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Abstract: Of the different renewable sources of energy, photovoltaic energy has one of the highest
potentials. In recent decades, several technological and research advances have contributed to the
consolidation of its potential. One current photovoltaic energy research topic is the analysis of
the impact of sediments on the panels’ performance. The development of models to predict the
performance of panels in the presence of sediments may allow for better decision-making when
considering maintenance operations. This work contributed to the investigation of the influence of
sand on the production of photovoltaic energy in cadmium telluride (CdTe) panels. Six panels of
this type with different colors and transparencies were experimentally tested with and without the
presence of sand. The impact of the sand on the cells” performance was evaluated by analyzing the
change in the IM5P model’s parameters and in the power, efficiency, and fill factors. The experimental
results show different negative impacts on the output power of the CdTe panels, from —14% in the
orange panel to —36% in the green panel. Based on this study, the development of a model capable
of predicting the effect of the sand on these panels was introduced. The developed model was
validated experimentally, with a maximum deviation of 4.6%. These results can provide support for
the decision-making around maintenance activities and for the development of new techniques to
avoid sediment deposition on CdTe panels.

Keywords: 1IM5P model; cadmium telluride (CdTe) solar cell; dust effect; photovoltaic solar cell;
solar energy

1. Introduction

The enormous potential of photovoltaic (PV) technology, combined with advances in
this field of research over the last few decades, has led to the development of several studies
that promote improvements in the efficiency of solar panels [1-4]. However, photovoltaic
performance is still highly dependent on environmental factors, such as temperature,
irradiance, humidity, and sediments in the PV modules or energy losses in the auxiliary
components of the PV system [1,5-7]. Thus, it is important to evaluate the impact of
environmental conditions on the performance of photovoltaic technology.

In [5], a comprehensive review of the impact of dust on solar energy was conducted.
This study concluded that, in moderate dust conditions, a PV system may lose between
15% and 30% of output power due to dust. This effect is increased in urban areas, where
the efficiency of PV systems is also affected by atmospheric pollution and the deposition
of sediment on solar panels [8-10]. For example, in [11], it was verified that 5% of energy
production is lost in a 5 kW rooftop power plant due to the deposition of sediments after
one week of operation. Additionally, [12] presented the average sediment concentration in
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some famous cities. Several experimental analyses might be carried out by emulating not
only the temperature and irradiance in those cities but also the average dust deposition
on top of the panels. Then, one must find more rigorous scenarios and, consequently, this
will allow the development of more optimized maintenance plans and reduce the costs
of projects. Furthermore, once this problem had been understood in more detail, some
technological solutions have appeared, mainly around enhancing the materials” optical
properties to mitigate the dramatic consequences of sediments deposition [13].

It is also necessary to point out that there is a high interest in installing PV energy
generation in desert or arid regions, as they present the best conditions for horizontal global
irradiance [14,15]. However, in these regions, PV systems will face not only an increase in
temperature but also additional deposition of sediments, creating unfavorable conditions
for PV production [5,16]. In [17], the authors analyzed the impact of dust in a semi-arid
climate in Morocco. Results showed that, after 30 days of exposure to dust, the efficiency of
a PV system decreased by 4.4% and that, after 8 months of exposure, without cleaning, the
decrease was by 27%. In most cases, dust storms cause losses during some days, leading
to huge power losses, as much as 30%, as verified in [10]. Additionally, ref. [10] suggests
that if one does not clean the panels, the power losses after the storm are higher due to the
sediment deposition (3% higher in this case). Therefore, the mitigation of these effects on
the operation of PV systems is a current challenge for all operators and for the development
of new PV projects.

The impact of these conditions on the performance of PV energy generation can be
predicted by the development of supporting models. The development of models capable
of predicting the effects of dust and sediments on the performance of PV panels is a
current state-of-the-art methodology to mitigate these effects [14,15,18]. These models may
allow for better decision-making during the PV systems projects or during the planning
of maintenance operations [8,19-22] and also in the development of active and passive
technologies to mitigate these effects [23]. For example, in ref. [21], a review of strategies
to mitigate the effect of sediments on PV panels was carried out, in ref. [22], a reliability
analysis was performed on the degradation of different PV modules, and in ref. [§], a
review of cleaning methods for PV modules was conducted. Another point of view is to
categorize sediments in different clusters according to their impact on the performance of
solar cells, namely due to their chemical, physical and optical properties [18].

Regarding the analysis of sediments and the development of models to estimate
their influence on PV systems, several studies have been carried out for silicon-based PV
technologies [14,15,24-27]. In [25], the authors proposed a model to predict the incidence
angle-dependent attenuation for relevant soiling levels. In [26], a single-diode model
was developed to consider the impact of environmental conditions on the PV panels’
performance. For CdTe PV technologies, further studies are required to evaluate their
performance in such conditions. A more detailed analysis of these types of solar cells will
help to compare its performance to silicon-based technologies. Some preliminary studies
have already focused on the impact of dust and sand on CdTe panels [28]. However, a
detailed analysis is required to allow the development of models to predict their effect on
CdTe cell performance.

Following this research, this work analyzed and characterized the influence of sand
on CdTe photovoltaic solar panels with different colors and transparencies. Note that
these PV panels are intended to be integrated into the structure of buildings, due to
their transparency. Therefore, the risk of dust or sand deposition is high. The effects of
sand on the CdTe module parameters, which allow the characterization of the solar cell’s
performance, were analyzed. An electrical model was also proposed to allow modeling of
the effect of introducing sand into the production of CdTe photovoltaic solar energy.

The work is structured into five sections, including the introductory one. In Section 2,
solar cells are introduced, focusing on CdTe solar cells. The methodology is presented in
Section 3 and the experimental results are presented in Section 4. After the discussion in
Section 5, the research conclusions are summarized in Section 6.
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2. CdTe Solar Cells

Existing photovoltaic technology can be divided into three generations. First-generation
solar cells use crystalline silicon (c-5i) technology and can be of two types—monocrystalline
silicon and polycrystalline silicon. Second-generation cells use thin-film technology applied
on rigid substrates and include thin-film solar cells based on a-Si, CdTe, and CIGS [29,30].
Third-generation cells include the most recent technologies—organic solar cells, dye-
sensitized solar cells, and quantum dot cells [31].

In this research, the third-generation cadmium telluride (CdTe) solar cells were ana-
lyzed under different quantities of sediments. CdTe has an associated band gap of around
1.4-1.5 eV and, consequently, a maximum efficiency of 28-30%. It has a near-optimal direct
band gap and a high absorption coefficient in the visible spectral range, namely between
500 nm (green) and 800 nm (red-infrared) [32,33]. Moreover, CdTe solar cells’ manufac-
turing processes are relatively easy to perform. Several deposition techniques, such as
close-spaced sublimation or physical vapor deposition, are commonly used to deposit the
polycrystalline layers of these solar cells [32].

To model the influence of the sand on the CdTe solar cell’s performance, the 1IM5P
model was used [1]. This model consists of a current source in parallel with a diode (p-n
junction) and two resistances, one in series (R;) and one in parallel (Ry;) [1,34,35]. The
resistance Rs helps to represent the voltage drop in the circuit to the external contacts
and the resistance Ry, helps to describe the existing leakage currents. The mathematical
representation of the output current as a function of the output voltage and the five
unknown parameters (I, Rs, Rgp,, Is and 1) is described in Equation (1). Iy is the current
generated by the photoelectric effect, i.e., due to the optoelectronic conversion. However,
the p-n junction has active behavior, meaning that it can produce energy and, consequently,
the current drops as the voltage is increased. The two aforementioned resistances were also
added to the model, and the last term represents the current subtraction due to the leakage
on the shunt resistance.

q(V+RsD) V + Rgl
I=1Iy—I(e # —1)— Ths

. 1)

It is based on this model that the impact of sand on the CdTe solar cell’s performance
was analyzed. Based on the change in the solar cell’s parameters, the maximum power
point and solar cell efficiency was estimated. These results were compared with the
experimental ones.

3. Methodology

To analyze the impact of sand deposition on the performance of CdTe photovoltaic
panels, the following methodology was used for different colors and transparencies of
CdTe panels: (i) experimental tests under real conditions and different densities of sand;
(ii) identification of the 1IM5P parameters; and (iii) characterization of the sand effects on
the solar panels.

3.1. Experimental Procedures

Experimental tests were carried out to obtain the characteristic I-V and P-V curves of
the CdTe photovoltaic solar modules. The load was composed of a resistance of 1 Q) and
three rheostats of 945 (), 946 (), and 1890 Q). They were in series and connected in parallel
to the solar panels. By sweeping the rheostats, its resistance was varied and the current-
voltage values were experimentally obtained using an oscilloscope. The oscilloscope had
one channel connected to the panels’ terminals to measure their voltage and another channel
connected to the 1 Q) resistance to measure its voltage (which equals the current). The
experiments were carried out with clean solar panels and with three different densities of
millimetre-sand (80 g/m?, 160 g/m? e 240 g/m?), as presented in Figure 1. The values were
set as the average densities verified in some cities, pointed out in [12]. Additionally, sand
properties in Portugal were well-characterized in [36]. The experimental set-up is presented
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in this figure, for three different sand densities. Although the tests were performed using
the oscilloscope, the multimeter connected to the resistance allowed us to verify the correct
working of this circuit.

Figure 1. Experimental set-up for several sand densities: (a) 80 g/ mZ; (b) 160 g/ m?; (c) 240 g/ m?.

For this study, six CdTe photovoltaic solar panels of different colors and transparencies
of 40% (grey, orange, red and yellow) and 50% (blue and green) were used.

The experiments were carried out under natural radiation and with a horizontal
inclination. The tests were carried out on different days and at different hours. The same
experimental procedure was applied to each panel: for a given hour, incident irradiance
was measured at nine locations on the panel, as well as its temperature. After measuring
the irradiance and temperature, five experimental tests were carried out for each of the
following four cases: a clean solar panel and solar panels with three different densities of
sand (80 g/m?, 160 g/m? e 240 g/m?).

Regarding the cases in which sand was introduced into the solar panel, for each
test, the sand was spread randomly and as uniformly as possible. In total, 255 valid
experimental tests were considered. For each of the situations under analysis (no sand,
80 g/m?, 160 g/m? e 240 g/m?), the moving average of the experimental data was obtained
and the average [-V and P-V curves were calculated. Figure 2 presents one example of the
measurements and the estimated I-V curve.
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Figure 2. Yellow CdTe-No sand (G = 843 W/m?).
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3.2. Method to Obtain IM5P Unknown Parameters

To obtain the unknown parameters of the 1IM5P model of a solar panel, the non-
iterative method of Zhaoxu Song was used [37], which admits the possibility of obtaining
these parameters based on characteristics of the I-V and P-V curves. According to Zhaoxu
Song [37], in the I-V characteristic curve there are three important points: the short circuit
point, the open circuit point, and the point of maximum power.

At the short-circuit point (V = 0; I = ILs):

RS ISC

Rslsc
Ipv = ISC =+ IS (e Neelulas"Vt — 1) + R . . (2)
s
At the open-circuit point (V = Vj; I = 0):
Voc \V4
I, = I Neelulas™Vt — 1 l
pv s(e ) + Ry, 3)
At the maximum power point (V = Vip; [ = Iyp):
Vinp+RsImp Vi + Rsl,
Ipv = Imp —+ Is (e Neetutas"Ve  — 1) —+ % (4)
sh

For the same irradiance, the left sides of Equations (3) and (4) are the same, which
means that the right side of both equations is an equality:

R.I Vinp+RsImp
_ s’mp — Ise Neelulas™t  — 0 (5)

Voe — Vmp I
———— — Iy

Voc
Ise Neelulas™Vt -+
Rsh sh

To obtain the series resistance (Rs) and the parallel resistance (Rg;,), one must consider
(6) and (7), respectively. However, it should be mentioned that, for the resistances Rs; and
Ry, the linearizations were applied roughly between the points [0.9V,; Vo] and [0; 0.1Vo],
respectively [1].

ol 1
W TR (6)
ol 1
v —E~ @)

Under the condition of the same irradiance, based on (2) and (3) and assuming the

_ Voc _ Rslse
approximation Ise Neeulas™Vt >> IgeNeetuias™t , due to Voo >> Rslg, it is possible to arrive

at [1]: . 2
S

oc Vv
ISENcelulas”Vt — ISC(] + _ roc

Ra) Ry

In this way, it can be observed that the current I is given by:

®)

Le(1475) — 7%
Is = VS}Z_ h, (9)

0
eNcelulas”Vt

By substituting the current expression I; into (5), an equation restricted to one un-
known was obtained, which in this case was the ideality factor, n. Consequently, through (9),
the saturation reverse current of the diode was calculated, Is, and from (2) the photovoltaic
current, I, was calculated [1].
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3.3. Modelling the Sand Effect on CdTe Solar Panels

To model the sand effect on the CdTe solar panels, we considered a white box model
where the input variables were the unknown 1M5P parameters (Ipv, I;, Rs, Ry, e n) and the
output results were the maximum power generated (Py,x), the efficiency (1), and the fill
factor (FF).

Bearing in mind that, for each panel, the information was collected for different
irradiances, the currents and power were normalized with the incident irradiance (I, /G,
Iic/G and Pyax/G) [1,38]. In this way, the results of the model’s input variables were
interpolated as a function of the sand density. Any variation in one of the input parameters
will have an impact on the output parameters. Through the information taken from the
interpolations of the input variables and considering related conditions such as incident
irradiance (G), the panel temperature (T}y), the open circuit voltage (V,c) and the density
of sand, an empirical model was developed to estimate the fill factor (Fr), the maximum
output power (Py,x), and the efficiency (1) of any of the six photovoltaic solar panels
under study.

4. Experimental Results

In this section, the experimental values and the respective average and maximum and
minimum deviations of the input parameters (unknown parameters of the IM5P model:
Ipy/ G, n, Rs, Ry, and I5) and output parameters (Fr, Pyax/ G e 17) are presented. Parameters
such as short circuit current (I5;) and maximum output power (Py;x) were obtained from
the average I-V and P-V characteristics. The fill factor and efficiency were obtained from
(10) and (11), respectively [1].

Prax ( Rslsc> < Voc )
Fr = 1-— 1-— 10
F VocIsc Voc RshIsc ( )
Priax
= 11
=G Ay’ (11)

where G represents the irradiance and Ay, represents the active area of the solar panel.

The unknown parameters of the IM5P model were obtained through the non-iterative
method mentioned above [37]. Finally, the results of the model considering the effect of
sand on solar panels are presented.

4.1. Impact of Sand in the Input Parameters of IM5P

In all panels, the currents show an approximately linear characteristic with increasing
sand density, as presented in Figures 3 and 4. This behavior of the currents is due to the
decrease in the capture of irradiance from the photovoltaic cells due to the shading caused
by the sand. Regarding their absolute values, the yellow panel showed the highest ratios
of Isc/G and I, /G. However, considering the effect of sand, the orange and red panels
showed the lowest losses with —13.0% and —15.8% between the no sand and the 240 g/m?
of sand. The grey and green ones presented the highest losses with —35.3% and —32.5%,
respectively. These results were expected, since the increase of sand leads to a decrease in
the converted irradiance and an increase in the cell’s temperature. Then, considering the
incident irradiance constant, the photogenerated and short-circuit currents will decrease.

The characteristics of the resistances, shown in Figures 5 and 6, are approximately
linear with the increase of the sand density. As the sand density increases, an increase of R;
is noted, in general, for all panels. In the blue panel, the highest values of this parameter
were obtained and the lowest values were obtained for the yellow panel. The grey and
green panels are the most sensitive to the presence of sand in this parameter, with an
increase of 53.8% and 32.0%, considering the no sand and 240 g/m? cases, respectively.
The yellow and orange panels presented the lowest increase, with about 17.8% and 14.6%
between the extreme cases, respectively.
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Figure 4. Mean Values and Deviations of Is./G.

Regarding the Ry, resistance, its tendency is to decrease with increasing sand density.
The yellow, grey, and green panels have Ry, values that are considerably higher than those
of the orange, blue, and red panels. However, the yellow, grey, and green panels present a
higher decrease when in the presence of the 240 g/ m? of sand, 32.1%, 35.9%, and 37.5%,
respectively. The other panels only presented a decrease of less than 6.0%.
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The increasing of R; resistance and the decreasing of Ry, resistance with the intro-
duction of sand makes sense because the functioning of the panels deviates from the best
situation (clean panel). In the ideal situation, R tends to zero and Ry, tends to infinity. This
means that, ideally, the junctions’ leakage losses are null (characterized by Ry, = o, the
resistance that subtracts current that should flow from the current source to the output
terminals) and that the contact losses are also null (characterized by Rs = 0, the resistance
that subtracts voltage from the terminals). Among several effects, the increase in the sand
density deposited on the panel decreases the overall irradiance and increases the panels’
temperature. The investigation by Jodo Guilherme Santos [28] with the same panels also
revealed this behavior of the resistors with the addition of sand to the panels.

Regarding the ideality factor, n, cadmium telluride is a compound semiconductor,
which makes it difficult to find a value typical value for this parameter. From the literature,
theoretical/tabled values for this parameter can vary between 1.5 and 2 [28,39-41]. For the
situation where the panel is clean, ideality factors varied between these values. With the
introduction of sand to the solar panels, it was found, as verified in Figure 7, that the values
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of n, in general, decrease. One of the reasons for this decrease can be explained by the
increase in the temperature of the panels caused by the addition of sand. Several studies
have already shown that the ideality factor decreases with the increasing temperature of
solar cells [42-46].

—F—Grey CdTe
—I—Green CdTe
Orange CdTe
—J—Blue CdTe
—F—Red CdTe

Yellow CdTe

80 ., 160 5 240
Sand Density (g/m~)

Figure 7. Mean values and deviations of n.

The results of the I; average current show that this is the parameter that suffered the
greatest variations with the introduction of sand, as presented in Figures 8 and 9. For
example, in the yellow, grey, and red panels, the results for the cases in which the panels
were clean and with 240 g/m? of sand diverge by about three orders of magnitude (10°).
It is noted that, as a general rule, this parameter tended to decrease with the presence of
sand, and the discrepancy between the extreme cases (panel without sand and panel with
240 g/m?) is notable. This effect can be corroborated by some research studies. The study
by Mohammed Alaani [47] found values of I; between orders of magnitude 108 and 10~7
and the Bin Lv [48] study found values between orders of magnitude 10~7 and 10~°. As
in Figures 8 and 9, our results show a range between 10-% and 10~ for the clean panel
and between 107> and 10~° for the panel with the maximum sand density. Since Is is also
the dark current, the value obtained with null optical power incident on the solar cell, its
variation with increasing sand density is a consequence of the temperature increase.

Table 1 presents a summary of the changes in the input parameters of the 1IM5P
model, between the no sand and the 240 g/m? of sand cases, for all panels. As can be seen,
the panels presenting the lowest impact due to the presence of sand are the orange and
red ones.

Table 1. Change of the input parameters with the sand.

Color I;,./G R, Ry, n
yellow —23.5% 17.8% —32.1% —29.8%
orange —13.0% 14.6% —4.5% —25.1%

red —15.8% 19.6% —6.0% —25.5%
gray —35.3% 53.8% —35.9% —30.4%
green —32.5% 32.0% —37.5% —14.8%

blue —21.2% 22.0% —5.2% —21.5%
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4.2. Impact of Sand in the Output Parameters of IM5P

By analyzing the maximum power and efficiency responses of the panels, respectively,
it can be seen in Figures 10 and 11 that the behavior is similar in all panels. These two
parameters decrease with increasing sand density, showing an approximately linear rela-
tionship. It is necessary to highlight the results of the yellow panel since they exceed the
performance of the other panels. The red and orange panels present the lowest decrease
in performance with 17% and 14%, respectively. The grey, green, and blue panels showed
the highest losses of, approximately, —35%, —36%, and —28%, respectively. These can be
justified by the decrease of I,/ G and Ry, and the increase of Rs, verified in the previous
section for each panel.
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Regarding the results of the fill factor (Fr) presented in Figure 12, the differences in
values of the yellow, grey, and green panels in relation to the orange, blue, and red panels
are highlighted. The first group of panels showed higher Fr values. The values of Fr
decrease with the introduction of sand. This can be explained mostly by the variations of
Rs and Rgj,. The highest reduction is obtained for the blue panel, with a maximum decrease
of 22%. The yellow panel has the lowest change in Fr, presenting a maximum reduction of
2.2%. The average reduction of Fr, among all panels, is around 9.5% for 240 g/m? of sand.
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Figure 12. Mean values and deviations of Fr.

4.3. Empirical Model Results

The comparison between the experimental output parameters results and the empirical
model is discussed here. The empirical model was based on the polynomial interpolation
of the input parameters, presented in the previous subsection. Considering the 1M5P
model and the evolution of the input parameters, the output performance of the panel was
estimated for different operating conditions. The conditions considered were the panel
temperature, incident irradiance, and sand density. The validation of this empirical model
proves that no additional effects, other than the change of the input parameters, need to
be accounted for. Figures 13-16 present the estimations of the panel’s performance with
the change of sand density. To facilitate the comparison between models in the presence of
sand, each parameter was normalized to its value without sand.

1.2 j T i
| | Yellow (Model)
3 '| Yellow (Exp.)
1A A --2-Blue (Model) |
i | -F ‘Blue (Exp.)
! ' -©-Green (Model)
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Figure 13. Mean values of Py;5x / G—experimental vs. model.

It is verified that, by increasing the sand density, the output power decreases. Ad-
ditionally, the negative tendency seems to stall after 160 g/m?, since the panel is already
heavily covered with sand. Regarding the Fr, it is found that there is no tendency, meaning
that there is no relationship between the I-V shape and the sand density. Although the
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resistances present a certain tendency when increasing the sand density on the panel,
the relationships between these resistances and the open-circuit voltage and short-circuit
current are not precise.
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Figure 14. Mean values of Py,;x / G—experimental vs. model.

Figures 13 and 14 show the normalized values for Py,y/G. It can be seen that the
empirical model is capable of obtaining the behaviors of the panels” performance in the
presence of sand. The maximum deviations between the experimental and model results
are between 2.8% for the blue panel and 4.65% for the grey one.

As shown previously, the increase in sand density reduces the values of Fr. The empirical
model is also capable of achieving the same behavior. Figures 15 and 16 show a comparison
between the experimental and model results. The maximum deviation between the experimental
and model results is between 0.3% for the orange panel and 4.6% for the green one.
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Figure 15. Mean values of Fr—experimental vs. model.
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Figure 16. Mean values of Fr—experimental vs. model.

5. Discussion

With the introduction of sand to the solar panels, it is observed that its temperature
increases due to the physical properties of the sand, namely the small specific heat. The
sand, in addition to preventing solar cells from capturing solar radiation, also influences
the temperature of the panel, which produces a negative impact on the maximum output
power (Pyqx), efficiency (), and fill factor (Fr) of the panels.

It is concluded that parameters such as (Pyax), (), (Fr), and short-circuit current (Is.)
suffered decreases, showing an approximately linear relationship with the sand density
in all panels. With the increase of the sand density in the solar panels, in general, an
increase of the resistance R; and a decrease of the resistance Ry, is verified, evidencing the
deterioration of the panels’ behavior in relation to the best case (clean panel).

Regarding the ideality factor (1), it is not possible to find with precision and certainty a
theoretical /tabulated value for cadmium telluride. However, several studies have indicated
that this value would be between 1.5 and values close to 2. The average values of n obtained
(when the panel is clean) are around the above values. With the addition of sand to the solar
panels it is verified that the values of (1), in general, decrease. This supported the previous
findings stating that an increase in temperature results in an increase in the ideality factors.

Thus, is therefore possible to identify a clear evolution of the IM5P parameters in the
presence of sand. It is also possible to justify the change in performance of the panels based
only on these input parameters of the 1IM5P model. Using an empirical model to define the
evolution of the IM5P parameters, as a function of the sand density, the performance of
each panel can be estimated.

The results of this study can provide support for the decision-making around mainte-
nance activities. For example, through the evaluation of the I-V or P-V curves, it is possible
to create a profile of the historical evolution of the 1IM5P parameters, which can then be
analyzed to verify the probability of the presence of sand/sediments on the panel. Weather
conditions can also be used to estimate the probability of sand deposition on photovoltaic
panels and, with an empirical model, the impact on PV performance can be estimated.
These objectives are in line with the current state-of-the-art challenges in the monitoring of
PV power pants [49,50].
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6. Conclusions

This research focused on the analysis and characterization of the influence of sand on
CdTe photovoltaic solar panels with different properties. Six CdTe panels with different
colors and transparencies of 40% (yellow, grey, orange, and red) and 50% (green and
blue) were used. Experimental tests were carried out under real ambient conditions to
evaluate the impact of different densities of sand on the photovoltaic panels’ parameters
and performance. From this analysis, an empirical model was developed to predict the
impact of sand on the CdTe panels’ performance.

The introduction of sand to the CdTe photovoltaic panels has shown many effects
on the 1IM5P parameters and on the performance of the CdTe solar panels. These effects
are associated with the decrease of irradiation absorbed by the panels and also with the
increase in temperature due to the presence of sand.

A linear increase in sand density leads to an approximately linear decrease in the
maximum output power, fill factor, and efficiency of the photovoltaic panels. The red and
orange panels present the lowest decrease of maximum power, between 14% and 17%,
while the grey and green panels show the highest loss, at around 35%. Regarding the 1IM5P
parameters, with the increase of sand density, in general an increase of the resistance R;, of
between 17.8% and 53.8%, and a decrease of the resistance Ry, between 4.5% and 37.5%
are observed. The ideality factor, (1), also shows a deterioration of between 14.8% and
30.5%. In general, the highest parameter changes are for the same panels—the grey and the
green ones.

It is verified that, by using an empirical model based on the evolution of the 1IM5P
parameters, the results for the maximum output power, efficiency, and fill factor can be
estimated correctly from the sand density. The maximum deviations found between the
empirical model and the experimental results are lower than 5%. These results can provide
support for the decision-making around maintenance activities and for the development of
new techniques to avoid sediment deposition on CdTe panels. From predicting weather
conditions, one can estimate the probability of sand deposition on photovoltaic panels and,
with an empirical model, the impact on the PV performance can be estimated.
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