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Abstract: There is currently an energy crisis that has led to photovoltaic operators maximizing their
resources, making soiling a problem to consider in order to ensure project profitability. Energy
production costs are strongly affected by the use of scarcely efficient cleaning techniques that are
not suitable for a particular type of contaminant, climate, and installation. This paper introduces
a technology that is suitable for studying soiling, thus decreasing the number of variables studied
and reliable results were obtained. Our attention is focused on deposited material physicochemistry,
local geology, and installation effects. Analysis via scanning electron microscopy and pits revealed a
similarity between local geological processes and module soiling, with gypsum being responsible
for soil and module cementation. Analysis with Atomic Force Microscopy confirms the cementation
effect and crust formation on the lower part of the photovoltaic glass, the latter concentrating in the
greatest amount of cemented material. Using a solar simulator, the characteristic curves produced by
the cemented material were studied, and it was determined that the lower part of the glass produced
the greatest losses (27%). Thus, a non-uniformity deposition was generated, creating resistance
between the cells. From the data obtained, it was possible to make recommendations regarding
making decisions about plant cleaning, instead of only considering the physicochemical analysis of
the deposited material.

Keywords: soiling; cementation; PV technology; SEM-EDX; AFM; IV characteristics

1. Introduction

One of the important challenges in operating and maintaining photovoltaic (PV)
systems on a worldwide basis is to avoid soiling on a PV module surface as far as possible
in order to prevent a decrease in performance. This effect results in serious losses in energy
generation, thus affecting PV project viability. Cleaning costs may considerably increase
the price of the energy generated since it depends on the type of cleaning (manual or
robotic), the use of water (dry cleaning), and cleaning frequency (daily, weekly, monthly,
semestral or annual) [1,2]. Ilse et al. claimed that soiling is a highly important issue that
must be considered in the solar market since, in an optimum cleaning scenario, soiling may
reduce solar energy production by 3–4%, being equivalent to economic losses of at least
€3–5 billion annually on a worldwide basis, without considering monetary losses due to
the selection of inappropriate and scarcely efficient cleaning techniques [2]. In addition,
the current scenario produced by the COVID-19 pandemic and the monetary instability
on a worldwide basis have led to a situation that fosters the development and innovation
of efficient cleaning plans and techniques to optimize the economic resources of a PV
plant and to ensure profitability [3]. For these reasons, researchers around the world are
seeking different ways to simplify soiling studies via outdoor and indoor experimental
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campaigns and computing simulations to provide efficient solutions suitable for the present
panorama [4–7].

Defining a maintenance plan that is adequate for each PV plant to minimize optic
and economic losses is a complex task, owing to the different factors related to soiling
deposition. These factors are grouped as: Climatic conditions (wind speed and direction,
relative humidity, ambient temperature, solar radiation, airborne dust, and precipitations),
type of soiling (inorganic and organic), installation factors (slope and orientation), and
type of technology (modules and glass) [8,9]. These factors are further divided into other
subsections, making soiling research more complex. For instance, to study the nature of
soiling, it is necessary to understand the type of material deposited, its size, morphology,
chemical composition, load, and solubility. If the soiling interaction with the panel is
added to this, other variables, such as capillarity, must be considered, e.g., capillarity, Van
der Waals and Coulomb forces, mechanical interlocking, and contact electrification [10,11].
However, soiling studies show an additional complexity, since soiling is considered as a
local phenomenon. Every area around the world has unique characteristics that interact
differently with the PV module, such as the combination of compounds deposited, precipi-
tation level, solar resource quality, wind speed and direction, airborne dust, and relative
humidity, thus making many studies unreproducible for PV installations on a worldwide
basis [12–14].

This study shows how local soiling studies can be conducted to decrease the number
of variables to be analyzed, thus obtaining highly reliable results. Attention is focused on
PV module soiling deposition, which is analyzed from its physicochemical nature and the
influence of geology on the site. In addition, soiling effects on the optical properties of a PV
glass installed with a fixed slope configuration is evaluated by analyzing IV current-voltage
curves. This results in a methodology for improving soiling cleaning and mitigation plans
for PV plants, thus directly affecting PV Project profitability for investment (CAPEX) and
maintenance operation (OPEX).

2. Methodology

This study was conducted at the Solar Platform of Atacama Desert (PSDA, for its
acronym in Spanish). This site constitutes a natural lab for studying and testing differ-
ent types of solar technologies because the quality and availability of its solar resource
(8 kWh/m2 global radiation) and 3% cloudiness is appealing [15,16]. It is located at
1000 m.a.s.l. in the Atacama Desert (24.09◦ S, 69.93◦ E), with a BWK-type Köppen cli-
matic classification, corresponding to a cold arid desert zone [17]. This platform is operated
by the Antofagasta Energy Development Center (CDEA, for its acronym in Spanish), Chile.

For the geological study of the soil, seven pits were made around PSDA (Figure 1).
Each of them was excavated at 3–3.7 m deep, including underground material sampling and
a stratigraphic description. In addition, natural soil densities were measured to evaluate
and classify them according to natural compactness, along with solubility tests according
to norm NLT-1 1 4/99.

To study material deposition on PV modules, four 6.5 cm × 4.5 cm standard PV
glasses were installed and were oriented northwards, with a 20◦ slope (fixed structure).
These glasses were subjected to soiling in open air for one year (September 2020–2021)
to observe the effect of the four seasons on the material deposition. Special attention
was paid to the significant physical and chemical changes of the material deposition, as
compared to other years of study on the site [18]. To evaluate the physical and chemical
changes of the deposited material, morphological and elemental characterization tests were
conducted with scanning electron microscopy (SEM-EDX), using a Joel SEMJSM-6360LV
equipment. To study PV glass soiling topography, a Witec Raman-AFM Alpha 300 atomic
force microscope was used and operated in ambient temperature.
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Figure 1. Solar Platform location in Atacama Desert. (a) Image taken from MODIS TERRA space
instrument, 16 March 2021; (b) Pits at PSDA and its surroundings.

To study soiling effects, four pieces of glass were left on a reference cell in the open air.
Each PV piece of glass was divided into three sectors (low, middle, and high). Each sector
was divided into three subsectors, thereby obtaining nine quadrants, and their middle
and low parts (six spaces) were measured. To observe the soiling effect, the soiled glass
measures were compared to the values of clean PV glass with the same characteristics
as the reference cell. For a better representativity, measurements were taken in triplicate.
To do this, a Photo Emission Tech CT80AAA solar simulator was used, together with an
Xe (300 W) lamp, simulating ASTM G173 norm conditions, i.e., 1.5 air mass and 1 sun
illumination (100 mW/cm2). Intensity was adjusted using the c-Si (2 × 2 cm) reference
cell, while IV curves were measured with a Keithley 2400 source meter. Uncertainty on
standard test conditions (STC) for IV parameters was 0.31% for the short-circuit current
(Isc), 0.52% for the current at the maximum power point (Impp), 0.07% for the open-circuit
voltage (Voc), 0.18% for voltage at the maximum power point (Vmpp), 0.36% for maximum
power (Pmpp), 0.36% for efficiency, and 0.55% for the fill factor (FF).

3. Results and Discussion
3.1. Stratigraphic Description

Pits revealed the presence of dry, cemented, whitish and clayey material on the soil sur-
face. The stratigraphic description was made according to Atterberg’s soil classification [19].
The results show a sequence of predominant strata of silty sands with gravel, except for
pits three and seven, where the sands showed light brown, whitish cemented clay of
evaporitic origin. Sampling points indicate the presence of 7–25% gravel particles; 64–72%
coarse-to-fine grain sands, mainly middle sized; and 16% fine low plasticity grain. Middle-
to-firm cementation was found in the upper strata and humidity in the lower strata of
alluvial–colluvial origin. The results obtained from soluble salts show a 1.12% mean, with
pit three presenting the highest value (3.2%). These results are complemented by the
results obtained by Ferrada et al. [20], who reported that the soil is mainly formed by
albite (NaAlSi3O8), anorthite (CaAl2Si2O8), gypsum (CaSO 4·2H2O), quartz (SiO2), and
orthoclase (KAlSi3O8), among others. The results also indicate a similarity between the
chemical composition of the material deposited on the PV modules and the soil, but showed
no significant changes.

The results obtained from the pits are comparable to those reported in previous studies,
where the presence of gypsum is documented as a soluble material, which is essential
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for the cementation processes taking place on the site [18]. Additionally, pit analyses
indicate middle-to-firm soil cementation, influencing the amount of material that can be
aero-transported by the wind to be deposited on the PV module surface. Previous re-
search reveals that the amount of material deposited on a PV module surface does not
exceed 0.05 mg/cm2 in one month of exposure [6], as compared with 0.2 mg/cm2 in Kath-
mandu [21], or 1% daily output power loss in Dhaka [22]. These geological characteristics
make the place attractive for the type of soil, which allows for low soiling levels in a desert
zone, thus meaning that the site geology plays a positive role.

There is a similarity between the site geology and the material deposited on the PV
modules. Figure 2a shows the geology of the soil in the presence of whitish cemented
surface salt, as indicated by the pit results. Figure 2b, corresponding to pit five, shows
the presence of white cemented salt at the pit edge. Figure 2c shows a soiled PV module
on the site, where crusted clay deposition can be observed, the lower part of the module
concentrating the greatest amount of crusted material due to condensed humidity and the
slope angle [13,23,24]. This comparison helps to understand the geological importance of
the site, since it provides relevant data on the PV module soiling formation.
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Figure 2. Site geology influence on PV module material deposition: (a) Random picture of PSDA soil;
(b) Pit 5; and (c) material deposited on the fine layer module at PSDA.

3.2. Microstructural Characterization

To observe the soiling process at a microscopic level, SEM tests were conducted.
Figure 3a shows soiling deposition at the lower part of the PV glass. The deposited material
is formed by particles of different sizes and a mixture that has a diverse morphology. The
particles tend to generate agglomerates between them and this covers the glass surface. This
phenomenon is more clearly shown in Figure 3b,c, which corresponds to a random section
of the lower PV glass quadrant and shows the presence of prismatic particles surrounded
by other particles with a random geometry. Both random high-resolution images show how
prismatic particles capture the deposited material, encapsulating the deposited material
that adheres to the PV glass surface. Figure 3d shows this effect better and corresponds to
the PV glass cross-section. Prismatic particles cause an effect on agglomerate formation
and this fosters soiling crust formation.

To further understand the interaction process between the deposited material and
crust formation, tests were conducted via EDX elemental mapping. Figure 4 shows a
random section of the exposed glass and focuses on the presence of prismatic material
owing to its ability to generate agglomerates. The selected area shows great amounts
of O (~56.3%), Si (~19.5%), Al (~10.1%) Ca (~6.7%), and a few Mg (~1.3%), K (~0.8%), S
(~3.5), and Na (~4.5%). Figure 4e,f show that prismatic particles are formed by sulphur and
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calcium, which are attributable to gypsum (CaSO4·H2O). Thus, the results confirm that
prismatic particles produce material agglomeration, thus capturing silicon grains (sand),
as shown in Figure 4d. Prismatic particles do not only influence the adhesion of more
abundant particles, but there is also an interaction with all the deposited materials. The
adhesion of this material was also documented by Ilse et al. [25], who reported that the
soluble material responsible for cementation does not only serve as an adherent to the glass
surface, but also as a focus of attraction for other minerals. As to PSDA, gypsum is the only
hygroscopic material that can interact with the humidity on the site. This material is related
to the results obtained from the pits, which indicate the presence of soluble material, which
are not abundant, but there is enough for soiling crust formation.
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The close interconnection between the prismatic particles, glass, and the rest of the
material confirms the influence of the cementation process due to condensation and evapo-
ration cycles that occur on the site. This phenomenon was documented by Olivares et al.,
who reported that the meteorological conditions on the site, along with the physicochemical
characteristics of the material, generated the cementation process [18]. Evaluating and com-
paring different periods of time is important to confirm that cementation is a phenomenon
that occurs on site, and is not unique to a certain year. This allows us to establish long-term
action plans for places characterized by the presence of crustal soil.



Appl. Sci. 2022, 12, 10582 6 of 12Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 12 
 

  
(a) (b) (c) 

   
(d) (e) (f) 

 
(g) (h) (i) 

Figure 4. Elemental mapping analysis on a random section of the soiling samples deposited on the 
exposed glass. (a) Randomly selected area to be analyzed. (b) Combination of elements present in 
selected area (O, Na, Mg, Al, Si, S, K and Ca). (c–i) Mapping of the elemental analysis to random 
section of soiling samples deposited on the exposed glass. 

The close interconnection between the prismatic particles, glass, and the rest of the 
material confirms the influence of the cementation process due to condensation and evap-
oration cycles that occur on the site. This phenomenon was documented by Olivares et al., 
who reported that the meteorological conditions on the site, along with the physicochem-
ical characteristics of the material, generated the cementation process [18]. Evaluating and 
comparing different periods of time is important to confirm that cementation is a phe-
nomenon that occurs on site, and is not unique to a certain year. This allows us to establish 
long-term action plans for places characterized by the presence of crustal soil.  

The topography of the deposited material was performed by AFM-Raman. The re-
sults are shown in Figure 5a. The analysis confirms the presence of agglomeration pro-
duced by the deposited material, which is the deposition thickness that grows on the 
lower part of the PV glass. Relative humidity and condensation interact with the depos-
ited material, thereby producing mud with soluble and insoluble material which, due to 
gravity, flows to the lower part of the glass [11,26,27]. Later, when the temperature in-
creases (solar noon), the material becomes dry, thus producing mud crusts [28]. This 

Figure 4. Elemental mapping analysis on a random section of the soiling samples deposited on the
exposed glass. (a) Randomly selected area to be analyzed. (b) Combination of elements present in
selected area (O, Na, Mg, Al, Si, S, K and Ca). (c–i) Mapping of the elemental analysis to random
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The topography of the deposited material was performed by AFM-Raman. The results
are shown in Figure 5a. The analysis confirms the presence of agglomeration produced
by the deposited material, which is the deposition thickness that grows on the lower part
of the PV glass. Relative humidity and condensation interact with the deposited material,
thereby producing mud with soluble and insoluble material which, due to gravity, flows
to the lower part of the glass [11,26,27]. Later, when the temperature increases (solar
noon), the material becomes dry, thus producing mud crusts [28]. This process is repeated
daily, making the soiling layer thickness increase, with the lower part of the PV module
concentrating the greatest amount of cemented material [18,29,30]. Figure 5b shows three
types of layers, as documented by Bethea et al. [31]. The first one (A) corresponds to the
first soiling layer. This has the most exposure time, which then changes into a waterproof
layer. Layer (B) corresponds to the material deposited on layer (A) and its exposure to
atmospheric conditions is shorter. Finally, layer (C) corresponds to the last crust of the
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deposited material. It is the least exposed and can be more easily removed by the action of
the rain, dew or wind. This confirms that crust (A) is not only the first soiling layer, but it
also serves as the nucleus and propulsor of crust generation. Cemented crust formation
on the module surface is related to cleaning methodologies. The greater the amount of
agglomerated particles produced by gypsum, the greater the difficulty to eliminate them
and the greater the force and time needed to remove it [32,33].
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layers growing one over the other on the lower part of the PV glass.

Cemented crusts produced by gypsum influence the selection of the type of methodol-
ogy to be used for cleaning a PV plant, such as using water or dry cleaning. The combination
of mineral species deposited on the module surface indicates the presence of quartz, i.e.,
hardness seven on the Mohs scale, meaning that it may scratch the glass. This reveals that
an improper choice of the cleaning technique may damage the PV glass surface because
the cemented crust contains quartz. For these reasons, soiling crust formation on the
PV module (periodic cleaning) or the use of water for dissolving crusted salt should be
avoided. This is not in agreement with the work by Ghazi et al., who indicated that weekly
dry cleaning is recommended in arid zones [34]. However, crust formation produced by
material cementation at PSDA shows that these cleaning mechanisms are valid if they are
used to avoid crust formation; otherwise, crusted salts are difficult to remove if water is not
used to dissolve them.

3.3. Non-Homogeneous Soiling Effects

If periodic cleaning is not done, cemented crust formation is inevitable. The effects of
cemented material on PV glass installed on a 20◦ slope, being the most used around the
world, are shown below. In particular, the soiling effect was quantified from measurements
made on PV glass samples (A, B, C, and D) with a reference c-Si cell on six different sectors,
as shown in red in Figure 6a. There is a reduction in the maximum power due to the
deposited dust, mostly because of the current reduction. This effect is shown by the results
obtained from IV measurements, as shown in Figure 6. The left, central, and right parts
of the glass samples are not similar in regards to IV measurements. This is explained by
non-homogeneous soiling deposition on the PV glass surface. However, the 20◦ slope
effect on dust deposition can be observed. A significant difference is shown among the
measurements of the middle and lower quadrants of the four PV pieces of glass, the lower
part concentrating the greatest current losses.
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Figure 6. IV curve measurement of the lower and middle parts of glass samples (A, B, C, and D).
(a) Clean glass divided into sectors to be analyzed; (b) IV curves on the middle and lower left sides;
(c) IV curves on the middle and lower central parts; and (d) IV curves on the middle and lower
right side.

The difference between the middle and lower parts of the samples is clearly observed
in the percentage difference between a clean and soiled glass. Figure 7 shows the parameters
related to the short-circuit current and the open-circuit voltage. The short-circuit current
percentage reduction lay between 12.0% and 31.0% for the lower part and between 0.5%
and 13.0% for the middle part. This confirms that dust deposition on the lower part is
greater than that on the middle part, thereby producing a short-circuit current decrease,
which is directly proportional to the incident light [35]. However, the open-circuit voltage
percentage reduction shows differences between the lower and middle parts of the samples,
but it varies in lower ranges not over 2.6% voltage drop.
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Figure 7. Short-circuit current and open-circuit voltage percentage reduction for the samples (A–D).

Losses due to soiling in each sector are obtained from the power percentage difference
between the exposed and a clean glass sample measurement, this is shown in Figure 8.
The lower left end shows the highest power reduction values, which are attributed to the
predominant wind direction on the site (northeast) [18]. This phenomenon generates soiling
patters that are similar to the four PV pieces of glass, thus accumulating more soiling in the
sector. For instance, power reduction on the lower left corner of sample A was 27.7 ± 0.4%,
while it was 14.4 ± 1.5% on the lower right corner. This trend is the same as the other three
pieces of glass.
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Figure 8. Power reduction percentage of glass samples (A–D) installed northwards at PSDA at a 20◦

slope for a one-year exposure (September 2020–2021).

The irregular soiling pattern indicated by losses due to soiling in each sector sug-
gests that solar cells forming a PV module operate in different conditions owing to non-
homogeneous PV glass transmissivity and losses due to soiling. This causing the so-called
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mismatch effect that further decreases the PV module power which, together with faulty
derivation diodes, may generate hot spots [36,37].

4. Conclusions

This paper proposes a methodology to understand the influence of local geology on
soiling deposition and to support decision-making in cleaning PV plants. The methodol-
ogy is based on geologic analysis using pits and the physicochemical characterization of
materials deposited on PV modules. Data to make recommendations regarding cleaning
methodologies to be used in a desert zone with soluble salts were obtained. This methodol-
ogy can be used in any place around the world, in so far as there is interest in developing
a PV project, considering that some necessary and mandatory work must be done, e.g.,
making pits, from which invaluable data can be obtained.

As a whole, the results show that soils with soluble salts (gypsum) have a positive
influence on crust formation, thus avoiding high soiling levels. However, the influence of
soluble salts on the PV module is negative since it fosters the cementation process. These
data suggest that cemented crust formation must be avoided by daily cleaning. If this
cannot be done, solvents that are able to dissolve the soluble salt crust should be used.

Additionally, this study shows the impact of local geology on PV glass soiling depo-
sition, using one of the most common configurations (fixed slope) on a worldwide basis.
The results show a connection among the deposited material chemistry, the installation
configuration, and the local geology. Crust formation is favored on the lower part of the
PV glass, where a greater amount of cemented material is generated. This is also the place
where more energy is needed to eliminate the soiling crust. Electric measurements of IV
curves show that the greatest concentration of crusted material occurs where electric losses
are greater.

In general, the methodology used is suitable for studying soiling in different places
around the world. One of the advantages is that data are obtained during the PV plant
construction process, during which soil studies (pits) are needed. This process is neccessary
for all PV projects. Hence, this stage can be used to obtain data on local geology and its
possible influence on soiling. This must be complemented with the morphological and
chemical analysis of the material deposited on PV modules to improve decision-making
regarding mitigation and cleaning techniques. These simple methodological characteristics
have become highly important due to the great development of solar projects, seeking PV
plant profitability on a worldwide basis.
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