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Abstract: This article presents the results of an experiment to measure the mass of contaminants
naturally deposited on the surface of photovoltaic modules. Six types of PV modules included in
the installation located on the roof of the C3 building (AGH campus, Krakow, Poland) were tested.
More than 120 contamination samples were collected during the experiment, which lasted from
23 March to 15 June 2022. Detailed analysis showed a clear relationship between the tilt angle of the
photovoltaic modules and the amount of contamination accumulating on them. The impact of the
backsheet color and the way the module was mounted (vertical or horizontal) on the amount of dirt
deposited on a given module was also recorded. Because the experiment lasted for many weeks, it
was possible to investigate the intensity of the contamination build-up over the following weeks (in
the absence of module cleaning) and the effect of precipitation on the module self-cleaning. During
one measurement, a layer of contamination with a normalized mass of 181 mg/ m? was found to
reduce PV module peak power by almost 4%.

Keywords: RES solar energy; photovoltaics; dirt deposition; effectiveness

1. Introduction

Photovoltaics has been the most dynamically growing branch of Polish renewable
energy in recent years. The total installed capacity of PV systems in Poland is already
almost 15.7 GW, of which more than 10.2 GW are prosumer micro-installations, with a total
of approximately 1.35 million [1]. Generation of energy in these PV installations is forced
by the availability of solar radiation energy resulting from variable weather conditions
and limited by phenomena such as shading of the active surface of PV modules, their
temperature increase, and pollution deposited on PV modules.

The development of photovoltaics over the past several decades is inextricably linked
to its use of silicon-based cells. Despite ongoing development work on alternative tech-
nologies such as tandem perovskite cells [2] or polymer cells [3], however, according to a
recent Fraunhofer ISE report [4], 94.7% of photovoltaic modules produced today are made
of crystalline silicon technology. Modules made of monocrystalline silicon account for
84.2% of production. The most common material in this type of module is tempered solar
glass, which provides insulation of the silicon structure from the weather while allowing
sunlight to reach the surface of the photovoltaic cells. However, in the literature, one can
find information on the use of other materials in this role, e.g., Poly(methyl methacrylate)
(PMMA) [5]. Special coatings can also be applied to solar glass to make it more difficult to
deposit pollutants [6].

Dust floating in the atmosphere can be of natural origin (e.g., desert storms, volcanic
eruptions, rock erosion, and pollen) or can be the result of human activity (transport,
industry, and low emissions from heating appliances). The intensity of pollutant deposition
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on a given surface will be influenced by a number of factors, as shown in more detail in
Figure 1.
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Figure 1. Factors influencing dust deposition [7].

It is considered that environmental conditions, relative humidity, wind speed, temper-
ature, dust particle size, and concentration all have important effects on dust accumulation.
Of all the factors that affect the efficiency of photovoltaic module production, there are
outdoor factors such as altitude, dust, humidity, temperature, wind speed, hail, and self-
factors such as the tilt angle, material, quality, and maintenance of PV modules [8]. Dust,
in cooperation with other particles in the atmosphere, causes the scattering of solar radi-
ation by the process of reflection, absorption, and dispersion, which negatively impacts
the performance of the solar PV module [9]. However, in the literature, one encounters
descriptions of studies that prove that a very thin layer of dirt (26 mg/m?) on the front
surface of the module increases its efficiency [10]. This is because, in this case, the dirt acts
as a texturization of the glass, reducing light reflection. The dust covering the surface of
the PV panel not only blocks the irradiation but also blocks the heat dissipation that affects
the power generation efficiency [11]. As the dust particles cling to the panel surfaces, they
can lead to scratches and corrosion [12], decreasing the panels’ lifespan. Influencing factors
such as characteristics of collected dust and ambient conditions must be considered in the
design of solar plants.

Pollution accumulates on the PV module unevenly, as research results [13] show that
a higher dust accumulation occurs in the central part of the module. A study conducted in
Chile [14] found that the soiling-losses effect of bifacial PV modules is 21.6% lower than in
the case of monofacial modules.

Measuring the amount of contamination on the surface of PV modules is a major
technical challenge. Leaving aside direct analytical-weighing methods (such as the one
described in this article), which cannot be applied on an industrial scale, two different
solutions to this problem can be found in the literature. In the first, a calibrated light source
is used to illuminate a photosensitive element (such as a reference photovoltaic cell) at night,
and the electrical signals generated by this device are recorded [15]. The recorded electrical
signals also change as pollution is deposited on this photosensitive element. Comparing
the current signals to those when the sensor was completely clean indicates the degree of
contamination. The second method is a statistical analysis of the power generated by a PV
installation, taking into account environmental parameters [16]. In this case, the current
measurements are also compared to those taken immediately after washing the installation,
and the fouling soiling is assessed on this basis.

Removal of dirt from the surface of PV modules can occur from natural causes (rain
and wind) or through human activity (manual or mechanical cleaning). An interesting
overview of PV module cleaning methods can be found in [17,18]. An interesting system
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for cleaning the surface of photovoltaic modules using electrostatic methods is described
in [19].

Effective scheduling of PV system cleaning activities is one of the measures that can
positively impact their operational and economic performance. Planning module cleaning
too early or too late may result in significant losses, especially in large installations [20]. An
optimized cleaning schedule can enhance the benefits of installing high-efficiency modules,
as it increases the amount of energy recovered through each cleaning and, therefore, the
profits [21]. The cost-effectiveness of cleaning photovoltaic installations must be calculated
individually each time, taking into account electricity prices, labor costs, the cost of the
necessary equipment, and the probability of rainfall in the near future. Analysis of a
photovoltaic farm located in the south of Spain showed that cleaning the modules once a
year (during the summer) increases the farm’s revenue by 3.6% [19]. Extensive analysis in
Saudi Arabia has shown that in the region, manual or mechanical washing pays off when
the PV plant’s efficiency due to soiling drops by 8%. In the case of washing with sprinklers,
profitability begins when the efficiency drops by 3% [22].

2. Materials and Methods
2.1. Object of Study

The experiment was conducted on a rooftop photovoltaic installation. It is a 10.2 kWp
research installation located on building C3 (AGH campus, Krakow, Poland, GPS: 50°03'58.05” N,
19°55'17.96" E). Six types of silicon PV modules from three different manufacturers were se-
lected for the experiment and installed with the same azimuth (20°W) and at three different
tilt angles:

Type 1: polycrystalline silicon, white backsheet, manufacturer no. 1, 15° and 45° inclination;
Type 2: polycrystalline silicon, white backsheet, manufacturer no. 2, inclination 35°;
Type 3: polycrystalline silicon, black backsheet, manufacturer no. 2, inclination 35°;
Type 4: monocrystalline silicon, white backsheet, manufacturer no. 2, inclination 35°;
Type 5: monocrystalline silicon, black backsheet, manufacturer no. 2, inclination 35°;
Type 6: monocrystalline silicon, white backsheet, manufacturer no. 3, inclination 45°.

The three different angles of tilt of the modules indicated above are common in Poland.
An inclination of 15 degrees is used when installing photovoltaics on flat roofs. A 35-degree
slope is the optimal year-round angle (guaranteeing maximum energy yield), while a
45-degree slope is used for off-grid systems to facilitate self-cleaning and winter snow
sliding off the surface of PV modules.

Each module had its own power optimizer, allowing continuous measurement of
the module’s most relevant electrical parameters. The MPPT algorithm implemented in
the optimizer guarantees that the module always operates at the maximum power point
(MPP). Observing the behavior of the modules between cleanups, we relied on the energy
generated by the modules in a given hour rather than their instantaneous power because
the power fluctuated constantly.

2.2. Weather Background

Both the weather station located on the roof of the C3 building (mainly sunlight
measurements) and the weather station located on the roof of the AGH Faculty of Physics
and Applied Computer Science building were used to monitor the weather background
during the experiments. The latter station has sensors for rainfall intensity and PM10
particulate matter. The experiment started at the end of the heating season when the
average levels of PM10 particulate matter in the air were around 60 pg/m?>. The end of the
experiment coincided with the spring season, which is associated with heavy pollen counts.
PM10 content in the ambient air did not usually exceed 20 jig/m? at that time.

No precipitation was recorded for almost three weeks before the start of the experiment,
while precipitation during the experiment is shown in Table 1.



Energies 2023, 16, 7749

4 of 14

Table 1. Precipitation during the experiment.

Date Total Amount of Precipitation since Highest Rainfall Number of Days without Precipitation
Previous Sample Collection Intensity before Sample Collection
[mm/m?] [mm/h]
23 March 2022 N/A N/A 19
7 April 2022 3.72 0.62 1
13 April 2022 3.83 0.84 3
20 April 2022 6.42 1.28 3
27 April 2022 8.50 3.43 1
4 May 2022 0.54 0.50 7
18 May 2022 4.84 1.79 4
25 May 2022 1.91 1.31 0
1 June 2022 232 0.95 3
8 June 2022 2.57 0.67 0
15 June 2022 23.65 7.48 1

2.3. Methodology of Measurement

Prior to the experiment, the modules had not been intentionally cleaned for at least a
year. During this period, they were only subject to natural self-cleaning under the influence
of precipitation. It was assumed that the selected modules would be cleaned weekly.
This rule was maintained with the exception of one week in May when no samples were
collected due to the absence of the experimenters [7]. Some modules were cleaned less
frequently to check whether deposition increased linearly over time.

The sampling (and module cleaning) procedure started by spraying a small amount
of demineralized water on the module surface. The wetted module surface was then
cleaned using an electric vacuum window washer. This is shown in Figure 2. The washer
collected the water along with the dirt in its internal tank. The wetting and dirt collection
operations were repeated for each module 2-3 times until the surface was completely
clean. The contents of the spray tank were then poured into a perfectly clean and sterile
container (plastic containers used in medical analytics were used). In addition, the washer
was rinsed with a small amount of demineralized water, and these rinses were added to
the same container.

Figure 2. Collecting contaminants from the module with a vacuum cleaner (photo by J. Teneta).
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The containers were previously numbered and weighed on a laboratory balance with
a resolution of 0.1 mg. The numbers of the sample containers were entered into special
record cards to unambiguously link the sample to a specific date and module.

Already with the naked eye (Figure 3), it was possible to notice the different content
of impurities in the individual samples manifested by the different intensities of the color
of the solution.

Figure 3. Containers of dirt solution. Samples taken on one day (photo by J. Teneta).

For an accurate assessment of the mass of contaminants, water was removed from
all samples (via evaporation or freeze drying), and the container of dry contaminants was
weighed again. By subtracting the original weight of the container from the result obtained,
the weight of the collected contaminants was obtained. This mass was then normalized by
dividing by the area of the solar glass in the module in question.

2.4. Checking the Effect of the Dirt Layer on the Electrical Performance of the PV Module

A comparative test was carried out to see how the electrical performance of a module
is affected by impurities deposited on its surface. This took place under natural outdoor
conditions (with a cloudless sky) on a polycrystalline silicon module inclined at 15°. The
module had not been cleaned for a fortnight, but three days prior to the measurements, it
had rained on with medium intensity. A spring day with good, stable lighting conditions
was chosen for the measurements. To start with, the I-V characteristics of the module
covered with a layer of natural dirt were measured using an MP-170 current-voltage
characteristic meter (EKO Instruments Co., Ltd., Tokyo, Japan). The measuring device
was connected directly to the terminals of the module after it had been disconnected from
the optimizer. The measurement of a single I-V characteristic containing 400 measure-
ment points took 4 ms. The standard procedure of cleaning and collecting the collected
contaminants was then applied. After cleaning, the I-V characteristics were measured
again. The time interval between the acquisition of both I-V characteristics (before and
after washing the module) was exactly 12 min. Subsequent analysis of the dirt sample
showed a mass of 181.2 mg/m?. The appearance of the measuring station is shown in
Figure 4. The measuring device is located below the module under test. On the adjacent
module (on the right) is an illumination sensor that records the irradiance in the plane of
the modules. The temperature sensor was attached to the backsheet of the module.
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Figure 4. Stand for measuring I-V characteristics (photo by J. Teneta).

3. Results

Tables 2—4 show the statistics of dirt samples collected from modules inclined at 15,
35, and 45 degrees. All six module types described at the beginning of the “Materials and
Methods” section participated in this study.

The results of an experiment to check the effect of dirt deposited on the surface of
a PV module on its electrical parameters are presented below. The obtained current—
voltage characteristics of the module are shown in Figure 5, and the most relevant electrical
parameters read from the characteristics are summarised in Table 5. As a reminder, we
would like to add that the measurements were performed in outdoor conditions (cloudless
sky, AM = 1.3) for a polycrystalline photovoltaic module with a nominal power of 260 Wp,
tilted at an angle of 15 degrees. Both I-V characteristics presented in Figure 5 were recorded
at an interval of 12 min.

Table 2. Contamination on 15° inclined modules.

Number of Days without Precipitation Mass of Dirt Accumulated on the Modules [mg/m?]
Date before Sample Collection Min. Max. Mean
7 April 2022 1 48.5 120.3 78.2
13 April 2022 3 73.8 156.0 1211
20 April 2022 3 127.1 127.1 127.1
27 April 2022 1 41.6 43.6 42.6
4 May 2022 7 174.4 207.7 187.6
18 May 2022 4 209.7 2229 217.8
25 May 2022 0 47.6 72.1 58.4
1 June 2022 3 95.7 129.0 106.7
8 June 2022 0 40.6 43.5 42.1
15 June 2022 1 32.0 36.7 34.4
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Table 3. Contamination on 35° inclined modules.
Number of Days without Precipitation Mass of Dirt Accumulated on the Modules [mg/m?]

Date before Sample Collection Min. Max. Mean

7 April 2022 1 43.5 52.0 47.7
13 April 2022 3 82.1 114.6 102.8
20 April 2022 3 89.9 115.6 101.4
27 April 2022 1 23.8 34.6 27.8
4 May 2022 7 119.2 167.5 146.0
18 May 2022 4 227.5 274.4 251.0
25 May 2022 0 26.6 49.0 40.1
1 June 2022 3 91.5 102.7 97.1
8 June 2022 0 29.0 322 30.7
15 June 2022 1 22.2 325 27.0

Table 4. Contamination on 45° inclined modules.
Date Numb:e)re (f)srlz?;sm wilthgu:lpre.cipitaﬁon Mass (.)f Dirt Accumulated on the Modules [mg/m?]

ple Collection Min. Max. Mean
7 April 2022 1 29.3 63.8 44.0
13 April 2022 3 66.9 82.4 76.0
20 April 2022 3 88.9 95.5 92.2
27 April 2022 1 12.6 15.9 14.3
4 May 2022 7 68.1 88.8 77.2
18 May 2022 4 134.0 205.7 168.5
25 May 2022 0 23.1 254 244
1 June 2022 3 59.0 68.7 64.5
8 June 2022 0 9.7 28.6 21.3
15 June 2022 1 19.0 31.8 244

Effect of dirt removal from PV modules

5 ——Before dirt removal

a —— After dirt removal \\

Current [A]
w
=

] 5 10 15 20 25 30 35
Voltage [V]

40

Figure 5. I-V characteristics of the module before and after washing (own elaboration).
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Table 5. Electrical parameters of the PV module.
Parameter Unit Before Washing After Washing

Voc \% 35.64 35.85
Isc A 6.7 6.97

Vimpp \% 28.13 28.33

Impp A 6.22 6.50

Pmax W 175.04 184.09

GTI W/m? 734 733

Timod °C 36.4 33.5

4. Discussion

Initial cleaning of the modules (after a gap of more than a year and almost three weeks
of rain-free weather) revealed a layer of contamination with an average mass of 710 mg/m?
and 401 mg/m? for modules inclined at 15° and 45° angles, respectively. This was followed
by comparing the amount of dust accumulated on the surface of modules inclined at angles
of 15°, 35°, and 45°. Modules cleaned at the same intervals (every one or two weeks) were
selected for comparison. Table 6 shows the percentage relationships between the average
amounts of dirt accumulated on modules tilted at different angles. The mass of dust from
modules inclined at an angle of 15° was taken as the reference value.

Table 6. Effect of tilt angle on the amount of contamination.

Date

Number of Days without Precipitation

Proportion of Dirt Accumulated on the Modules [%]

before Sample Collection 15° 35° 45°

7 April 2022 1 100 61.1 56.3
13 April 2022 3 100 84.9 62.8
20 April 2022 3 100 79.8 72.6
27 April 2022 1 100 65.4 33.5
4 May 2022 7 100 77.9 41.1
18 May 2022 4 100 115.2 774
25 May 2022 0 100 68.8 41.8
1 June 2022 3 100 91.0 60.4
8 June 2022 0 100 73.0 50.8
15 June 2022 1 100 78.6 71.0

As can be seen in Tables 26 earlier, the amount of contamination deposited during
the same week on the surface of PV modules installed at the same tilt angle can vary
significantly from one module to another. This may be due to the localized nature of the
wind effect or due to random events such as the local appearance of larger contaminant
particles. It is also significant that in the case of modules inclined at 45°, they come from
two different manufacturers (different surfaces of solar glass). For modules with the most
horizontal position, the weekly deposition of pollutants (in rain-free weather) ranges
from 100 to about 200 mg/m?. For modules positioned more vertically, the contaminant
deposition is 22 to 59% lower. Modules installed more vertically are also subject to more
effective self-cleaning under the influence of rain. For self-cleaning to be effective, the rain
must be of sufficient intensity. This is confirmed by the example of the rain on 3 May. With
a total rainfall of 0.54 mm/m? and an intensity of 0.5 mm/h, it had virtually no effect on
the samples collected the following day, which is why the summary states that there were
seven rain-free days. Even very heavy rain cannot completely wash the PV modules—it
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leaves a layer of dirt on them of 20 to 40 mg/m?. The effect of washing the modules or
self-cleaning them is short-lived. After just three to four days, a layer of contamination
similar to the whole-week values appears on them.

In the next step, it was decided to test whether the silicon cell technology and the color
of the backsheet had an impact on deposition. Four modules from the same manufacturer
were used for testing: two each in polycrystalline and monocrystalline silicon technology.
In each pair, one module had a white backsheet and silver frame, and the other had a black
backsheet and black frame. The modules were installed at a 35° angle in close proximity to
each other. A summary and comparison of the amount of dirt collected is shown in Table 7.

Table 7. Effect of PV cell technology and backsheet color.

Si-Mono Si-Poly
White [mg/m?]  Black [mg/m?] Blalgl;t:g ;’:/Iolllite White [mg/m?]  Black [mg/m?] Blalglst;:)) :/c\,/il;ite Mﬁl;?i(t)o[(z (])ly

435 52.0 119.6 no data no data - -
105.0 82.1 78.2 114.6 109.4 95.5 83.6
103.0 115.6 112.2 97.1 89.9 92.6 116.9
23.8 34.6 145.3 25.0 27.9 111.6 110.2
131.9 167.5 127.0 119.5 165.7 139.0 105.1
227.5 274.4 120.6 no data no data no data -
40.7 26.6 65.3 44.3 49.0 110.6 72.2
91.5 100.3 109.6 93.9 102.7 109.3 97.6
29.0 322 110.9 31.0 30.5 98.1 99.6
222 27.3 123.0 26.1 32.5 1245 84.6

Average value 111.2 Average value 110.2 96.2

When analyzing the impact of the color of the backsheet shown in Table 7, the amount
of dirt accumulated on the module with a white backsheet was used as a reference quantity.
When analyzing the influence of cell technology, the mass of impurities accumulated on
both modules (with black and white backsheet) was first summed separately for Si-mono
and Si-poly technologies. Then, their mutual ratio was determined by taking Si-poly
technology modules as a reference. While it is difficult to find a correlation between the
deposition of impurities on mono- and polycrystalline modules, it is easy to see that the
calculated average value of the ratio of impurities for modules with a black backsheet to
modules with a white backsheet is similar for mono- and polycrystalline modules. It is
111.2% for monocrystalline modules and 110.2% for polycrystalline modules. Mono/poly
deposition coefficients range from 72.2 to 116.9% with an average of 96.2%, which does not
allow us to draw any conclusions about any relationship.

The final comparison in the experiment described here was to see whether vertical
or horizontal mounting of a module affects the amount of dirt deposited on it. Samples
were collected from four modules inclined at 45°. Two of these were monocrystalline
modules from manufacturer No. 3, and the other two were polycrystalline modules from
manufacturer No. 1. In each pair, one module was installed vertically and the other
horizontally. The results of the measurements are summarised in Table 8.
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Table 8. Effect of PV module orientation (vertical or horizontal).

Si-Mono Si-Poly
Vertically  Horizontally Horizontal to Vertically Horizontally Horizontal to Mono to Poly Ratio

[mg/m?] [mg/m?] Vertical Ratio [%] [mg/m?] [mg/m?] Vertical Ratio [%] [%]
29.3 63.8 217.6 38.8 no data - 75.4
66.9 78.7 117.6 82.4 no data - 81.3
88.9 no data - 95.5 no data - 93.1
12.6 15.8 125.3 15.9 no data - 79.3
74.6 88.8 119.0 68.1 115.6 169.6 88.3
134.0 205.7 153.5 156.2 178.3 1142 100.6
23.6 25.4 107.5 254 23.1 90.9 101.2
64.6 68.7 106.2 59.0 65.5 111.0 107.0
9.7 28.6 293.5 26.7 20.4 76.4 81.5
31.8 19.0 59.7 23.9 229 95.7 108.5
Average value 144.4 Average value 110.7 91.8

The vertical module was taken as the reference when analyzing the impact of module
orientation (vertical or horizontal), as shown in Table 8. When analyzing the influence
of cell technology, the procedure was the same as for the measurements in Table 7 by
summing the samples collected for the vertical and horizontal modules in the first step. In
the absence of samples for the horizontal module, only samples collected for the vertical
modules were compared. In this case, a slightly more pronounced trend than before is
the tendency towards stronger dirt deposition on polycrystalline modules—up to 132.6%
with an average of 110.7% (the quoted values are the inverse of those shown in the last
column of Table 8). However, the effect of the installation method is more interesting. For
monocrystalline modules, far more contamination settles on a module installed horizontally
(with an average of 144.4%). In the case of polycrystalline modules, the horizontal module
is more contaminated at higher sample weights, while the horizontal module is cleaner
at lower sample weights. This means that the self-cleaning efficiency of the horizontally
installed module is higher. This phenomenon may be influenced by the texture of the solar
glass surface and the shape of the module frame, which prevents rainwater with dissolved
contaminants from collecting on its inner edge. This phenomenon has not been observed
on monocrystalline modules, but it should be remembered that they come from a different
manufacturer and have a different solar glass and frame.

During the data analysis, a non-linear distribution of pollutant deposition on PV
panels was observed, so it was decided to analyze how the amount of pollutants collected
changed after each time interval (0, 1, 3, 4, and 7 days). Where more data were available for
a given time interval, they were averaged using the arithmetic mean. The results obtained
for different PV panel inclination angles (15°, 35°, and 45°) are presented in the graphs
(Figures 6-8). It can be observed from them that the amount of impurities deposited on
the panels increases relatively slowly for all cases in the first period, and then, the amount
of impurities increases faster to reach the maximum after 3—4 days. After reaching the
maximum, the amount of contamination deposited on the panels gradually decreases to a
certain value.
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Figure 6. Change in the amount of collected contamination from PV panels as a function of time
since the last rainfall for a 15° inclination angle.
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Figure 7. Change in the amount of collected contamination from PV panels as a function of time
since the last rainfall for a 35° inclination angle.
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Figure 8. Change in the amount of collected contamination from PV panels as a function of time
since the last rainfall for a 45° inclination ang]le.

For an angle of 15°, the value of maximum contamination is about 220 mg/m? on the
fourth day after rainfall before falling to a mean value of 187.6 mg/m? (Figure 6).

For the angle of 35°, the maximum contamination value averages 251.0 mg/m? on the
fourth day after rainfall before dropping to a mean value of 146.0 mg/m? (Figure 7).

For the angle of 45°, the average value of the maximum contamination on the fourth
day after rainfall is 168.5 mg/m? and then decreases to an average value of 77.2 mg/m?
(Figure 8).

The above data allow us to observe that the average deposition of pollutants on the
surface of panels inclined at an angle of 15° and 35° is quite similar and is in the range of
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2229 mg/ m?2. Panels inclined at 45° do not reach such high values—the average deposition
is 168.5 mg/m?. This allows the assumption of a gravitational self-cleaning factor. Also,
the increase in self-cleaning of PV panels with an increasing angle of inclination allows
the conclusion of a rather strong gravitational factor influencing dry self-cleaning of the
panels. It is likely that the aggregation of contaminant particles into larger clusters results
in their detachment by the predominance of forces due to gravity over those that keep the
contaminant on the panel surface.

Unfortunately, the research did not foresee such an analysis, and the data collected do
not allow a definitive solution to the problem regarding quality and quantity. It is advisable
to continue conducting more detailed research in this area, which the authors encourage
other researchers to do. Only a sufficiently large pool of diverse measurements will allow
the verification of the phenomenon and its in-depth analysis.

The results of a test to check the effect of a layer of dirt on the surface of a PV module on
its electrical performance require separate discussions. As can be seen from the parameters
shown in Table 5, both measurements took place under identical irradiation conditions.
The only difference was the temperature of the module. As a result of washing, it dropped
by about 3 °C. After washing, the current and voltage values generated by the module
increase. The increase in voltage is due to the decrease in module temperature and is
transient [23]. The current, on the other hand, should decrease when the temperature
drops (silicon modules have a positive temperature coefficient of current). The fact that
the current has increased means that more sunlight is now reaching the photocells, i.e.,
washing the active surface of the module has had a positive effect. After washing, the power
generated by the module increased by 5.1%, but after taking into account the temperature
difference, the real increase in generated power was 3.8%. Similar values were recorded
the day after washing the modules involved in the experiment by analyzing the readings
from their power optimizers. Unfortunately, this phenomenon faded with time, analogous
to the aggregation of contamination on the modules. Already 3—4 days after cleaning,
there were no noticeable differences in the amount of energy produced by washed and
unwashed modules.

5. Conclusions

The measurement experiment, which lasted 11 weeks, provided a great deal of valu-
able information about the deposition of pollutants on photovoltaic modules. All the
conclusions presented below apply to the local, metropolitan weather conditions of the
city of Krakow. It should be added that the air in Krakow is characterized by some of the
highest levels of particulate matter in the atmospheric air both in Poland and in Europe.

e  Cessation of maintenance (washing) in a photovoltaic installation can lead to the accu-
mulation of natural contaminants of up to 700 mg/m? on the surface of the modules;

e The amount of pollution that accumulates is determined by local emissions and
weather conditions (wind speed and direction, as well as rainfall and its intensity);

e  Weekly deposition of contaminants on the surface of the modules is at a level of
100-200 mg/m2;

e  Changing the angle of inclination of the modules from 15° to 45° reduces the amount
of dirt settling on them by up to 60%. In addition, modules installed more vertically
are more easily self-cleaned by rain;

e  Slightly more (10-11% on average) contamination settles on modules with a black
backsheet, which may be due to their higher operating temperature;

e  Slightly more (on average up to 11%) contaminants settle on silicon polycrystalline
modules than on monocrystalline modules. This thesis could not be confirmed for all
modules involved in the experiment, but the trend is noticeable;

e  Much more dirt will settle on modules installed horizontally. In our tests, horizontal
modules collected, on average, 44.4% more dirt for Si-mono modules and 10.7% more
for Si-poly modules than vertical modules. It should be added, however, that these
two types of modules came from other manufacturers, and the front glass technology
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probably had a greater impact on the amount of dirt collected than the technology of
the photovoltaic cells used in the module;

e  The deposition of contaminants on module surfaces is not linear. The thickness of
the layer increases over time up to a certain point, only to fall back to a smaller value
afterward. The limited time of the experiment and the rains that occurred during the
experiment made it impossible to describe this phenomenon quantitatively;

e  The dry self-cleaning of the panels is quite dependent on the angle of the panel, which
allows a conclusion to be drawn about its gravitational nature;

e  For most modules, their horizontal installation increases the amount of dirt settling on
them and makes self-cleaning difficult. However, there are modules that, thanks to the
textured glass and frame design, become less contaminated when installed horizontally;

e Rainfall can clean the module’s surface quite effectively, however, leaving 20-40 mg/m?
of dirt on the module. To do this, the rain must be of sufficient intensity;

e  The washing or self-cleaning effect of the module is short-lived and usually disappears
after 3—4 days;

e Removing a layer of contaminants weighing 181 mg/m? from the surface of the
module increases its generated power by approximately 3.8%;

e  Exceptin cases of extreme soiling, the decision to wash the surface of the modules
must be made on economic grounds and by analyzing the weather forecasts for the
near future. The operating cost of the washing procedure must not exceed the profit
from the additional energy production of the washed modules;

e Itisadvisable to carry out a thorough study to analyze the influence of the deposition of
pollutants on PV panels on factors such as the qualitative, quantitative, and volumetric
structure of air pollutants, deposition time, panel and air temperature, wind speed and
direction, air humidity and precipitation and its parameters. In addition, the results
should be related to the type of panel surface and its slope.

Author Contributions: Conceptualization, ].T. and M.].; methodology, ].T. and K.B.; validation, J.T.,
M.]. and K.B.; formal analysis, M.].; investigation, J.T. and K.B.; resources, ]J.T.; data curation, K.B.;
writing—original draft preparation, J.T.; writing—review and editing, J.T. and M.].; visualization,
J.T., M.]. and K.B.; supervision, J.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The source data set can be obtained from the correspondence author
through individual queries sent to the e-mail address provided.

Acknowledgments: We gratefully acknowledge Environmental Physics Group at the Faculty of
Physics and Applied Computer Sicence, AGH University of Krakow for providing the meteorological
data collected on the AGH university campus (meteo.fis.agh.edu.pl).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Energy Market Agency. Statistical Information on Electricity, No. 9 (357); Ministry of Climate and Environment, Agencja Rynku
Energii S.A.: Warsaw, Poland, 2023. (In Polish)

2. ASmontas, S.; Mujahid, M. Recent Progress in Perovskite Tandem Solar Cells. Nanomaterials 2023, 13, 1886. [CrossRef] [PubMed]

3. Ahmad, N,; Liang, G.; Fan, P.; Zhou, H. Anode interfacial modification for non-fullerene polymer solar cells: Recent advances
and prospects. Infomat 2022, 4, €12370. [CrossRef]

4. Fraunhofer Institute for Solar Energy Systems. Available online: https://www.ise.fraunhofer.de/en/publications/studies/
photovoltaics-report.html (accessed on 10 November 2023).

5. Drabczyk, K.; Sobik, P.; Starowicz, Z.; Gawlinska-Necek, K.; Pluta, A.; Drabczyk, B. Study of lamination quality of solar modules
with PMMA front layer. Microelectron. Int. 2019, 36, 100-103. [CrossRef]

6. Jung,S.; Choi, W,; Kim, J.; Ko, J. Development of an anti-pollution coating process technology for the application of an on-site PV
module. Beilstein ]. Nanotechnol. 2019, 10, 332-336. [CrossRef] [PubMed]

7.  Bender, K. Analysis of Atmospheric Dust Fallout Shading on PV Cell Performance. Master’s Thesis, AGH University of Krakow,

Krakow, Poland, 2022. (In Polish).


https://doi.org/10.3390/nano13121886
https://www.ncbi.nlm.nih.gov/pubmed/37368318
https://doi.org/10.1002/inf2.12370
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
https://doi.org/10.1108/MI-12-2018-0087
https://doi.org/10.3762/bjnano.10.32
https://www.ncbi.nlm.nih.gov/pubmed/30800572

Energies 2023, 16, 7749 14 of 14

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

Quan, Z,; Lu, H,; Zhao, W.; Zheng, C.; Zhu, Z.; Qin, J.; Yue, M.A. A Review of Dust Deposition Mechanism and Self-Cleaning
Methods for Solar Photovoltaic Modules. Coatings 2022, 13, 49. [CrossRef]

Khan, R.A.; Farooqui, S.A.; Sarfraz, M.; Khan, M.H.; Lugman, M.; Khan Mohd, E. Dust Deposition on PV Module and Its
Characteristics. In The Effects of Dust and Heat on Photovoltaic Modules: Impacts and Solutions; Springer: Berlin/Heidelberg,
Germany, 2022; pp. 59-95. [CrossRef]

Jaszczur, M.; Teneta, J.; Styszko, K.; Hassan, Q.; Burzyniska, P.; Marcinek, E.; Lopian, N. The field experiments and model of
the natural dust deposition effects on photovoltaic module efficiency. Environ. Sci. Pollut. Res. 2019, 26, 8402-8417. [CrossRef]
[PubMed]

Wu, Z.; Zhou, Z.; Alkahtani, M. Time-Effective Dust Deposition Analysis of PV Modules Based on Finite Element Simulation for
Candidate Site Determination. IEEE Access 2020, 8, 65137-65147. [CrossRef]

Khaled, H.; Sumaiya Binty, Y.; Khan Tushar, M.S.H.; Barun, K.D.; Pronob Das, M.S.I. Effects of different environmental and
operational factors on the PV performance: A comprehensive review. Energy Sci. Eng. 2021, 10, 656—675. [CrossRef]

Shairi, N.A.S.; Ghoni, R.; Ali, K. Solar panel dust monitoring system. Eng. Heritage J. 2020, 4, 44-45. [CrossRef]

Luque, E.G.; Antonanzas-Torres, F.; Escobar, R. Effect of soiling in bifacial PV modules and cleaning schedule optimization.
Energy Convers. Manag. 2018, 174, 615-625. [CrossRef]

Campos, L.; Wilbert, S.; Carballo, J.; zu Kocker, ] M.; Wolfertstetter, F.; La Casa, ].; Borg, E.; Schmidt, K.; Zarzalejo, L.E,; Fernandez-
Garcia, A ; et al. Autonomous measurement system for photovoltaic and radiometer soiling losses. Prog. Photovolt. Res. Appl.
2022, 31, 1336-1349. [CrossRef]

Ribeiro, K.; Santos, R.; Saraiva, E.; Rajagopal, R. A Statistical Methodology to Estimate Soiling Losses on Photovoltaic Solar Plants.
J. Sol. Energy Eng. 2021, 143, 064501. [CrossRef]

Salamah, T.; Ramahi, A.; Alamara, K.; Juaidi, A.; Abdallah, R.; Abdelkareem, M.; Amer, E.; Olabi, A. Effect of dust and methods
of cleaning on the performance of solar PV module for different climate regions: Comprehensive review. Sci. Total. Environ. 2022,
827,154050. [CrossRef] [PubMed]

He, B.; Lu, H.; Zheng, C.; Wang, Y. Characteristics and cleaning methods of dust deposition on solar photovoltaic modules—A
review. Energy 2023, 263, 126083. [CrossRef]

Kawamoto, H.; Shibata, T. Electrostatic cleaning system for removal of sand from solar panels. ]. Electrost. 2015, 73, 65-75.
[CrossRef]

Zuiiiga-Cortes, F.; Garcia-Racines, J.D.; Caicedo-Bravo, E.; Moncada-Vega, H. Minimization of Economic Losses in Photovoltaic
System Cleaning Schedules Based on a Novel Methodological Framework for Performance Ratio Forecast and Cost Analysis.
Energies 2023, 16, 6091. [CrossRef]

Micheli, L.; Eduardo, F; Fernandez, E.F; Jorge, T.; Aguilera, ].T. Economics of seasonal photovoltaic soiling and cleaning
optimization scenarios. Energy 2021, 215 Pt A, 119018. [CrossRef]

Al Garni, H.Z. The Impact of Soiling on PV Module Performance in Saudi Arabia. Energies 2022, 15, 8033. [CrossRef]

Luboni, W.G,; Pelka, G.; Janowski, M.L.; Pajak, L.; Stefaniuk, M.; Kotyza, J.; Reczek, P. Assessing the impact of water cooling on
PV modules efficiency. Energies 2020, 13, 2414. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/coatings13010049
https://doi.org/10.1007/978-3-030-84635-0_3
https://doi.org/10.1007/s11356-018-1970-x
https://www.ncbi.nlm.nih.gov/pubmed/29675822
https://doi.org/10.1109/ACCESS.2020.2985158
https://doi.org/10.1002/ese3.1043
https://doi.org/10.26480/gwk.02.2020.44.45
https://doi.org/10.1016/j.enconman.2018.08.065
https://doi.org/10.1002/pip.3650
https://doi.org/10.1115/1.4050948
https://doi.org/10.1016/j.scitotenv.2022.154050
https://www.ncbi.nlm.nih.gov/pubmed/35217056
https://doi.org/10.1016/j.energy.2022.126083
https://doi.org/10.1016/j.elstat.2014.10.011
https://doi.org/10.3390/en16166091
https://doi.org/10.1016/j.energy.2020.119018
https://doi.org/10.3390/en15218033
https://doi.org/10.3390/en13102414

	Introduction 
	Materials and Methods 
	Object of Study 
	Weather Background 
	Methodology of Measurement 
	Checking the Effect of the Dirt Layer on the Electrical Performance of the PV Module 

	Results 
	Discussion 
	Conclusions 
	References

