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Abstract: The performance of photovoltaic panels decreases depending on the different factors to
which they are subjected daily. One of the phenomena that most affects their energy production
is dust deposition. This is particularly acute in desert climates, where the level of solar radiation
is extreme. In this work, the effect of dust soiling is examined on the electricity generation of an
experimental photovoltaic pilot plant, installed at the Solar Energy Research Center (CIESOL) at the
University of Almeria. An average reduction of 5% of the power of a photovoltaic plant due to dust
contamination has been obtained, this data being used to simulate the economic effect in plants of
9 kWp and 1 and 50 MWp. The economic losses have been calculated, and are capable of being higher
than 150,000 €/year in industrial plants of 50 MWp. A cleaning strategy has also been presented,
which represents a substantial economic outlay over the years of plant operation.

Keywords: photovoltaic production; soiling; solar economy; data mining; PV soiling; photovoltaic
plant maintenance

1. Introduction

Currently, to supply the global energy demanded and considering increasing over the next few
years due to population growth and technological developments, a high percentage of this energy
demand is covered by non-renewable energy. Generating fossil fuel-based energy to meet such energy
demand is not sustainable because, at some point, it will prove insufficient. Moreover, the use of
these resources entails significant greenhouse gas emissions [1]. Solar energy is a resource available
worldwide, and totally sustainable. Every hour the sun emits enough energy to meet the annual global
energy demand [2]. These properties make solar energy an ideal resource for fulfilling the growing
global energy requirements, as presented in [3], where the authors analyze the economic viability
of developing large-scale photovoltaic solar energy projects in Spain, with outputs between 100 and
400 MW, showing that the economic viability of photovoltaic plants is achieved during a number of
hours exceeding 1400 h per year, mainly with powers below 200 MW.

In recent years, global installed photovoltaic (PV) capacity has increased significantly. Indeed,
in 2017, photovoltaic solar energy was the technology with the largest installed capacity on the planet,
a total of 98 GW, as shown in [4], where the authors reviewed the PV technology status, analyzing
the reasons motivating the widespread use of each particular technology in 7 different countries from
Europe and the UK. Although manufacturers have made efforts to improve efficiency and increase
the useful life of photovoltaic panels over the last few years, these characteristics are diminished by
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various parameters such as the solar resource, plant configuration, or the environmental variables to
which they are exposed [5]. In that work, for example, the ambient temperature was very much related
to the value of the plant’s performance ratio (PR), even the speed of seeing affected the efficiency of
the plant by 3% for plants with two-axis tracking. Therefore, environmental parameters are one of
the phenomena that most influence PV panel energy generation. After irradiance and temperature,
soiling is the environmental parameter that has the greatest impact on PV panel productivity [6],
especially in dry climates, where power losses of up to 20% have been recorded due to the effect
of dust accumulation, as in the cases studied in India, specifically in the regions of Jodhpur and
Mumbai, where different PV panel technologies and dust were studied in a spectral way to see the
final deposition.

The accumulation of dust has a doubly negative impact on the income generated by photovoltaic
plants, since not only does it reduce their energy production, but it also adds additional operating and
maintenance expenses. Furthermore, it can give rise to the appearance of hot spots due to the shadows
it creates on the PV panels, thus shortening their useful life. In [7], the authors conducted a study on a
total of 41 PV plants in the USA. Particulate matter (PM) and rainfall statistics were correlated with
annualized soiling to look for single-variable linear regression. The results shown how the size of the
particulate matter, the distances between the soiling station the spatial-interpolation methodology can
impact the quality of the correlations, with R? values that can reach lower than 30% in some cases.
Therefore, it can be observed that it is not easy to correlate the dust deposited on the photovoltaic
panels with the atmospheric constituents in a simple way. Consequently, researching the effect of dust
on the performance of photovoltaic devices has become a hot topic worldwide. Numerous studies
have been carried out in different regions to analyze and predict the negative influence of soiling on
energy generation, especially in desert areas, where solar resources are abundant and, in turn, soiling is
the main problem due to the low levels of precipitation [8]. In this work, R. Conceigao et al., performed
a study in two locations in Portugal to measure the mass accumulation and then calculate the soiling
ratio (SR), where it could be seen that Saharan dust streams have an influence on the SR of the order of
3% in just 3 days. Therefore, it becomes clear that dust episodes have a high impact on the performance
of the photovoltaic panels, and it is complicated to determine the impact sufficiently in advance in the
case of large episodes.

Southern Spain is one of European regions with the greatest potential for deploying energy
generation plants based on photovoltaic technology given that the area’s average solar irradiation
is 1600 kWh/m?2. Almeria, specifically, has one of the highest irradiation levels in Spain, exceeding
5 kWh/m?. For this reason, it is an ideal location for installing solar energy-based plants [9]. At the
same time, Almeria’s environment is characterized by a high dust content due to its proximity to
the Tabernas desert and the intermittent episodes of Saharan dust brought in from North Africa [10].
In this work, it was possible to study the evolution of an episode of dust from the Sahara desert,
where it first entered through the city of Almeria and its effect on the city and the Plataforma Solar
de Almeria (PSA) was visible. Instrumentation such as a sky camera, as well as data from Aerosol
Robotic Network (AERONET) on values of the type of aerosol present in the atmosphere were used to
estimate solar radiation and see the effect it produced only at the level of atmospheric attenuation;
then, knowing the deposition rate is somewhat more complex and is still being studied at present.
Therefore, these characteristics make it an ideal location for studying the effect of dust on photovoltaic
energy production.

Given the importance of dust pollution on PV panel electricity generation, and the few studies
that have analyzed its influence in a Mediterranean coastal area such as Almeria, which has a high dust
content in the atmosphere, this work will analyze the phenomenology using production data collected
from January to June at an experimental PV plant located on the roof of the Solar Energy Research
Center (CIESOL) building at the University of Almeria. The aim of this work is to analyze the decrease
in photovoltaic energy production caused by dust deposition on the PV panels, and to assess its
economic importance, since this is one of the parameters that most influences the panels’ performance,
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particularly in desert areas such as Almeria. In addition, this research will analyze the correlation
between the recorded meteorological variables and the production losses. The results obtained will be
extrapolated to commercial PV plants of different sizes in order to compare the economic losses that
would be caused to each by a fouling regime similar to that experienced by the pilot plant during the
months of study. In this way, the novelty of this work will be the determination and optimization of the
cleaning frequency and related costs, the operational tool for real-time control from an environmental
and economic standpoint, according to the size of the installation, besides serving as a design tool
that can be applied to the sizing of new PV plants, thus helping to predict their energy production
more accurately.

2. Materials and Methods

2.1. Instrumentation and Experimental Facility

The data treated throughout this work come from a monitored experimental photovoltaic plant,
which is shown in Figure 1. The plant is located on the second-floor roof of the Solar Energy Research
Centre (CIESOL) at the University of Almeria.

Figure 1. Monitored experimental installation.

In this study, the panels were inclined at 22°, which is the same inclination as the PV plant panels
already installed at CIESOL and south orientation (0° S). The plant is made up of the same PV panels
as are used in the experimental facility so the results can be extrapolated to the experimental facility to
analyze the production losses that would be caused by dust contamination similar to that experienced
during the measurement campaign.

The plant has two polycrystalline technology photovoltaic panels (model A-222P from ATERSA)
with a power output of 222 Wp. These panels have an efficiency rating of 13.63%. At maximum power,
their current and voltage are 7.57 A and 29.32 V, respectively.

The installation sensors used to measure the various environmental parameters are the following:
two 4-wire resistive Pt100 temperature detectors (RS PRO 4-wire Pt100) installed to measure the PV
panel temperature; ATERSA polycrystalline solar cells to determine the global radiation affecting each
panel; a VAISALA HMP60 probe to measure the site’s ambient temperature and relative humidity;
a VAISALA PTB110 barometer to record the pressure; and a KIPP and ZONEN Dust IQ sensor installed
in the north row to check for dust deposits in the experimental facility’s environment.
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To characterize the effect of dust deposition on the PV panels during the study months,
daily maintenance was carried out each morning; this consisted of cleaning the panel positioned on the
western side (left module in Figure 1), together with the cell, which measures its associated radiation.
The panel on the eastern side (right module in Figure 1) was left to get dirty naturally, as was its
associated cell; this was to allow comparisons to be made later on.

To measure the different electrical parameters of the two PV panels under study, a PVPM 6020C
model IV-curve tracer (PV-Engineering) was used. This curve tracer can measure a current and power
of 20 A and 40 kW, respectively. A 1-min scanning interval was selected as this is the scanning period
over which the different sensors in the experimental PV plant operate.

In this work, maximum power Ppmax(t) values were used in the methodology developed to
determine the soiling factor associated with dust.

An experimental multiplexer was employed to obtain the electrical parameters of the two PV
panels by means of a single curve tracer. This device has relays controlled by an Arduino card that
allows curve tracer terminal permutations for up to four PV panels, one panel for each relay.

The permutation period of the curve tracer terminals was also one minute. In this way, the data
from each PV panel was obtained alternately, acquiring 30 files every hour from the maintenance
panel and 30 files from the panel that received no maintenance. The total period of data acquired
corresponds to the period from 13 January to 11 June 2020.

2.2. Data Processing

The first data processing step was to create a database of the records from the sensors measuring
the environmental parameters along with the parameters determined by the PV curve tracer.

The next step was to standardize these records in order to correctly store the radiation records
in the database. For this purpose, a normalization factor was calculated for the radiation data based
on the radiation values recorded on the day that both cells were calibrated, which corresponded to
5 January 2020, the day on which both cells were clean. To calculate the normalization factor of the
radiation values, an average was made of the measurements recorded at midday on 5 January 2020
from the calibrated cell of the maintained panel and from the cell of the panel that received no
maintenance. The average obtained for the calibrated cell associated with the maintained panel was
divided by the average obtained for the calibrated cell associated with the panel that received no
maintenance, thus obtaining the radiation normalization factor that could then be applied to the dirty
cell records.

As in the case of radiation, the power normalization factor was calculated as a function of the
power generated at the time of the curve tracer calibration on 10 January 2020, when both photovoltaic
panels were still clean. The power normalization factor was calculated by averaging the ratios obtained
dividing the power of the panel without maintenance by the power of the panel with maintenance,
for each calibration instant.

During the data recording campaign, there were several rain episodes that altered the amount
of dust deposited on the panel receiving no maintenance, thus causing a variation in the percentage
difference of production losses associated with dust contamination. In order to take these episodes into
account, and to evaluate their influence on the variation in the reduced production factor, precipitation
data were collected for these days.

The Agroclimatic Information System for Irrigation (SIAR) database was used to acquire the
precipitation records [11]. The closest station in this network is the AL02 station located in La Cafiada,
a neighborhood on the outskirts of Almeria city, about 700 m from the CIESOL building.

Once the database was created with the necessary records to carry out the analysis on the reduced
production associated with dust pollution, the next step was to calculate the production loss for
each pair of consecutive instants, each corresponding to one PV panel of the two analyzed in the
experimental facility. Equation (1) was used to calculate the production losses associated with dust
given for each pair of instants:
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where Power cjeqn panel and Power girty panel are the powers generated by each PV panel, and Power refciean panel
and Power refity panel are the powers of the calibration instants (10 January 2020).

Subsequently, the moments containing noise were filtered to leave values that were representative
of the percentage losses. During data acquisition, there were some moments when data was not
correctly recorded: either due to failures in the electrical system or to the sensor, etc. To do this,
we plotted all the data and checked readings from the plant continuously and compared them with
global irradiance values in the array plane to see if there were any clouds or any effects that could affect
the measurement value of the panels. These data were then directly eliminated because, there were
situations where it could not be established that the measurement was or was not suffering an error,
especially when there were clouds. Under these cloudy conditions, the irradiance fluctuates very
quickly and it is easy for the dirty panel to register more power than the clean one if the latter is
shaded by a cloud. Therefore, these moments were eliminated, trying to leave completely clear days
without cloud fluctuations. Once the abnormal values were filtered out, the average production losses
associated with dust could be calculated.

2.3. Simulation of Photovoltaic (PV) Plants

After determining the average factor for the reduced production associated with dust pollution
during the months under study, the simulation of different PV plants was carried out to analyze the
production losses that would occur in each. The System Advisor Model (SAM) tool was utilized to
carry out the simulation of the different plants.

In this work, the real 9 kWp plant on the CIESOL building was simulated, as well as two fictitious
industrial plants of different sizes—1 MWp and 50 MWp—each having the same photovoltaic panel
technology as that installed in the experimental plant. Moreover, all these simulations were carried out
with a PV panel tilt angle of 22° to obtain more consistent results.

The simulations used a meteorological file prepared from data recorded by CIESOL’s own
meteorological station.

To compare the production losses that would occur in a PV plant with and without maintenance,
the two scenarios shown in Figure 2 were designed.

Results

without .
applying the = * Scenariol
soiling factor

Results by
applying the * Scenario 2
soiling factor

Figure 2. Scenarios proposed for evaluating the production difference.

The first scenario consists of a photovoltaic plant where the soiling factor is not applied. In the
second scenario, the average soiling reduction factor calculated is applied to the production results
obtained in the simulation, as shown in Equation (2).

Prod. monthly p.dirty = Prod. monthly p.clean-[1 — )

soiling factor
100
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For the plant simulation with maintenance (Scenario 1), the losses in direct current (DC), alternating
current (AC), and in the transformation, will be left; these are presented by default in SAM. The default
SAM soiling losses amount to 5% of lost radiation with respect to the total incident radiation. However,
these soiling losses are set at 0% in order to obtain plant production data, assuming the plant has
worked under optimal cleaning conditions throughout the year, as was the case with the maintained
panel at the experimental plant.

The first plant simulated is that of approximately 9 kWp on the CIESOL building consisting
of a 3-row parallel sub-bar with 14 panels (of 222 Wp each) per row in series. Table 1 shows the
configuration of this plant. To accurately simulate the CIESOL plant, the characteristics data for the
CIESOL facility’s inverters were added to the simulation. The building has three ATERSA Cycle 3000
model inverters, one for each branch in series. This inverter type has a maximum efficiency of 96%,
a nominal voltage of 210-550 Vcc, and a nominal power of 2500 W.

Table 1. Plant configuration.

Plant CIESOL’s 9 kWp Plant 1 MWp Plant 50 MWp Plant
No. of sublines 1 4 4
No. of rows per subway 3 56 2800
No. of panels in series per row 14 20 20
Plant power 9324 Wp 0.99456 MWp 49.728 MWp
Number of inverters per subline 3 (1 for each branch) 1 50

To scale up to a plant of approximately 1 MWp, a total of 4 sub-bars comprising 56 rows with
20 panels in series per row would need to be used; this would result in a plant of 0.99456 MWp,
as shown in Table 1. For the correct dimensioning of the simulated industrial photovoltaic plant,
4 Power Electronics FSO0300PU inverters were used from the SAM CEC Inverter database, one for each
sub-base. This inverter has a maximum AC power of 300,000 Wac, and a maximum DC power of
311,404 Wdc. Its nominal DC voltage is 650 Vdc and its Maximum Power Point Tracking (MPPT)
voltage is 585-800 Vdc.

For a plant of approximately 50 MWp, a total of 4 sub-bars comprising 2800 rows of 20 panels
per row in series would need to be used, resulting in a plant of 49,728 MWp, as also shown in Table 1.
Therefore, this installation is similar to that of the 1 MWp plant but scaled up in rows by a factor of 50
with respect to the smaller installation. Consequently, 50 Power Electronics FS0300PU inverters would
be needed for each sub-row, meaning a total of 200 inverters.

Table 1 shows the configuration of the different plants presented.

2.4. Estimation of the Economic Losses in Photovoltaic Plants Due to Dust Contamination on the PV Panels

Once the simulations of the different plants had been carried out, we analyzed the economic
impact that would result from production losses associated with dust deposition. For this, we used the
average monthly price from daily sales during 2019 in Spain (Table 2); this data was obtained from the
website of the Iberian Energy Market Operator (OMIE) [12].

Table 2. Average monthly price obtained from the daily sales price for 2019 in Spain and the best-fit
loss coefficients per month for the polycrystalline technology.

Month  Average Monthly Price [(/MWh]  a Coefficient [per hour X 10-5]

1 61.99 9.09
2 54.01 9.93
3 48.82 7.43
4 50.41 25.75
5 48.39 16.63
6 47.19 5.44
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Table 2. Cont.

Month  Average Monthly Price [(/MWh]  a Coefficient [per hour x 10-5]

7 51.46 1.14
8 44.96 3.10
9 4211 9.04
10 47.17 10.99
11 42.19 10.02
12 33.80 6.80

The monthly economic losses that would result from the determined soiling factor were calculated
using Equation (3).
Economic losses  [€/year]
= Y.(Prod. monthly p.clean-Price) (3)
— Y.(Prod. monthly p.dirty-Price).

where price is the average monthly price and Prod. monthly p.dirty is the plant production, assuming it
is in the same dirty condition as the experimental photovoltaic plant.

Once the economic losses for each month were determined, according to the plant size, the optimal
cleaning period was analyzed. The variation in losses associated with dust throughout the year at
the site where the study was carried out is not known since only the winter and spring months were
studied in this work. Therefore, we used the production losses results for polycrystalline silicon
panels reported by Baras et al. [13] in Rumah (Kingdom of Saudi Arabia). In that work, the losses
associated with each month’s dust deposition were adjusted using a simple exponential, as shown in
Equation (4) [13].

Lg(t) = 1—el™). (4)

where Lg(t) is the variation in the losses associated with dust over time and 4 is the loss coefficient that is
the best fit for each month. The monthly coefficients determined by the authors for the polycrystalline
silicon-based technology are shown in Table 2.

The production loss values obtained with these coefficients was extrapolated for each day of the
year, along with the monthly energy production obtained with SAM. The monthly prices obtained
from the OMIE website were kept constant for each month. In this way, it was possible to analyze
the economic losses associated with dust pollution occurring over a typical year, which could then
be used to determine the optimal cleaning interval. To calculate this optimal interval, we took the
cleaning costs of a PV plant using a brush-cleaning technique reported by Al-Housani et al. [14].
The cost of brush cleaning given in that article is equivalent to 0.51 USD/m?. Taking into account
that 1 USD = 0.893188€ [15], and knowing the area of the PV panels to be cleaned (1.63 m? per panel),
the cleaning cost of each plant was determined.

Based on the accumulated annual economic losses associated with the dust contamination
described, and considering the cleaning costs for each plant, the optimal cleaning period for each plant
was represented graphically. To do this, the accumulated economic losses for each day were plotted,
which were determined using Equation (5), together with the cleaning costs of each plant.

€ . ,
Eco. losses [%] = Prod. monthly p.clean-Price-Ls(daily). ®)

The point at which the economic losses due to accumulated dust exceed the maintenance cost
corresponds to the optimal cleaning point. In order to simulate the rate of dust deposition after each
cleaning in a simplified way, the dust contamination ratios shown in Table 3 were used. This criterion
was followed because it approximates the behavior observed in the experimental plant.



Energies 2020, 13, 6376 8 of 24

Table 3. Modulation of the plant’s contamination rate following cleaning.

Days after Cleaning  Level of Soiling in Relation to the Total

1-10 0/3
11-20 1/3
21-30 2/3

According to this criterion, it was assumed that for the first 10 days following cleaning, the plant
was free of accumulated dust. For the 10 subsequent days, the plant was considered to have 1/3 of
the dust compared to normal conditions (without maintenance work being carried out). For the final
10 days, the plant was assumed to have 2/3 of the dust deposition as under normal conditions.

The economic losses calculated using this methodology were then compared to the economic
losses that would occur if the photovoltaic plant were not maintained; this allows us to assess whether
it would be profitable to clean the plant throughout the year.

3. Results

3.1. Classification of the Current-Voltage (I-V) Curves of the PV Panels

To begin with, a pair of curves taken from clear days in different months are presented to
analyze the variation in the characteristic parameters throughout the acquisition campaign. Figure 3
corresponds to the curves measured on 17 January and 14 March, where the x-axis shows the voltage,
the primary y-axis the short circuit current and the y-axis seconds the panel power.

Comparing the two images over time, one can see that the amount of dust deposition has increased,
making the difference between the characteristic parameters for March greater than in January even
though production was higher due to the higher incident radiation levels. These images also show how
the short circuit current (a current equal to zero) is the parameter most affected by the dust deposition
on the PV panels. In fact, this is the parameter used in several similar studies.

The graphs in Figure 4 represent the maximum power of the PV panels (y-axel) studied at each
moment (x-axel). The upper graph shows the variation in power of the panel with maintenance
whereas the middle graph shows the variation in power of the panel without maintenance over the
measurement campaign. In the lower graph, the two preceding graphs have been superimposed to
show the difference in power existing between the two panels. At all times, the power of the panel
with maintenance was higher than that for the panel without maintenance. It can also be seen how the
power difference over time becomes greater as dirt accumulates; this is due to the lack of maintenance
and heavy rainfall.

In this work, clear-day values were used since they are more suitable for calculating the variation
in power loss; hence, there will be fewer errors in the final result.

3.2. Dust Losses

Once the power of each panel is known, the power loss can be determined according to Equation (1).
As can be seen in Figure 5, the variation in reduced power associated with dust pollution has noise in
the sections where the incident radiation is low, where the x-axis represents the measurement time,
the primary y-axis the power and the secondary y-axis the dust losses.

This noise is due to integrating the error of the different signals required to calculate the power
loss associated with dust deposition. As previously stated, these values correspond mainly to the
times when the received radiation is low. At those moments, the determination of the different
electrical parameters on which the power loss calculation is based, has been less precise. Consequently,
we performed a filtering to eliminate the sections in which the variable contained noise.
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Figure 3. Curves obtained at local time: (a) on 17 January at 13:56 (clean module) and at 13:55
(dirty module); (b) on 14 March at 12:05 (clean module) and at 12:06 (dirty module).

Once the moments in the calculated production losses variable containing noise were discarded,
the graph in Figure 6 was obtained.

As can be observed, on most of the days in January and early February, there were cloud passages
that made it difficult to determine the loss factor associated with dust contamination. However, on the
remaining days, there are losses with lower peaks that make it possible to calculate a representative
loss factor for the period under study.

The following average production soiling factors were obtained for each month, and for the entire
study period: as shown in Table 4, the factor increases with time, especially when there is no rainfall.
The reduction factor for the month of March is the most precisely calculated since it is a month in
which most of the days studied were clear, allowing it to be uniformly calculated. In addition, 11 June
was one of the days when the sky was clear. After analyzing this day, it was observed that, due to
the conditions in Almeria, the panels were cleaned periodically due to rainfall, so the losses did not
accumulate and, therefore, an annual adjustment cannot be made using the months analyzed.
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Figure 4. Representation of the power variation in the two panels studied along with the filtered values.
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Figure 6. Variation in production loss during the measurement campaign.

Table 4. Reduced production factor due to dust contamination.

Period Value of the Reduced Production Factor [%]
January 4.2867
February 4.1100
March 6.0547
11 June 4.8454
Average (13 January-11 June) 5.0687

Once the variation in the loss factor from dust was determined, the variation in the different
recorded meteorological variables were represented, together with the power losses, to analyze the

possible dependence between them.

The rain episodes that occurred over the measurement campaign were represented in order to
analyze their influence on the variation in the determined power losses (Figure 7). In this graph,
dust losses (primary y-axis) and precipitation (secondary y-axis) are represented agai