar plants still remains 
problematic.

It should be noted that adhesion promoters, such as amino- 
or epoxy-silanes can be used to increase the coating’s abrasion 
resistance [36]. However, the effectiveness of this approach 
on hydroxylated surfaces, such as glass and mirrors of solar 
collectors is ambiguous since the primary bonding mechanism 
of silane adhesion promoters with the substrate remains 
the same with that of common alkoxysilanes. Thus, the best 
way to promote adhesion is by exposing a vast number of 
potential anchor sites on the substrate. On new or uninstalled 
hydroxylated surfaces this is achieved by thorough cleaning 
of the substrate. On old or already installed hydroxylated 
surfaces, an appropriate renovation/restoration technique is 
required to facilitate the exposure of an adequate number of 
hydroxyl groups.

Moreover, the lack of an appropriate renovation strategy, 
especially of heavily contaminated or corroded solar panel 
glass usually reduces the gains derived from the application of 
the anti-soiling coating. Effective practices, such as Chemical 
Mechanical Polishing (CMP) could restore solar glass to its 
original state and therefore improve its light transmittance, 
provided that a facile application method for existing stations, 
exists. In addition, a suffi cient number of free active sites 
on which an organofunctional silane-based coating would 
anchor can be exposed. As a result, the latter’s adhesion to 
the substrate and consequently its abrasion resistance may 
be substantially improved. CMP applications usually employ 
the use of emulsions which ensure a constant presence of a 
liquid layer between the substrate and the polishing machine. 
However, these emulsions tend to be unstable over time 
and they need to be prepared just before use, which renders 
them unsuitable for after-market applications. The chemical 
stability of a CMP emulsion depends on parameters such as 
the zeta potential, pH slurry, and the iso-electric point of the 
polishing abrasive. Effective tuning of such parameters can 
increase polishing effi ciency without affecting the optimum 
texture of solar panels and collectors. 

Since ease of application and return on investment ratio 
are also signifi cant factors, it is obvious that the best solution 
for solar power systems is a renovation and protection 
hydrophobic coating system, which can be easily applied and 
cured at ambient temperatures. Moreover, taking into account 
the above considerations, an effi cient anti-soiling coating 
should ideally encompass the following characteristics and 
specifi cations: 

a) High translucency.
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b) Initial hydrophobicity of 100+ degrees with minimum, 
linear degradation over time.

c) Maintenance of transparency upon aging. 

d) Self-cleaning ability in rain. Initial hydrophobicity 
should be fully recovered after mild or at least, moderate 
rain events.

e) UV and abrasion resistance. 

f) Resistance to cleaners, washing detergents, and 
chemicals, up to pH values of 13. 

g) Resistance to extreme temperature fl uctuations. 
Minimal degradation at repeating heating cycles of at 
least 120 °C. 

h) Useful life-cycle of at least 7 years. 

Further considerations

In general, the accumulation of foreign material onto solar 
panels and collectors is, over time, intensifi ed; even rainwater 
often carries pollutants from the surrounding environment. 
Obviously, the rain itself cannot thoroughly clean uncoated 
surfaces from dirt and other residues. Wind-blown dust, 
humidity, sea salt mist, bird droppings, fungi, lichen, pollen, 
and various pollutants can be initially weakly adhered, i.e., 
physisorbed, to the surface of solar panels and mirrors. After 
a while, however, the sun bakes these residues to form a 
hard crust of dirt, which is often invisible. The latter is often 
diffi cult to remove and can signifi cantly reduce the amount of 
light reaching the receiver. So, even if uncoated surfaces may 
seem clean, the truth is that a thin layer of dirt is always there. 
Regular cleaning usually removes only the upper layers of dirt 
which are less adherent to the adjacent layers, underneath, and 
thus, over time the energy yield is reduced in a non-reversible 
manner. In arid climates and areas of high solar insolation, the 
rate of soiling is even higher. 

Degradation of the substrate’s original texture and surface 
roughness due to outdoor weathering is an additional cause 
of power reduction. Glass panels and CSP mirrors have a 
specifi c texture the maintenance of which is critical to ensure 
maximum effi ciency.

The implementation of a suitable renovation process, such 
as the 1st component of the proprietary SolarSkin system, may 
restore the substrate’s transmittivity, which has been degraded 
either by strongly adhered dirt or by outdoor wear. A specially 
formulated aqueous emulsion of high-grade polishing powders 
provides high removal rates coupled with optimum surface 
fi nish. 

In addition, the proprietary formula of the SolarSkin 
coating is based on organofunctional silanes which are pre-
hydrolyzed to form highly reactive hybrid silane oligomers. 
Upon condensation and ambient curing, a functionalized silica 
matrix is formed which is mechanically robust and highly 
resistant to UV and chemicals. This can repel water and stains, 
without affecting the substrate’s optical properties, which 

is a common malfunction of most conventional coatings. As 
a result, soil and dirt are not strongly adhered to and can be 
easily self-cleaned in rain. The mechanical forces exerted 
on the coating by heavy rain can sometimes have the same 
effect as manual cleaning since the coating’s anti-sticking 
properties are rather pronounced. Thus, an excellent self-
cleaning ability against liquid pollution is developed. What is 
more, the combination of marked anti-static properties with 
both hydrophobic and oleophobic features further reduces the 
impact of soiling.

Depending on environmental factors, location, the 
inclination of the solar system, maintenance/cleaning cycles, 
season, etc. the net effi ciency of uncoated PV panels and CSP 
mirrors may be signifi cantly restricted [37-40]. Dirty surfaces 
are much less effective than clean ones. It has been also shown 
that soiling can have a greater impact on system operators than 
refl ection losses, which are attributed to the position of the Sun 
relative to the position of solar panels and collectors. Generally 
speaking, soiling losses can reduce energy output anywhere 
from 5% to 70%. Moreover, accumulated losses attributed to 
both substrate wear and soiling factors can be of the order of 
30%. 

By SolarSkin a large portion of these losses may be 
recovered. Testing of independently connected PV modules in 
variable conditions has verifi ed the superior performance of 
coated PV modules. It has been estimated that coated modules 
by SolarSkin will yield an annual increment in module peak 
power of up to 4.5%, and an average 3% - 9% increment in 
energy over the product’s lifetime. Compared to conventional 
coatings it has been also estimated that it can provide up to 
7% more energy. Finally, the application of the SolarSkin 
system can reduce soiling by up to 70% (at low tilt angles). The 
endurance of the SolarSkin coating is key to this performance; 
the optimum performance of the system is retained for at least 
20 years from the date of installation. 

With underestimated predictions, the implementation of 
SolarSkin (cost of material + cost of application) at a common 
100 kW grid-connected c-Si PV array located in an open fi eld of 
Central Europe with modules of fl oat cover glass of 30 degrees 
fi xed tilt will give an annual ROI of about 80%, which means 
that the break-even point will come only a few months after 
the 1st year from the date of application. 

Similarly, to assess the effect of the anti-soiling coating 
on CSP mirrors’ performance and energy cost-reduction at a 
plant scale, a cost-impact analysis was performed. A study of 
the cost impact for a real case scenario was performed for the 
50 MW Helios 1 parabolic trough power plant (Puerto Lapice, 
Ciudad Real Castilla-La Mancha, Spain) with A= 300000 m2 
of solar fi eld aperture area, 2092 kWh/m2/year (Eavailable from 
typical meteorological year analysis) of solar resource and 16% 
solar-to-electricity effi ciency (μele) according to NREL [41]. 
A cost of 7.5 c€/kWhele (Cele) was assumed based on 2020’s 
defl ated remuneration and levelized cost of electricity with 
the operational start year being 2012. The levelised cost of 
electricity assumed a 5% weighted average cost of capital and 
a 25-year payback period and capacity-dependent O&M costs 
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(1.5% of investment cost per year), defl ated from operational 
year 2011 by using the Worldbank’s GDP defl ator. By assuming 
an annual 1.5% soiling loss of uncoated mirrors compared to 
coated ones by SolarSkin and a mean application cost of the 
order of 2.5 €/m2, a total revenue of approximately 2 M€ for 
the entire aperture area during the lifespan of the power plant 
should be expected. 

Conclusion

In sum, a suitable glass renovation and protection coating 
system can substantially improve the transmittivity of PV 
panels and CSP mirrors and enhance the effi ciency of installed 
solar power stations. It can increase the lifetime value of 
residential, commercial, and utility systems by providing 
substantial energy increment and soiling reduction, which 
translates to lower LCOE and reduced O&M costs. 

The SolarSkin coating system can deliver signifi cantly more 
value than conventional coatings to existing and future solar 
power installations. Maintenance and operation costs can be 
signifi cantly reduced, while th e energy yield over the expected 
operational lifecycle of the system is notably increased due to 
both the anti-soiling and durability properties of the coating. 
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