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Abstract
Photovoltaic solar technology is undergoing remarkable progress and occupies an important place
among the most used renewable energies. In the present study, the in�uence of dust, wind and rain on the
performance of a photovoltaic system operating in Arequipa - Peru was evaluated. To determine the
e�ciency of photovoltaic panels in�uenced by external factors, a photovoltaic system was designed and
installed, voltage, electric current, solar irradiance and temperatures were measured. For the dirt tests,
three types of dust were used to simulate the atmospheric dust of the city: cement, ashlar (volcanic
stone) and clay dust were used. The parameter considered for the deposition of the powders on the
panels was surface density (g/m2). The particle size was determined by granulometry, the samples were
analyzed by scanning electron microscopy and energy dispersive spectroscopy (SEM / EDS), obtaining
spectra, microphotographs and chemical composition.

For the wind factor, three speeds were determined within a range of average speeds recorded in urban
areas, and tests were carried out in natural rain conditions. The results show that from 06:00 a.m. to 5:30
p.m. the energy generation e�ciency of the photovoltaic panels decreases due to the increase of dust
deposition. As well, it is shown that the in�uence of the wind increases e�ciency slightly and that the
performance of photovoltaic panels is directly in�uenced in rainy conditions.

1. Introduction
Nowadays, photovoltaic systems that convert solar energy into electricity [1] are being used to meet the
growing demand for electricity worldwide. Using photovoltaic cells to convert solar energy into electricity
is a clean and sustainable way of producing energy. Predominant solar technologies use crystalline
silicon (polycrystalline and monocrystalline) as a semiconductor material [2].

The performance of photovoltaic systems is affected by internal and external factors, such as weather
conditions, solar radiation, temperature, wind speed, wind direction, structural characteristics, aging,
shades, pollution, dust, and cleanliness; it is thus of vital importance to consider these factors when
implementing a photovoltaic installation [3,4].

The power generated by a photovoltaic system is estimated by manufacturers under standard test
conditions (STC), which require the module to be tested at a temperature of 25°C, with an air mass at a
spectral distribution of AM1.5 and an irradiance of 1000 W/m2. However, these conditions are different
from those the module will be exposed to in the outdoors, therefore, it is essential to analyze the external
parameters that can affect the performance of these systems [5].

Several technical and environmental problems limit the capacity of obtaining maximum power from
photovoltaic panels. One of the main problems is the deposition of dust on the surface of photovoltaic
panels [6]. Different research studies have evaluated the effect of dirt on photovoltaic panels, showing
that there is no direct correlation between the reduction in the system’s e�ciency and exposure time,
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because this factor depends on the location, pollution levels and amount of dust or accumulated dirt
[7,8].

Some articles have evaluated the performance of photovoltaic systems using clay, evaluating the
physical properties of different dust particles (cement, limestone, carbon), demonstrating that dirt has an
in�uence on the decrease of photovoltaic panels performance [7–10]. Air, humidity and temperature,
besides wind speed, play an important role in de�ning isolated dust and the way it will accumulate on top
of the photovoltaic cells [3].

The surface temperature and the performance of photovoltaic cells are affected by the wind, since it can
cause temperature variations within the photovoltaic modules [11]. Various experiments carried out in
wind tunnels have analyzed the effect of wind speed on the performance of photovoltaic cells, showing
that, for example, drops in performance due to dust accumulation are greater as wind speed increases
[30], moreover, wind speed plays a role in e�ciency variations for differently mounted modules, as shown
by an article that evaluated two photovoltaic modules (monocrystalline and polycrystalline silicon) under
controlled conditions in a wind tunnel in the presence of an arti�cial solar simulator [25]. Different wind
speeds and attack angles were applied to a ground-mounted photovoltaic panel in a wind tunnel, tested
at 15° and 23° inclinations in an open terrain [12]. Another study evaluated photovoltaic panels installed
on building roofs. It determined that wind, temperature and electrical performance patterns are
considerably affected by mounting, although better ventilation does not automatically guarantee higher
electrical performance, since, in most photovoltaic modules, the cells are connected in series, and the
operating temperature mainly in�uences the open circuit voltage of the entire module, therefore letting the
output power be determined by the behavior of each individual cell [26].

Studies show that in rainy periods, water cleans the dusty modules and restores their normal
performance: even light rains are enough to clean the panel, reducing the amount of dust accumulated.
The amount of rain required for full recovery of module performance in intense agriculture areas is of 0.5
mm [13]. However, during long periods without rain, like summer, dust accumulation decreases panels’
performance [27].

Different tools are used to characterize the elements that affect the performance of photovoltaic panels.
Scanning electron microscopy / energy dispersive X-ray spectroscopy (SEM / EDS) is a useful technique
to determine the morphology and chemistry of various materials and individual particles [14]. The
applicability of SEM / EDS for the characterization of different dust samples has been demonstrated in
recent studies which have analyzed environmental dust [28], the presence of antimony and bromine in
high impact polystyrene polymers [15], the water content in powder derived from cement kilns [16], the
composition of demolished materials and the risks they represent to health [29], among others.

In Peru, the climate of the region of Arequipa is varied, due to the different geographical areas that
compose its territory: the region has a temperate dry climate (mountains) and a temperate cloudy climate
(coast). Heavy precipitations increase in the months from November to March, which reduce the amount
of dust particles that accumulate in photovoltaic panels, as opposed to light rain, which affect the
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performance by favoring the adhesion of dust particles to the panel. In Arequipa, three sources that
generate dust particles that can accumulate in panels as a form of dirt have been identi�ed. Among these
we have cement, ashlar (volcanic stone) and clay (from brick production).

The objective of the present research study is to evaluate the e�ciency of photovoltaic panels in the city
of Arequipa, the in�uence of wind, rain and the accumulation of dust particles of cement, ashlar and clay,
as well as the analysis of the chemical composition of the dust through scanning electron microscopy /
energy dispersive X-ray spectroscopy (SEM / EDS).

2. Materials And Methods

2.1. Photovoltaic module
For the experiment, two new monocrystalline photovoltaic panels (same manufacturing batch) were
used. Table 1 details the technical speci�cations of the panels according to the manufacturer. Both
panels were tested before the experiment (open circuit voltage - Voc and short circuit - Isc) to ensure
optimum performance.

Table 1. Photovoltaic panels technical speci�cations.

Parameter Value

Brand, model Intipower, CYC90-12

Maximum power in STC* (P max) 90 W

Open circuit voltage (Voc) 21.2 V

Short circuit current (Isc) 5.86 A

Maximum power voltage (Vmp) 17.2 V

Maximum power current (Imp) 5.23 A

System’s maximum voltage 600 V DC

Area 0.648 m2 (1200 mm x 540 mm)

(*STC: 1000 W/m2, AM1.5, 25 °C)

Both photovoltaic panels were placed on the roof of a building, with no shade, facing north and with an
inclination of 0°, which guaranteed homogeneity in dust accumulation. A reference panel (kept always
clean) and a test panel (with dust accumulation, under the in�uence of wind and rain) were used.

For the determination of the electrical load, each of the photovoltaic panels fed an electrical load of 130
W (maximum power) in 24 V in direct current.
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The measurement of solar irradiance on the photovoltaic panels was performed using a pyranometer
(Model SP-110-SS; Sensitivity of 0.2 mV W/m2; Brand: Apogee Instruments) that measured the global
irradiance.

The electric current was determined with a current meter that works with a Hall effect sensor (Model
ACS712ELCTR-20A-T; Sensitivity of 100 mV/A; Arduino), connected to the data acquisition system (DAS)
(Model 34972A LXI Data Acquisition/Switch Unit; Keysight Technologies), which allowed the acquisition
of current, voltage, resistance, frequency and temperature RTD signals.

Temperature was measured using Te�on-coated 0.1mm diameter K-type thermocouples. Uncertainties
were calculated using the Kline McClintock method [17] (Table 2).

 Table 2. Studied uncertainties.

Parameter Unit Uncertainty (%) Reference

Solar irradiance W/m2 ± 0.5 Instrument

Area M ± 0.3 Instrument

Electric current A ± 0.5 Instrument

Voltage V ± 0.1 Instrument

Temperature ° C ± 2.5 Instrument

Wind speed m·s-1 ± 3 Instrument

Solar power W ± 0.6

PV Electric power W ± 0.5

PV Electric e�ciency W/W ± 0.8

The photovoltaic panels were exposed to solar radiation (Fig. 1). The tests were carried out from October
2018 to March 2019 from 06:00 a.m. to 05:30 p.m. to obtain representative results.

2.2 Dirt factor evaluation
The dust or dirt deposited on the surface of the PV panels was characterized by its density (g/m2) and its
particle size [9]. The determination of the effect of dirt on e�ciency depends on the location, that is, it is
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related to the environmental pollution of the air in the studied area, therefore, it is not possible to
generalize a type of dirt for all cases [18]. Different places can have different types of particles
suspended in the atmosphere, and this can have an effect in the reduction of the solar radiation that
reaches the panels [31].

The main sources of air pollution in the city of Arequipa come from activities such as brick and cement
production and ashlar quarries. In brick production, clay is generally used as a raw material [19], cement
is the main element used in urban buildings and is present in the air in different concentrations [9], and
ashlar, material of volcanic origin, traditional in Arequipa’s architecture, is extracted from several quarries
where they are also cut and carved, generating �ne ashlar particles found in the environment due to wind
[20]. Concerning photovoltaic panels’ e�ciency, studies determined that if the dust particles are smaller,
the e�ciency losses are greater, due to their uniform distribution or deposition on the surface of the panel,
therefore, the light that can attain the cells is less than for larger particles deposits [21]. According to the
literature, the size of particles in the atmosphere varies between 1 µm and 100 µm.

Based on the previously explained arguments, clay, cement and ashlar dust samples were used. The size
of these dust samples was less than <75 µm. To determine the particle size of the powders, ASTM C 136 -
01 “Standard Test Method for analysis of �ne and coarse aggregates through sieving” and ASTM C 117 -
95 “Standard Test Method for material �ner than No. 200 mesh (75 µm) in mineral aggregate through
washing” were reviewed. For particle size analyzes, a quantity of powder was added to a No. 200 mesh
screen (75 µm) and stirred manually. The collected powder was used for the study.

A Quattro S Thermo Scienti�c Scanning Electron Microscope (SEM) with UltraDry Thermo Scienti�c
Energy Dispersion Spectroscopy Detector (EDS) was used to perform an image characterization and
determine the morphology and the chemical composition of the powder under study.

The indicator that best re�ected the deposition of dust accumulated on a panel was the surface density
(g/m2) [8,9]. In accordance with what was reviewed, 5 g/m2, 15 g/m2, 25 g/m2 and 35 g/m2 densities
were selected, the surface area of the panels under study was determined, as well as the amount of each
powder that would be used (<75 µm). Subsequently, each type of powder was placed manually, using
around a 1 m high cardboard cover around the panel which prevented the loss of dust. The suspended
particles were deposited on the surface of the photovoltaic panel by the effect of gravity (Fig. 2).

2.3 Wind factor evaluation
The evaluation of the effect of the wind was carried out using an industrial fan with three power settings
(52 W, 58 W, 73 W). To homogenize the wind speed and to distribute it evenly on the panel, a cover was
placed around the fan (Fig. 3). The wind speed generated by each fan power level was measured using
an anemometer. The wind speeds were 3.6 m/s, 3.9 m/s and 4.1 m/s, respectively.
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2.4 Rain factor evaluation
The evaluation of the effect of rain was carried out under natural rain precipitation conditions. Rain
affected the performance of the photovoltaic panel during energy production since clouded skies
generally cause a drop in solar irradiance

3. Results And Discussion

3.1 Preliminary performance tests
Figure 4 shows the comparison of e�ciency for both clean panels. The e�ciency of the reference and
test panels was very similar: the maximum e�ciency was 11%. The results are shown for a typical
summer day in the city of Arequipa (November-December), during which the maximum solar irradiation
(11:48 h) reached values of 1001 W/m2.

3.2 Dirt factor test
In the present study, the particle size of the clay dust, ashlar and cement samples was determined (<75
µm) through granulometry. Subsequently, the samples were prepared and analyzed using scanning
electron microscopy and energy dispersed spectroscopy (SEM/EDS) for image characterization and
morphology and chemical composition determination. The results obtained for each of the powders (clay,
ashlar and cement) are shown in Figures 5, 6 and 7, respectively.

Figures 5, 6 and 7 show the EDS spectra and SEM micrographs of the samples. The �gures indicate that
the dust particles are made up of elements of different shapes and sizes. The approximate diameter of
each one is much less than 75 µm.

Figure 8 shows the results of SEM/EDS, where the composition (in %) of the powders is shown. It was
found that for clay powder, carbon, oxygen, silicon and aluminum predominated, for cement, carbon,
oxygen, silicon, calcium and aluminum concentrations were the most important, and for the ashlar,
carbon, oxygen, silicon, aluminum and sodium were more present. The results coincide with percentages
determined in previous studies [22-24].

After performing several e�ciency tests for the types of powder under study, the established dust
deposition (surface density) of 5 g/m2, 15 g/m2, 25 g/m2 and 35 g/m2, the e�ciency of the reference
panel (Pr) and the test panel (Pp) was compared. Figure 9 shows that, for a 5 g/m2 surface density of
ashlar (<75 µm), there was a slight decrease from a maximum e�ciency of 10.8% (clean panel) to 9.4%
(dirty panel).

Figure 10 shows the variation in e�ciency with different materials (clay powder, ashlar and cement) in
different surface densities (<75 µm). It is observed that the e�ciency does not depend on the type of
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particle, this is because the dust particles cause the same decrease in e�ciency. The results show the
importance of cleaning and maintaining photovoltaic panels, mainly in areas where environmental
factors increase the adhesion of these particles on the panel surface.

3.3 Wind factor tests.
Figure 11 shows the performance results of the photovoltaic panel with different wind speeds at the
same ambient temperature. It is observed that increasing the wind speed slightly affects the e�ciency
[25]. It is also observed that, for the city of Arequipa, the wind speed is not a lever for e�ciency
improvement since, in urban areas, speeds do not exceed 4 m/s.

Figure 12 shows the temperatures on the panels for a wind speed of 4.1 m/s. Temperature number 2
corresponds to the part exposed to the sun and temperature number 1 corresponds to the bottom of the
panel. The reference panel shows higher temperature values than the wind-cooled panel: the cooling
process reduces the panel temperature by up to 20 °C. Literature indicates that temperature reduction
improves the useful life of photovoltaic panels. In the case of the panel air-cooled by forced convection, it
was observed that the temperature of the surface exposed to the sun was lower than the one of the lower
surface of the panel. It can be deduced that the convection effects are of greater importance on the upper
surface. Even though the test was carried out several times showing the same results, these values fall
within the uncertainty of the temperature sensors, it could thus be assumed that the temperature in the
upper and lower part of the panel are very similar.

3.4 Rain factor test.
Rain affects the performance of photovoltaic panels directly. The experiments to evaluate the in�uence of
this factor were carried out during the rainy season in Arequipa. Despite having studied several cases, in
all of them the appearance of rain implies extreme cloudiness that causes a drastic drop in solar
radiation. In Fig. 13, it is observed that since the rain starts at 14:24 h, the solar radiation falls drastically
from approximately 800 W/m2 to a value lower than 100 W/m2. The voltage and current fall to almost
zero, consequently, the electrical power falls as well.

Despite the fact that rain phenomenon reduces the solar radiation that attains the panels, solar radiation
is not reduced to zero, since there is still visibility.

In Fig. 14, the variation of the temperature under the effects of rain is observed. Before the rain begins, the
temperatures were approximately between 30 °C and 40 °C, when it started to rain, the solar radiation fell
and temperatures gradually decreased to stabilize at ambient temperature. Under these conditions, there
was no electricity production.

In Fig. 15, the variation in energy e�ciency in the presence of rain is observed. Solar radiation falls
drastically and consequently the e�ciency decreases to almost zero. Despite the fact that the rainy
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weather conditions improve the temperatures due to the cooling, solar radiation, which is in charge of the
electricity production decreases. In the presence of rain, electrical production is neglectable.

4. Conclusions
The present research study was carried out in the city of Arequipa. The impact of the accumulation of
clay, ashlar and cement dust particles, typical in the region, was evaluated, as well as the in�uence of
wind and rain on the performance of photovoltaic panels. Two new monocrystalline photovoltaic panels
were used: a reference panel and a test panel, both located in an exterior environment during the months
of the study. Before starting the tests, their e�ciency was evaluated, proving to be very similar.

The particle size of the clay, ashlar and cement dust samples was determined by granulometry and
analyzed by scanning electron microscopy and energy dispersed spectroscopy (SEM/EDS). The SEM
microphotographs showed that the dust particles have different shapes and size and the EDS spectra
indicated the chemical composition of the types of powder, which turned out to be similar to what had
been reported by other studies.

The e�ciency of the photovoltaic panel increases slightly when forced convection is applied, since it
reduces the panels’ operating temperature, but the increase in e�ciency is not signi�cant enough to be
applied in installations. The photovoltaic panels e�ciency is drastically reduced in the presence of rain
due to the cloudiness and hence, low radiation. Moreover, the e�ciency is reduced due to the in�uence of
dirt, showing that it is important to maintain the panels clean. When a panel is naturally ventilated, there
is an increase in its e�ciency, but if forced convection is applied, the e�ciency decreases, and energy
production costs would increase. Finally, in rainy conditions, the e�ciency of photovoltaic solar energy
decreases, therefore, the production of electrical energy is scarce.
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Figure 1
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Photovoltaic system installation scheme.

Figure 2

Dust sample deposited on the photovoltaic panel.

Figure 3

Diffuser design.
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Figure 4

Comparison of Pr and Pp e�ciencies (both panels were clean).

Figure 5

SEM/EDS results for clay dust (<75 µm). a) EDS spectra and b) SEM microphotography.
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Figure 6

SEM/EDS results for ashlar dust (<75 µm). a) EDS spectra and b) SEM microphotography.

Figure 7

SEM/EDS results for cement dust (<75 µm). a) EDS spectra and b) SEM microphotography.
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Figure 8

Chemical composition of the analyzed dusts (in percentage) (<75 µm) obtained through SEM/EDS.

Figure 9
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Pr and Pp e�ciency in the presence of 5 g/m2 of ashlar dust (< 75 µm).

Figure 10

Average e�ciency for different cement, ashlar and clay dust deposits (< 75 µm).
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Figure 11

Photovoltaic panels average e�ciency with wind in�uence.

Figure 12

Temperature of the panels in�uenced by wind at a speed of 4.1 m/s.
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Figure 13

Rain tests, behavior of the electric parameters of the panel.
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Figure 14

Rain tests, temperature variation.
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Figure 15

Rain tests, energy e�ciency.


