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Abstract: Soiling is a problem for solar energy harvesting technologies, such as in photovoltaic
modules technologies. This paper describes not only one complete year of Soiling Ratioindex and
rates measured in a rural environment of Southern Europe, but also focuses on the seasonal variation
of the type of soiling, mainly spring and summer. The Soiling Ratio index is calculated based on
the maximum power output and short circuit current of two photovoltaic (PV) panels, along with
Scanning Electron Microscopy and Energy Dispersive X-Ray of glass samples to provide visual and
chemical inspection of the type of soiling. Mass accumulation on glass samples mounted on a “glass
tree” was weekly measured with a microbalance and related with the Soiling Ratio metrics. Soiling
rates were calculated to infer the degree of soiling for each season and the respective comparison
made. Results show a soiling rate of 4.1%/month in April (spring), 1.9%/month in July (summer) and
1.6%/month in September (fall). Rain (the main natural cleaning agent of the photovoltaic modules)
as well as aerosol optical depth (proxy for atmospheric particle concentration) were correlated with
the Soiling Ratio. In-depth analysis on the type of organic soiling was performed.

Keywords: solar energy; photovoltaic module performance; organic soiling; Scanning Electron
Microscopy (SEM)

1. Introduction

Soiling on solar harvesting technologies, namely in photovoltaic systems (PV), has been intensively
studied in the past few decades since it induces severe performance losses on such systems by
reducing the incoming radiation, through reflection, scattering and absorption [1–3]. This implies
that the systems do not work at their fullest capability [4]. As a consequence, frequent cleaning of
the systems is required, which represents an important slice of the kWh cost of the electricity being
produced. Moreover, soiling is not only a local [5], but also a seasonal phenomenon and for that reason,
if operational costs are to be reduced, a proper characterization of it is needed. This has been done
extensively in the literature, but mostly focused on desert regions [6–8], which have high irradiance
values and significant problems with dust deposition, namely mineral and not organic.

However, everyday, new PV plants are being deployed around the world and the tendency is to
have more of them in the future. Naturally, PV also suffers from soiling, not only from local sources
but also transported from remote ones [5]. One country in Europe that is certainly going to increase its
use of solar technologies is Portugal, due to its high irradiance availability [9]; its southern region has,
on average, an annual global horizontal irradiation of 1800 kWh/m2 [10]. With this in mind, studies of
soiling in this region are very important for future plants.

A first study of soiling in the region of Alentejo, Portugal, has already been published [5] and
shows how Saharan dust long-range transport [11] can decrease the performance of PV systems.
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However, Saharan dust is not the only source of soiling that impacts PV [12]. There is one particular
season of the year, spring, where organic material, such as pollen [13], can be a problem regarding
soiling. This paper describes the seasonal variation in the type of particles that adhere to the relevant
surfaces from winter to summer. It also describes how rain (which is the main natural cleaning
agent [14]) and aerosols, affect the Soiling Ratio index (SR) in this location (Évora—38◦34′0.01′′ N;
7◦54′0.00′′ W). To identify the type of deposited particles, Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS) were performed. For organic particle deposition, EDS cannot be
used since the composition is mainly carbon based and no conclusions can be taken. For this purpose,
the Portuguese Society of Aerobiology (Sociedade Portuguesa de Aerobiologia), was able to identify
some of the organic material deposited using the SEM images obtained.

Environmental variables, like rain and aerosol optical depth (AOD), contribute to explaining the
observed SR during the period of the measuring campaign, November 2016 to October 2017, showing
how both variables shape the evolution of the SR metrics. The authors consider these variables of
vital importance for soiling deposition and removal, since rain is the main natural cleaning agent and
AOD is used as a proxy for particle concentration in the atmosphere. Note also that the absence of rain
allows for particles to build up on top of surfaces, increasing the soiling and consequently decreasing
PV module performance.

Although most soiling work considers dust to be the main soiling agent, it is restricted to mineral
particles such as desert dust [15,16], this paper instead focuses mainly on the role of organic soiling
on the PV module performance. Measurements were done in Alentejo, an ideal location for this
type of study since this is the region with the highest pollen concentration in Portugal [17]. Pollen
concentration is expected to increase in the next few decades in Europe [18], and that may imply more
organic soiling in the future; thus, this is one more reason to study its impact on PV. In addition, studies
of organic soiling are very scarce, making it an excellent study opportunity. An annual soiling analysis
for the measurement location is also reported for the first time, as well as the soiling rates that develop
during periods without rain, which are then related to the environment, through AOD, SEM imagery
and image processing.

The structure of the paper is as follows: in Section 2 the experiment is explained, as well as the
equipments and methodologies used to obtain the data. In Section 3 an analysis of the annual soiling,
as well as soiling rates, is performed. The analysis considers rain and AOD, as the main variables to
explain soiling behaviour. The effect of organic material in soiling is also highlighted in comparison to
mineral material. In Section 4 the organic material deposited at the measuring location (through SEM
images) is characterized in detail. Section 5 draws some conclusions.

2. Methodology

Mass accumulation measurements, as well as the PV performance measurements, took place in
a rural location in the outskirts of Évora, in Alentejo (southern Portugal) at the Solar Colector Test
Plataform (Plataforma de Ensaios de Coletores Solares, PECS) facilities from the Renewable Energies
Chair (Catedra Energias Renovaveis, CER), University of Évora.

2.1. Mass Accumulation Experiment

A glass tree, see Figure 1, was used. Inspired by [19], it is composed of 25 glass samples,
with 6 per cardinal direction, in 15◦ inclination steps, with one completely horizontal, as shown in
Figure 1. The glass samples are from Interfloat Corporation (Ruggel, Liechtenstein), model SINA
(high solar transmittance and fine micropatterned glass suitable for flat-plate solar collectors and
photovoltaic modules), with 11 by 9 cm (length × width) and 3.2 mm thickness. When possible,
weekly mass measurements were performed on each of the 25 samples at PECS; however, aspects such
as intense rain or vacations may introduce longer periods between measurements. Monthly Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) measurements were
carried out on the completely horizontal sample, except for in the month of August.
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Figure 1. Glass tree apparatus in Solar Colector Test Plataform (PECS).

Each glass sample weight was measured with a Bosch SAE 80/200 microbalance (Germany),
model SAE 80/200. Mass accumulation on week t, ma(t), is determined by subtracting from the
measured mass at that week, mass (t), the initial mass of the clean glass, mass (0) as in Equation (1):

ma(t) = mass(t)−mass(0). (1)

No cleaning is done to the glasses during the experiment and only environmental action
(e.g., rain, dew) can act towards reducing the mass accumulated on the samples.

2.2. PV Experiment

The PV system used, see Figure 2, is based on the methodology developed in [20],
all measurements performed manually, with an I–V curve tracer from Metrel (Horjul, Slovenia),
model Eurotest PV Lite MI 3109. Another difference is that instead of calculating the mean of the PV
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parameters for a static position along the day, the mean of three measurements is obtained with the
normal to the PV pointing towards the sun, only in clear sky days and near solar noon. However,
when not being measured, the PV panels were facing south with a tilt angle of around 30◦, a value
close to the optimum tilt angle value for the highest annual performance in this region. The PV flat
panels are mc-Si of the same model, FTS-220P, manufactured by Fluitecnik (Madrid, Spain). The clean
reference PV panel is always cleaned before the measurements and the other one left to the effect of
natural soiling, without any artificial cleaning.

Figure 2. PV apparatus in PECS.

The Soiling Ratio index (SR) can be calculated using two different metrics: based of the
short-circuit current (ISC), which is denominated (SRISC) and the maximum power output (Pmax),
designated (SRPmax)of the two PV panels. The main difference noted in [20] is the fact that when
soiling is homogeneous, both metrics give similar results, but when the soiling is not homogeneous,
calculating the soiling ratio based on the short circuit current can give either an underestimated
or overestimated result, compared to what was actually lost in power output. This method works
by comparing what is being currently measured, short-circuit or maximum power output, at some
environment conditions with the value converted from Standard Test Conditions (STC), in a clean
state, to those exact same conditions. In mathematical terms, SRISC and SRPmax are calculated through
Equations (2)–(4):

SRIsc =
Isoil
sc

Isoil
sc,0[1 + α(Tsoil − T0)](G/G0)

, (2)

where Isoil
sc is the short-circuit current of the dirty PV panel, Isoil

sc,0 is the short-circuit current at Standard
Test Conditions (STC) of the soiled panel, α is the short-circuit temperature correction coefficient,
Tsoil is the cell temperature of the soiled panel, T0 is the temperature at reference condition (25 ◦C),
G is the irradiance in the PV plane and G0 the irradiance at STC conditions (1000 W/m2).

SRPmax =
Psoil

max

Psoil
max,0[1 + γ(Tsoil − T0)](G/G0)

, (3)
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where Psoil
max is the maximum power of the dirty PV panel, Psoil

max,0 is the maximum power at clean
condition and γ is the maximum power temperature correction coefficient. For the calculation of the
irradiance in the PV plane, the clean module is used:

G = G0
Iclean
sc [1− α(Tclean − T0)]

Iclean
sc,0

, (4)

where Iclean
sc is the short-circuit current of the clean PV panel, Iclean

sc,0 is the short-circuit current at STC of
the clean panel, α is the short-circuit temperature correction coefficient and Tclean is the cell temperature
of the cleaned panel. As stated in [21], soiling ratios may be measured with absolute uncertainties on
the order of ±1% or better on an absolute basis, under appropriate conditions. Measurements should
be restricted to the middle portion of the day to exclude high uncertainties from morning and evening
hours related to lower signal amplitudes and the effects of angular alignment differences, preferably
averaging data for equal periods surrounding solar noon. As stated before, it is highlighted here that
the measurements were only performed at clear sky conditions (to avoid any effects on the irradiance
perceived by both solar panels due to passing clouds), near to solar noon and with the panels normal to
the sun. This ensures that the experiment is performed under circumstances for which the uncertainty
is the lowest.

3. Annual Soiling Characterization

An annual series of soiling data for the region under study is reported here for the first time,
with data ranging from 1 November 2016 to 31 October 2017, as presented in Figure 3. Soiling rates,
SR ≈ d(SR)/dt, between periods without rain are shown as red dashed lines in this figure. To explain
the observed soiling ratio and the respective soiling rates, rain is also added to the study, see Figure 4a
and aerosol optical depth data, see Figure 4b. Rain as the main cleaning agent is very important,
as well as the AOD, proxy of particle concentration in the atmosphere. Details on this analysis can be
found in [5]. There are five evident cases in Figure 3: two long-range desert dust transportation events,
one in February (denoted in Figure 3 as F. Event) and other in March (denoted as M. Event), with both
events documented in [5], and three periods where the lack of rain, denoted as SPR (meaning spring),
S1 and S2, which led to a linear decrease in both SR metrics, marked with the red dashed line.
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Figure 4. Environmental measurements: (a) rain; (b) aerosol optical depth.

During fall and winter, because of frequent rain, soiling cannot accumulate in significant amounts
on the glass surfaces, yielding SR metrics close to 1 as expected. The first major soiling event was
in February, the F. Event, where a major quantity of Saharan dust was transported to southern
Europe, mainly Portugal and Spain [5], leading to a decrease of ≈8% in (SRPmax). The second one
was in March, the M. Event, although with less intensity led to a decrease of ≈3% in both SR metrics.
During spring, mainly April, denoted as SPR, there was an absence in rain, which allowed for organic
material (confirmed below with complementary measurements to be mostly pollen) to deposit on the
PV glass surfaces, leading to a decrease of 4.1% in both metrics, see Table 1. Note that since the soiling
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rates are per month, that also means that at the end of the month the losses are the same as the loss
rates, since at the beginning of every event the panels were clean. However, heavy rain in the first part
of May, was able to remove the accumulated soiling. In June, maintenance was done to the PV tracker
and because of that the PV panels were cleaned, which resulted in two weeks without data coinciding
with some rain. During July, the period denoted by S1, due to the scarce rain, soiling was able to settle,
leading to a decrease of 1.9%. In August (vacation period), there were fewer data points at the end
of the month. There was then a rainy day, which cleaned the PV panels, returning both metrics close
to one. Due to the continued lack of rain during September, particles accumulated over the surface,
leading to a decrease of 1.8%. After a heavy rain period in the beginning of October, the SR metrics
recovered near to unity.

Table 1. Soiling rates and respective statistical indicators.

Indicators SPR S1 S2

SR (%/month) 4.1 1.9 1.6
r2 0.97 0.97 0.94

RMSE 0.0013 0.0007 0.0008

Analysis shows that, the February dust event is responsible for the highest loss registered;
however, due to an increase of organic material, spring reveals itself as the second most important
soiling case. Moderate March dust can be rated third, hand in hand with the soiling rates developed
during summer.

The SR metrics decay was smoothed due to the noisy data derived from the reduced amount
of data points [20]. In statistical terms, the values of r2, for the linear decay of the SR metrics are
presented on Table 1; they are all above 0.9, which represent very high correlation values, while Root
Mean Square Error (RMSE) values are always bellow 0.002. This fact ensures that not only are the
soiling rates close to being linear, but they also enhance confidence in the results obtained for the
Soiling Ratio.

Note that in Figure 4b, AOD data is in red and the smoothed data in black, which serves the
purpose of being able to visualize the trends in AOD. It can be seen that the highest AOD was in
February, due to the large dust event, while lower values are in March when the event with less
intensity took place. After that, a peak in April can be seen, which is due to the increase in organic
material in the atmosphere, with a more or less constant trend during the summer, until it starts to
decay from September on. However, as stated before, due to rain in May, maintenance in June, lack of
data and high rain at the end of August, soiling was only able to develop during summer. If these
exceptions are ignored, it can be concluded that the soiling rates follow the same trend as the AOD
and lack of rain. As a consequence it means that the AOD is working as particle concentration proxy.
Higher AOD values, means there are more particles in the atmosphere, which increases the probability
of a particle to be deposited on the surface, leading to higher PV performance losses. For further proof,
see Figure 5, where ma represents the mass accumulation on the 30o tilted glass sample. Note that fast
dust events are not well represented by this particular glass, probably probably due to the glass tree
architecture. However, for periods without rain and continuous particle deposition it relates very well
to the AOD and SR metrics.
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Figure 5. Mass accumulation on 30o tilted glass sample.

It can be seen that the mass accumulation is higher during April, then July and lastly during
September. This corroborates not only the soiling rates results, but also the use of AOD to explain such
phenomena. Note again that, due to maintenance, the glasses had to be clean in the beginning of June,
which is the reason why the mass accumulation is zero in that period.

As seen in the data of Figure 3 and Table 1, if the rain is scarce during the spring, the organic
material (namely pollen as shown below) may induce very high soiling levels, even higher than
mineral material. In the next section a descriptive analysis is given on the type of soiling found in SEM
images from April and July.

4. Organic Material Characterization and Features

Organic material has been out of the scope of most of the known soiling studies, since they are
absent or in very low quantities in desert areas, where most studies were and are still being done.
However, Portugal is one of the places in Europe, which is not only affected by desert dust, e.g., Saharan
long dust transport, but also by high amounts of pollen, mostly during spring. More specifically,
the region of Alentejo is the one with the highest pollen concentration in Portugal as in [17]. The type
of pollen in higher concentrations belong to the family of Gramineae, Oleaceae, Fagaceae, Pinaceae,
Cupressaceae, Platanaeae, and Urticaceae, according to [22]. It is known that the locations far from the
ocean coast and situated more to the south of the country are the ones with more pollen concentration.
From [22] it is also known that pollen counts can roughly go from 3000 grains/m3 in January to
40,000 grains/m3 in May. Assuming that most of pollen species follow the trend of low values at night
to high values towards the afternoon [23], there is a potential problem, since dew that forms during
the night can hold pollen during the beginning of the day, when it had not yet evaporated. However,
there are some types of pollen [24] that have their maximum concentration during the night, which,
following the same logic, can also cause higher deposition in PV panels, if they get trapped by the
dew water.

Also from 2007 to 2009, for some of the pollen species referred to before, total pollen count was
calculated, in the city of Lisbon [25] and normalized, which can be seen in Figure 6. It is assumed that
the trends in Évora and Lisbon are similar, mainly because they are not far apart (around 100 km).
However, Évora should have substantially higher pollen count values. It can be seen that, from January
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to April/May, the tendency is to have an increasing amount of pollen, which then starts to decay until
the end of the year. The fact that April has the highest concentration of pollen, together with the lack of
rain can lead to a harsh decrease in the PV performance, corroborates what was seen before, Figure 3.
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Figure 6. Annual pollen trends in Lisbon (Portugal) from 2007 to 2009.

In spite of the already high pollen concentration, the prediction for the future is that
the concentration of some species of pollen will increase, see [26]. This could make pollen
(as a soiling agent) even more important in the future. This is reinforced by NASA Earth Exchange
Global Daily Downscaled Projections for 2100, predicting less frequent rain for Portugal. If it indeed
becomes a reality, it may not only be possible that soiling will have more time to build up on surfaces,
but also the amount could be higher (mainly during the spring), which will eventually result in higher
losses than the ones shown here.

SEM Characterization and Image Processing

In order to have a deeper insight into what kind of organic and mineral material gets deposited on
PV surface, SEM and EDS measurements were made to the central glass sample (with zero tilt angle)
on the glass tree shown in Figure 1. The organic material found in the SEM was mainly pollen, which is
shown in Figure 7.

(a) (b)

Figure 7. Cont.
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(c) (d)

Figure 7. Pollen species from glass sample SEM: (a) Arecaceae; (b) Pinaceae; (c) Quercus sp; (d) Poaceae.

Different species were found as the Arecaceae in Figure 7a, Pinaceae in Figure 7b, Pinaceae in
Figure 7b and Quercus sp in Figure 7c. The identification of the organic material in the SEM images, was
made by the Portuguese Society of Aerobiology (Sociedade Portuguesa de Aerobiologia). From image
observation, it can be seen that these pollen species tend to be geometrically spherical or elliptical.
It can also be seen that they tend to be around 20 to 30 µm in diameter, if assumed spherical. For a better
understanding of how the pollen affected PV performance during the spring and summer, the following
SEM images are shown, one taken at April and other at July with the same magnification in Figure 8.

Using ImageJ, which is an open source image processing program (http://imagej.net),
the following characteristics of the organic material, as well as all the material in the SEM images
were found, see Table 2. The variable OD corresponds to the average diameter of the organic material
(in black on the SEM images), AD is the average diameter of all the particles detected in the image,
OAPNR is the ratio percentage between the organic and all material present in the image, in terms of
particle count, while OAAR is the ratio in percentage (in terms of area) between the organic and all
material in the image.

(a)

Figure 8. Cont.

http://imagej.net


Energies 2018, 11, 294 11 of 13

(b)

Figure 8. SEM images: (a) April 2017; (b) July 2017.

Table 2. SEM image parameter analysis.

Parameters April July

OD (µm) 20.5 19.3
AD (µm) 14.4 14.9

OAPNR (%) 33.8 4.1
OAAR (%) 40.3 6.5

The organic materials, which are essentially pollen, namely Quercus sp, have ≈ 20 µm diameter,
which is in line with the size of that species in Figure 7c. When considering all the material in the
sample, organic and mineral, the diameter drops to ≈ 14.5 µm, which is expected, since mineral
soiling tends to be smaller than pollen. In April, 33.8% of the particles present are organic material,
while in July this figure is only 4.1%. This illustrates the difference, considering the number of particles,
between these two different seasons in terms of soiling. Regarding the percentage ratio of area occupied
by organic particles, 40.3% of the area occupied by all particles is occupied by organic soiling in April,
while in July only 6.5%. From this data, it can be concluded, that organic material, namely pollen,
deposits on surfaces during the spring at higher concentrations and due to its higher diameter it has
relatively more impact than mineral soiling (smaller particles).

5. Conclusions

This study reveals that organic soiling can have a significant importance on the decrease of PV
performance. It provides in depth insight in terms of deposited particle characterization. It describes
the contents, shape and size of particles that build up on the top of surfaces with visual and chemical
analysis, which can help in future studies for soiling modelling/prediction, since these characteristics
are perhaps the most important ones to characterize soiling at microscopic scales. Soiling rates
have been calculated and compared for different seasons of the year and highlight how spring and
periods without rain can impact solar harvesting technologies. During spring, besides the mineral
soiling that can be deposited, pollen at high concentration in the atmosphere also leads to PV module
performance decrease. Furthermore, the periods without rain allow for the particles to build up,
increasing the soiling over time, resulting in higher losses along that period. Due to this fact, it is
possible to distinguish several soiling rates along the year. Soiling rates were analysed together
with rain (the main cleaning agent) and AOD as a proxy for particle concentration, showing a good
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agreement. SEM imagery helped in the detection of organic soiling, namely pollen, which deposited on
the PV modules increasing the background soiling seen during summer, which led to a greater module
performance degradation. Note that these data may be helpful to determine cleaning schedules and
for modelling purposes for future PV plants in the region.
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