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ABSTRACT

Experiments of soiling effects on the performances of a PV panel have been performed using dust collected from
two sites in the region of Agadir-Morocco. The optical transmittance of the front glass was found to depend on
the nature and density of dust. The nature of dust was studied by means of scanning electron microscopy and
energy dispersive x-ray spectroscopy. It was found that the granulometry of dust particles depends on the study
area. For a dust density of around 20 g/m?, the maximum power Pmax of the solar panel decreases drastically
from 30 to 20 W for the (HP) site, and no more than 14 W for the (AD) site. The diversity of the behavior of
the soiled panel was explained in terms of the size of the particles collected from each area. The transmission
of light across the front glass of the PV panel is more affected when the sizes of particles are small.
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1 Introduction

Morocco is strongly affected by climate change (CC), suffering a strong vulnerability to global warming,
with the forests, agriculture, fishing, water supplies, and tourism being among the most vulnerable
ecosystems. For instance, Morocco, which hosted the Climate Change Conference COP22 in 2016 has
signed the COP21 Paris Agreement, aiming at keeping in this century a global temperature rise well
below 2°C [1]. The adoption of a new green energy policy will enable the country to benefit from an
abundant solar energy potential estimated to be up to 3.000 h of sunshine per year, which is equivalent to
more than 6.5 KWh/m?/day. This will contribute to a significant drop in the country’s GHG emissions. To
achieve this goal, Morocco is planning to reach a share of renewable power generation, as high as 52%
of installed power from RE resources by the year 2030 [2]. Photovoltaic conversion of solar energy [3]
exhibits one of the best-levelized costs of electricity (LCOE) compared to other technologies. As a matter
of fact, grid parity is already a reality. The background of solar energy and its significant contribution was
intensively commented [4,5].

However, electrical energy production by PV modules is strongly affected by environmental factors,
such as solar irradiance, ambient temperature, humidity, seasonal changes, dust, wind speed and direction
[6], tilt angle, orientation, elevation, seasonal tilt adjustment, and installation location, which are critical
for PV module performance [7]. One of the most important factors affecting the photovoltaic module’s
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degradation is the accumulation of dust on the surface of the module, which leads to a large energy loss
during extended use [8]. Moreover, the continued accumulation of dust can damage the layers of the
panel, reducing the performance and lifetime of the solar panel.

The impact of atmospheric dust on incident solar radiation in Morocco was reported by several studies
[9,10]. So far, no past studies have focused on the influence of dust deposited on the panels installed in
Agadir, on the efficiency of solar PV modules. To assess the effect of dust deposition on the productivity
of solar panels, detailed information on the physical and chemical properties of dust is required [11].
Indeed, dust deposition on PV panels and its effect are related to local soil composition and industrial
activities [12]. Moreover, extremely fine airborne particles are carried by the wind from distant areas and
should be taken into consideration. The composition of dust in desert areas is almost mineral, dominated
by quartz (SiO,), calcite (CaCOs3), and hematite (Fe,O3) [12]. The performance of PV panels depends on
the amount of dust covering their surface [13]. For example, it was found that a significant loss of about
9% in the average daily power [14].

This paper aims to investigate the structural, chemical, and physical properties of dust collected on the
ground of the Agadir-Morocco region. The novelty of this research is to perform a complete physical-
chemical analysis of the dust particles deposited in the study area, to understand their effect on the
performances of PV panels. This document is structured as follows. Section | introduces and discusses
several previous studies published and related soiling effects. The study area is presented in Section 2.
Section 3 is devoted to the sample characterization techniques. Finally, Section 4 summarizes the physical
properties and chemical composition of the dust, and its interaction with the solar panels under the solar
conditions of the study area.

2 Study Area

The region of Agadir, the district capital of Souss-Massa, is located on the southern Atlantic side of
Morocco in the foothills of the Anti-Atlas. The area chosen for our investigations is situated at the
following geographical coordinates: 30°25’ North, and 9°36" West. The type of dust targeted was
collected from two sites in the plain of Souss-Massa, namely: the site of Adrar AD (30°25'37.6" N, 9°32’
24.1" W) and the site of Halieutic-Park HP (30°24'48.4" N, 9°24'04.5" W) (Fig. 1).
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Figure 1: Geographical position of the study area

Besides the interesting solar potential ranging from 5 to 5.3 kWh/m? [15], the study area is hosting
intensive industrial, touristic and agricultural activities. Such activities are likely to contribute to the
soiling of PV panels.

3 Experimental Procedures and Methodology

In order to study the optical and chemical properties of dust, deposited on solar panels, two soil samples
were collected from the area of Agadir-Morocco in the Souss-Massa plain. The following experimental
protocol was adopted. Upon collected, the dust samples were sieved to get a fine powder of less than
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100 pum particles in diameter [16]. The particles were then placed on the solar module SX330J as atest panel.
Table 1 shows the electrical parameters of the PV module supplied by the manufacturer.

Table 1: PV panel SX330 parameters at STC (1000 W/m? and 25°C)

Parameters Value

Pmax: Experimental maximum power (W) 30 W

Vmp: Maximum voltage (V) 16.8 V

Imp: Maximum current (A) 1.78 A

Isc: Short-circuit current (A) 1.94 A

Voc: Open-circuit voltage (V) 21.0V

o: Isc Temperature coefficient (0.065 +0.015)%/°C
pB: Voc Temperature coefficient —(80+£10) mV/°C
Temperature coefficient of power —(0.5+0.05)%/°C

Two analytical techniques were used to reach the physco-chemical properties of the collected dust.
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The morphology of
the particles, and their chemical composition were studied using a JeolEO100 equipped with a Jeol EDX
detector. The size and the mass percentage of the main constituents of each sample, such as quartz
silicates Si,0, and the oxides (CaO, Al,03, MgO, K,0, TiO,, Fe,05, FeO, P,Os) were calculated. The
influence of the deposited dust on the panel was assessed by the measure of the optical transmittance
(Fig. 2) of light across glass samples covered by dust. JASCO V730 UV-Vis spectrophotometer was used
to compare the evolution of optical transmittance of light (300 to 1100 nm) as a function of dust density
[17]. For this purpose, three samples of tempered glass, with different thicknesses of 1.2, 1.8, and
2.4 mm. The evolution of PV module performances as a function of dust density is performed with an
Arduino UNO board, as a unit of acquisition, control, and transfer of data (Ipv and Vpv), in real-time, to
a computer via the PLX-DAQ tool [18]. The Arduino module generates a PWM signal, then this signal is
injected into an RC filter to control the variation of the voltage VGS of the MOSFET [19].
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Figure 2: Methodology to assess the influence of soiling effects
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The measurements of the current /pv and the voltage Vpv of the PV output under test were performed using an
Arduino-compatible current and voltage sensors. The PV panel temperature is measured by a thermocouple, while
the irradiance is measured by a FI 109SM solarimeter. The experimental conditions are summarized below:

1-Irradiation: 890 w/m?,

2-Temperature of the panel between 25°C to 28°C,

3-Normal incidence of light is on the solar panel,

4-Size of the dust considered in the study is less than 100 um.

The deposition of the dust was assumed to be uniform on the panel.

Much attention has been paid to the accuracy of the used methods in this study. For the optical
investigations, spectral measurements were performed several times and were found to be reproducible.
More details on scanning electron microscopy and UV-Vis spectroscopy can be found in [20].

The tool developed to the acquisition of electrical has undergone a calibration process based on a digital
multimeter tester DGM-360 [21]. This device exhibits a resolution on the voltage of 0.01 V in the range of
4 to 60 V and on the current intensity a resolution of 0.001 A for intensity measurements up to 6 A. The
uncertainty given by the manufacturer is 0.02% [22].

4 Results and Discussion

4.1 Optical Transmittance of Tempered Glass without Dust

Fig. 3 shows optical transmittance and absorption spectra recorded on three samples of glass, in order to
understand the effect of thickness on the optical properties.
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Figure 3: Absorption and Transmittance of three glass samples vs. wavelength

According to the results of Fig. 3, we can discern that the optical transmittance of the samples decreases
when the thickness increases, while the absorption of the samples increases. As the average thickness of solar
panel front glass is about 2—4 mm [23-25], the glass sample with a thickness of 2.4 mm was selected to
assess the effect of dust on optical transmittance and absorption.

4.2 Optical Transmittance of Tempered Glass with Dust

In this section, an amount of dust of 3.45 g/m?, was collected from the two areas previously mentioned.
A pedological study was previously carried out by Watteeuw et al. [26]. The type of soil in the Adrar area
(AD) is different from the type of soil in the Halieutic-Park area (HP).

Fig. 4 shows the influence of soiling on the transmittance and absorption spectra of three samples.
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Figure 4: Evolution of the transmittance factor T (%) vs. wavelength

These results show the impact of soiling on optical transmittance. A net drop in transmittance is
observed depending on the origin of the dust. A granulometric and chemical study was performed to
compare the nature of the components of the two dust samples.

4.3 Granulometric Study of the Dust

A granulometric study [27] based on the classification of the particles of each sample after sieving was
performed. Soil particle size analysis involves the determination of the proportion of particles of different
sizes. This method is usually used to determine particle size in soils, sediments, and solid wastes [28]. A
portion of the sample is separated by shaking on a series of stacked sieves; the contents of each sieve are
then balanced. The fraction of the sample collected by each sieve is then related to the total sample
weight [29]. Tables 2 and 3 show the results of dust size depending on the weight upon a series of
sieving steps of 100 g of each dust sample,

Table 2: Dust size distribution in (AD) sample

Sieve (mm)  Weight (g)

1 1.45
0.8 0.93
0.63 1.33
0.5 2.14
0.4 2.59
0.315 5.29
0.25 3

0.2 3.37
0.16 4
0.125 10.18
0.1 7.76
0.08 18.36
0.063 17.83
0.05 9

<0.05 9.61
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Table 3: Dust size distribution in (HP) sample

Sieve (mm)  Weight (g)

1.25 3.5

1 2.21
0.8 2.38
0.63 3.05
0.5 4.07
0.4 5.26
0.315 9.58
0.25 5.69
0.2 6.88
0.16 6.02
0.125 10.06
0.1 5.28
0.08 13.7
0.063 13.04
0.05 3.59
<0.05 4.27

According to Tables 2 and 3, the load of dust existing in the Adrar (AD) sample is higher than its
counterpart in the of Halieutic-Park (HP) sample. This observation may answer the difference in optical
transmittance shown in Fig. 4.

The histograms of Figs. 5 and 6 led to similar conclusions. Indeed, the percentage of particles with a
diameter lower than 100 um was 8.90% for dust in (AD) sample compared to only 5.60% in the case of
dust in (HP) sample.
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Figure 5: Histogram representing the percentage of each particle size for HP dust

Table 4 shows that the average particle size of dust in the Halieutic-Park (HP) area is too much larger
than in the Adrar (AD) area. These findings are responsible of the difference in optical transmittance reported
previously. The small dust particles tend to block more light with fewer voids and therefore contribute more
to the weakening of optical transmittance and therefore the lowering of the PV panel performances [30].
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Figure 6: Histogram representing the percentage of each particle size for AD dust

Table 4: Average particle size in each sample

Sample Average particle size
Halieutic-Parc (HP) dust 170 pm
Adrar (AD) dust 98 um

4.4 Chemical Composition of the Dust Studied

The size and distribution of the dust have a major impact on the shading effect and therefore on the
degradation of PV performance, as small particles tend to block more sunlight radiation, with less void
between particles, and therefore contribute more to the deterioration of PV performance [30]. This can be
explained by the fact that smaller particles are more uniformly distributed than larger particles [31],
resulting in greater light scattering, especially at low intensities [32].

Fig. 7 shows the morphology of the two dust samples, obtained by scanning electron microscopy. These
micrographs indicate that the average size of the grains in picture (a) related to the dust of (HP) sample is
bigger than that of image (b) which represents the dust of (AD) sample.

SED  8.0kV WDImm P.C63 HV x160 100pm SED  8.0kV WDOmm P.C.63 HV
CRS_FSA_UIZ 0002 CRS_FSA_UIZ

Figure 7: SEM micrographs of dust, (a) Halieutic-Parc (HP) dust, (b) Adrar dust (AD)
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Tables 5 and 6 show the mass ratio of oxides in both samples (AD) and (HP), recorded from the five
zones on the surface of each sample as shown in Fig. 7. These results illustrate that the main constituents
of the dust are quartz silicates Si,O, calcium oxide CaO and oxides (Al,O3, MgO, K,0, TiO,, FeO_ P,0s).

Table 5: Weight-ratio of oxides in (AD) dust

Ca0 MgO ALLO, Sio, P,0; K,O FeO
Zone 1 4.98 0.65 12.14 73.15 00 8.22 0.43
Zone 2 4.80 2.15 19.57 39.22 2.66 3.34 10.94
Zone 3 22.84 2.95 16.19 33.35 00 2.87 16.78
Zone 4 4.75 2.70 20.62 39.47 00 3.06 26.83
Zone 5 1.63 7.05 25.37 43.22 00 434 18.40

Table 6: Weight-ratio of oxides in (HP) dust

CaO MgO A1203 8102 P205 Kzo FeO TlOz NaZO

Zone 1 4.44 1.80 18.79 50.17 00 4.05 0.43 00 00
Zone 2 3.34 2.21 28.37 37.93 2.77 1.71 10.94 00 00
Zone 3 13.28 1.99 29.24 46.26 00 2.50 16.78 00 00
Zone 4 2.38 1.99 25.25 51.31 00 4.88 26.83 10.72 00
Zone 5 1.07 1.41 25.26 49.77 1.68 0.64 18.40 00 2.77

The amount of the main oxides is slightly different. Silica oxide is the dominant compound in the two
samples (see Tables 5 and 6). So, we cannot explain the difference in optical transmittance by the variation of
the weight-ratio of the main oxides.

Fig. 8 depicts a comparison between the average mass percentage of quartz silicates Si,O, calcium oxide
Ca0, and oxides (Al,03, MgO, K,O, TiO,, FeO, P,0s) for the two samples. The share of the compounds
S1,0, Al,O3, P,Os, and K,O in the Adrar (AD) sample seems to be similar to that of the Halieutic-Park
(HP) dust. Bearing in mind that the silica compound is a transparent material, it does not then affect
significantly the transmittance of light. The drop of optical transmittance reported above cannot be related
to only the difference in chemical composition of the two samples. The size of particles is then a key
factor of the attenuation of the incident light due to dust accumulation and compacity. The transmission
of light across the front glass of the PV panel is more affected when the sizes of particles are small.
Moreover, dust deposition is influenced by wind and gravity (surface slope) in addition to other removal
and adhesion factors [33]. The degradation of a PV panel performances can be even worse in high
humidity conditions when small dust particles adhere to the PV surface and form sticky layers that resist
to removal by wind forces [34].

Figs. 9 and 10 show the peak intensity of the main chemical elements in our two dust samples.

The main chemical elements (atoms) present in our samples are O (49%), Si (25%), Al (9.78%),
Fe (8.11%), C (4.17%), Mg (1.59%), K (1.08%), Ca (1.05%), and Ti (0.67%). The proportion of these
elements is similar in the two samples. Therefore, the chemical composition of seems to not strongly
influence the optical losses caused by dust accumulation on the front glass of PV panels [35,36]. Dust
size distribution is a major factor that controls the optical properties and then the performances of soiled
solar panels.
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4.5 Size Distribution of the Studied Dust

The morphology of the dust samples displayed in Fig. 7 illustrates the difference in shape and size of the
particles in the two samples. Considering that in our investigation the attention is given to the particle’s sizes
lower that 100 pm, as investigated by several authors [37]. The properties of dust in the atmosphere,
including particle size distribution, shape, and chemical composition, can vary considerably from one
location to another. The composition of dust in the air can be expected to be strongly related to the
composition of dust on the ground in the local area.

On the other hand, light transmission losses caused by dust accumulated on the glass surfaces of solar
panels, are strongly influenced by the particle size distribution with significantly increased losses per
accumulated dust mass for smaller particles [38]. Fig. 11 provides information on the mass of particles in
each sample according to the size of the dust.
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Figure 11: Weight percentage of particles in each sample according to the size

Here we notice that the Halieutic-Park (HP) sample contains heavier particles than the Adrar (AD)
sample. This observation confirms the optical results reported previously. The density of dust in a sample
of 100 g, which size is ranging between 0 and 100 um in the Adrar area, is higher than that of a sample
of the same mass from the Halieutic-Park area. Small particles are expected to block more light with less
space, and therefore contribute more to the drop of the PV performance [39].

4.6 Influence of Soiling on Solar Panel SX330J Performances

The drop in power output caused by the accumulation of dust on the photovoltaic module surface is a big
issue as reported by several authors [40,41]. Figs. 1215 show the evolution of the maximum power recorded
on a PV module soiled at various dust densities: 5, 10, 15, and 20 g/m>.

Fig. 16 presents the maximum power of the PV panel SX330J with the dust weight of (AD) and (HP) site.

The salient feature of our investigations is a clear decline in the maximum power output. Pmax decreases
non-linearly with dust density. Our results are in good agreement with several works published by other
authors [42—44]. The maximum power P, of our solar panel drops off from 30 W to only 20 W when
the dust density is around 20 g/m? in the case of (HP) dust, and as weak as 14 W in the case of the AD
dust. The observed behavior is correlated to the difference in dust distribution. Indeed, the size and
distribution of the dust have a major effect on the degradation of PV performance, as small particles tend
to block more sunlight radiation, with less space, and therefore contribute more to the deterioration of PV
performance [30]. This can be explained by the fact that smaller particles are more uniformly distributed
than larger particles [31], resulting in greater light scattering, especially at low intensities [32]. The huge
loss (more than 50% in our case) of the generated PV power is a key factor of uncertainty and risk for
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solar production. As reported by several authors, less than 10% loss is the threshold for the need for cleaning.
Such operation is inescapable for the recovery of the power [45,46].
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Fig. 17 shows the variation of the conversion efficiency () of our PV module with the dust density for
each study site.

An important drop off efficiency is recorded upon soiling depending on the density of dust. Our results
are in good agreement with other reported works [47—51]. The efficiency n decreases from 15.20% to 10.11%
non-linearly for dust accumulation in (HP) site while in the case of the dust of (HD) site, the efficiency
decreases from 15.20% to 7.52%. In this later case, the efficiency was found to vary exponentially.
Similar results [52] were reported for values of the dust density higher than 1.5 g/m?.
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Figure 17: Variation of the solar panel efficiency with dust weight. (a) (HP) dust, (b) (AD) dust

5 Conclusion

This study deals with the influence of soiling on a PV panel. The experiments were conducted in the
region of Agadir-Morocco. Dust from two sites was collected and used to assess its influence on the
performances of a PV panel. It has been shown that soiling drastically affects the output of the PV panel.
A drastic drop in the maximum power (P..,) was measured upon covering the PV panel with dust
depending on the nature of the dust. Pmax decreases from 30 to 20 W for the (HP) site, and no more than
14 W for the (AD) site. The difference in this behavior was explained by the difference in the size of
particles collected from each area. The transmission of light across the front glass of the PV panel is
more affected when the size of particles is smaller. Our findings are in good agreement with the
theoretical studies published in the literature.
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