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Abstract. The development of renewable energy sources is nowadays of enormous im-
portance, not only for the climate change fight but also for the security of the energy supply.
The latest geopolitical unfortunate events in Europe have highlighted our energy dependency
on foreign fossil fuels. In this context, solar technologies are already playing an essential role
in shifting towards neutral carbon economies, ensuring a reliable energy supply. In this regard,
dispatchability provided by CSP plants is key to pave the way towards energy transition. It is
worth noting that the long-term durability and performance of solar components in arid regions
are crucial to increase the reliability and performance of CSP plants while reducing O&M costs.
In this work, an innovative approach based on nano-structuring the solar receiver tube glass
is presented, which provides improved anti-reflective (AR) and anti-soiling (AS) properties, also
showing good durability with respect to abrasion. Spectral transmittance improvement, soiling
rate decrease, and durability measurements are presented for nano-structured glasses, com-
paring with current state of the art glass performance. The achieved experimental results sug-
gest that the new structured glasses would be good candidates for CSP applications.
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1. Introduction

More than 6 246 MW of solar thermal electric (STE) plants are already installed and operational
worldwide and 1 424 MW have been under construction in 2021 [1]. The parabolic trough
collector (PTC) is the main technology installed among these electric plants, where the receiver
tube is one of its key components. The glass envelope represents the first interface in the
transmission of the solar irradiance towards the inner receiver tube before it is absorbed by
the heat transfer fluid. As such, the optical properties and the durability of the solar receiver
tube are critical in order to guarantee a maximized and reliable energy production of the STE
plant.

Nowadays, most manufacturers apply different types of anti-reflective (AR) coatings [2]
on glass envelope surfaces, mostly based on porous dielectric materials [3]. However, this
strategy is only effective over a limited spectral range and angles of incidence. Moreover, these
coatings, commonly deposited by sol-gel [4], are often not as durable as required by the service
life. With the aim of solving these challenges, new and more advanced multi-functional sur-
faces, some of them bioinspired, such as moth-eye or Greta Oto butterfly configurations, are
receiving a lot of attention due to their spectrally broadband anti-reflective and omnidirectional
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properties [5]-[7]. These structures, characterized by subwavelength sizes, where no light dif-
fraction is produced, act as layers with graded refractive index, ranging from air's (n=1) to
glass’ (n=1.48) canceling out the reflection at the interface.

In this work, an innovative approach to functionalize the solar receiver tubes, based on
nano-structuring the glass envelope surface, is presented. Glass samples have been pro-
cessed by a simple single-step self-masking RIE (Reactive lon Etching) process to obtain ran-
dom subwavelength structures (SWSs), which provide the glass surfaces with spectrally
broadband omnidirectional anti-reflective properties, also showing good durability with respect
to abrasion. In addition, it is demonstrated that these nano-structures also offer an anti-soiling
performance to glass surfaces, a property ambitioned in order to avoid efficiency losses and
decrease O&M costs in CSP plants. Spectral transmittance and reflectance improvements,
soiling rate decrease and durability measurements are presented in this work for these nano-
patterned glasses, comparing with the current state of the art performance, whenever data
were available.

2. Methods and materials

For this study, borosilicate glass samples were structured presenting optimum performance
nano-structures on their surfaces [8], by means of a simple one-step self-masking RIE process,
using fluoride gases mixed with oxygen and argon. Several process parameters, such as gas
flow, gas composition ratio, DC bias voltage and chamber pressure have been varied in order
to optimize the formation of these nano-structures.

Nano-structured glass surfaces were topologically characterized using a Hitachi S-
4700 Scanning Electron Microscope. The spectral transmittance and reflectance of glass sam-
ples were measured with a UV/VIS-NIR Perkin Elmer spectrophotometer, model Lambda 1050
with integration sphere, based on IEC Technical Specifications 62862-3-3 [9]. With regard to
the anti-soiling property, it was characterized by means of an indoor procedure, specifically
developed to compare the adherence of soiling particles to glass samples [8]. In this procedure,
glass samples were first weighed using a 4-digit scale and then placed into a hermetic domed
chamber, where a total amount 0.5 g of standardized Arizona test Dust A2 was dispersed,
settling on all samples equally. Once the deposition finished, samples were weighed again to
characterize the homogeneity of the dust deposition procedure along the samples and then,
they were vertically placed in a sample holder, which was gently tapped in order to eliminate
the non-adhered dust. Finally, samples were weighed a third time to obtain the adhered dust
mass. After this deposition phase, the soiling rate was characterized by three parameters: %
of dust adhesion using weighing rates, glass surface soiling coverage by means of image pro-
cessing of samples micrographs, and spectral transmittance measurement.

Finally, the durability of the nano-structured glass AR property was assessed with re-
spect to its resistance to abrasion procedures, which can occur due to cleaning procedures or
sand storms in the field. Different abrasion procedures, based on standard IEC 62788-7-3 ED1
[10], were applied to the nano-structured glass with and without the presence of dust as an
abrasive medium. The brush block was 40 mm x 25 mm in area and 10 mm in thickness. The
brush bristles consisted of polyamide 612 (Nylon), which extended 18 mm from the brush
block. Arizona (AZ) Test Dust A2 fine has also been used as an abrasive medium, together
with the above described Nylon brush. It is mostly composed of silica (69.0-77.0% of weight)
and around 57% of particles are sized between 0.97 um and 11 um. Approximately 1500 Pa
of pressure was applied to the glass by the brush and the test velocity of about 24 cm/s was
defined on the abrasion machine (Figure 1a). Different incremental cycles were applied (100,
200, 300 and 500) onto the same glass sample, where one abrasion cycle consisted of one
straightforward and backward movement of the brush. For abrasion with AZ dust, 0.5 g of dust
was deposited on the glass sample before the abrasion (Figure 1b), and re-deposited every
100 cycles. Before and after the abrasion procedure, the spectral reflectance from 300 nm to
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1600 nm was measured and the damage suffered by the nano-structures was visualized
through SEM images.

Glass sample

Figure 1. (a) General view of the abrasion test equipment, (b) Images of brush testing proce-
dure with dust.

The glass sample was divided into different sections (guidelines on the non-structured surface)
where the incremental test cycles were performed. The marked guidelines in the glass pre-
sented 7 cm length where the brush moved at constant velocity and where the optical charac-
terization was performed.

3. Results and discussion

3.1 Optical response

The nano-structures are defined to be subwavelength (SWS) since the distance between ad-
jacent motifs is smaller than the shortest light wavelength and therefore, no light diffraction is
produced. These SWSs act as an effective layer with refractive index gradually changing from
n =1 (air) to 1.48 (borosilicate glass) (See Figure 2b), effectively suppressing the reflection in
this interface and showing an omnidirectional broadband anti-reflective property. On the con-
trary, commercial coatings are based on a porous silica layer which acts as a quarter-wave
anti-reflective coating with a constant refractive index between air’'s and glass’ (See Figure 2a).
These coatings are only effective over a narrow spectral region and also for a limited light
angle of incidence due to the abrupt transition between air and glass.

A
Effective

Refractive
Index

Figure 2. SEM images of (a) a commercial anti-reflective coating (cross-cut view), and (b)
the proposed structured glass (tilted view). Together with the SEM images the effective re-
fractive index’s spatial variation of each sample is plotted on the left side.
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The hemispherical spectral transmittance and reflectance of a structured glass sample have
been measured and compared to a flat glass and to a commercial solar receiver glass with AR
coating. As it can be appreciated from Figure 3 the flat glass presented a solar transmittance
of 92.6 %, but this value can be increased by adding AR coating up to 95.8 %, calculated using
a standardized direct solar radiation spectrum between 300 nm and 2500 nm from standard
ASTM G123.
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Figure 3. Spectral transmittance of flat glass, structured glass and commercial receiver glass
with AR coating. As a reference, the solar spectrum is also plotted.

As illustrated in the figure above, nano-structuring both sides of the glass sample, the trans-
mittance is boosted up to 98.1 %, getting an absolute increase of 2.3% with respect to com-
mercial glass.

In order to complete the optical characterization, the spectral reflectance and its individual
components, i. e. specular and diffuse components were obtained too. As it can be seen from
Figure 4(a), structured glass shows a broadband anti-reflective property. It presents a solar
reflectance of 1.7 %, while the flat glass presented a solar reflectance of 7.5%, which repre-
sents an absolute decrease of 5.8%. This improvement in the anti-reflective property can be
perfectly appreciated with the bare eye in Figure 4(b), where the reflection from ceiling lights
from a flat glass and structured glass is shown.

As was mentioned before, due to the small size of the nano-structures in comparison to the
wavelength, the fabricated glass sample does not show any scattering in this spectral range.
In order to quantify this behavior, both components of the hemispherical reflected light have
been obtained. In this procedure, the hemispherical and diffuse reflectances were measured,
while the specular component was obtained from their subtraction. Figure 4(c) plots the spec-
ular and diffuse reflectance components averaged from 300 nm to 1600 nm for flat glass and
structured glass. As can be understood from this figure, for both flat and structured glass, the
specular component dominates.

Finally, with the aim of investigating the reflectance response with respect to the light's angle
of incidence, the specular reflectance was measured with Perkin Elmer’s URA (Universal Re-
flectance Accessory), at different angles (8°, 30°, 40°, 50°, and 60°). The results are depicted
in Figure 4(d), where structured glass showed an improved directional performance, showing
an absolute decrease of 9.4% with respect to the flat glass at 60° of light incident angle.
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Figure 4. Reflectance measurements.(a) Hemispherical spectral reflectance for flat and structured glass, (b)
Photo of a glass sample showing the reflection from a flat and structured glass surface, (c) Reflectance compo-
nents for flat and structured glass. (d) Specular reflectance for different light incident angles.

3.2 Soiling rate

Soiling refers to the accumulation of dust, soil, organic materials, or other particles on the glass
surface. When these dust particles settle on the glass, they cover the surface, reducing the
amount of light reaching the solar absorber, and decreasing, therefore, the power output. In
fact, in regions where the solar resource is more abundant, i. e. in the Sun Belt, normally the
soiling rate is also high [11]-[12]. Even though this soiling rate might depend on the location
and environmental conditions, in arid regions like deserts, the transmittance can be reduced
by up to 60% in a month. To overcome this issue, anti-soiling property is highly desired.
SWSs increase the mean distance and decrease the contact area between the dust particle
and the glass surface, decreasing, therefore, main adhesion forces such as Van der Waals
and capillary ones [13]. To characterize the soiling rate, a procedure has been developed
which includes a soiling method and three characterization methods including soiling weight,
light transmission variation, and surface coverage as it was described in the Materials and
Methods section. The adhesion percentage is defined in Eq. 1:

Adhered dust mass

Adhesion (%) = 1 1
dhesion (%) Deposited dust mass>< 00 (1)

This is an important parameter since it provides the relation between the deposited dust and
the amount of it which was adhered to sample surfaces. As it can be seen from Figure 5, for
flat glass, more than 80%wt of the deposited dust was adhered to its surface. In comparison,
for the structured glass, only 37%wt of the deposited dust was adhered to the surface, showing
a decrease of more than 55%wt in the soiling ratio.
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Figure 5. Characterization of flat and structured glass after the soiling procedure.

Regarding the transmittance reduction, the same tendency is kept. For soiled flat glass, the
transmittance was reduced by more than 15%, while for structured glass it was only reduced
by 7.8%, meaning a decrease of 48% in the soiling rate.

The decrease in transmission is closely related to the surface coverage. In the soiled flat glass,
the dust covered 48% of the total surface unlike the structured glass, where the coverage was
only of 24%. The soiling ratio decreased slightly more than 50%.

In summary, applying different characterization methods, the soiling rate decreased from 48%
to 50% using structured glass.

3.3 Durability

Sand-storms and cleaning procedures can damage or even remove completely the anti-reflec-
tive coating from the glasses, decreasing the power generation of the solar thermal plant. In
this context, the susceptibility of these nano-structures with respect to abrasion has been in-
vestigated in this work. Two abrasion experiments were applied to the structured samples, the
first one using a bare Nylon brush as an abrasive medium, and the second one, using Arizona
Test Dust A2 together with the Nylon brush. Note that the glass sample was only structured
on one side for these tests corresponding to a reflectance of around 4%, which mainly refers
to the second interface reflectance.

After the abrasion performed by the Nylon brush, the spectral reflectance was measured ob-
taining very promising results. Figure 6 a) plots the spectral reflectance of flat glass, structured
glass and structured glass after the abrasion produced by the Nylon brush up to 500 cycles.
The damage produced by the bristles was negligible, making any notable worsening in the
anti-reflective property. Moreover, from SEM images (Figure 6 b), it can be seen that the nano-
structures suffered no appreciable damage.
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Figure 6. (a) Spectral reflectance of tested glass with Nylon brush, (b) SEM image of the
structured glass after 500 cycles of abrasion test with Nylon brush.
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Following, the abrasion resistance of SWSs using Arizona Test Dust A2 was investigated.
Figure 7a) shows the reflectance of flat glass, structured glass and structured glass after sev-
eral abrasion cycles. A worsening of 1% absolute on the AR property was observed with re-
spect to the original state for every test carried out. Analyzing the topography of the structured
glass (Figure 7b) the abrasion caused by sand and brush can be clearly seen, where most of
the nano-structure tips were damaged. Nevertheless, the structures left still presented satis-
factory anti-reflective property.
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Figure 7. (a) Spectral reflectance of tested glass with AZ dust, (b) SEM image of the struc-
tured glass after 500 cycles of abrasion test with dust.

On the other hand, Figure 8 shows the damage produced in two different commercial glasses
with ARC after performing the same abrasion test [14, 15]. If we compare our results with the
durability of commercial glasses, our structured glass presents a reflectance of 5.6% averaged
from 300 nm to 1600 nm. In comparison, commercial glasses, after suffering the same abra-
sion test, their reflectance increased to almost 7.5% of reflectance, averaged in the same
spectral region for 500 abrasion cycles.
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Figure 8. Dust abrasion results of two different commercial PV glasses with ARC [14, 15].

4. Conclusions

A new multifunctional surface paradigm based on a novel approach, i. e. the nano-patterning
of glass surface by a simple one-step self-masking RIE process, provides excellent broadband
omnidirectional anti-reflectance and anti-soiling properties to solar receiver tubes. More spe-
cifically, a solar transmittance increase, with respect to a commercial coating, of approximately
2.3% (absolute) was obtained. Moreover, the anti-soiling behavior has been also quantified,
obtaining a reduction in the soiling rate between 48% - 50%, with respect to a flat glass. The
durability of these structures has also been investigated, applying the main guidelines stated
in standard IEC-62788-7-3 [10], obtaining very promising results.
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