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Degradation performance of photovoltaic (PV) modules by real weather conditions has become increasingly
problematic. In the desert climate, dust accumulation is one of themain concerns thatmay cause a significant de-
terioration of PV efficiency. In the present work, experimental investigations were carried out to understand the
effect of dust on the electrical performance of PV modules under Toujounine, Nouakchott, Mauritania weather
conditions. The measurements were performed with an I-V tracer ftv200. The measured parameters were I-V
and P-V curves, open-circuit voltage (Voc), short-circuit current (Isc), current and voltage at maximum power
(Imp and Vmp) and maximum power (Pmax); as well as the measurement of temperature of panels and Irradi-
ation. The study was carried out according to the following cleaning scenarios: panels cleaned before each mea-
surement (Clean panels 01), panels undergoing systematic cleaning with the central unit (Clean panels 02) and
chains undergoing no cleaning (Dusty panels 03). Then, the modeling of reliability as a function of maximum
power by Weibull's law, for clean and dusty panels is evaluated. According to the experimental results, distur-
bances in I-V and P-V curves for dusty panelswerenoticed. Also, a decrease in the Isc and the Imp for dusty panels
compared to clean panels was found. These results are explained by the effect of dust accumulation on themod-
ule's surface, which blocks the solar radiation and thus reduces the conversion efficiency of PV modules. Again,
dust reduces the output power of photovoltaic modules by 21.57% for dusty panels per clean panels. Finally, a
low reliability for dusty panels compared to clean panels was found, due to the loss in the output power under
the dust effect. These results clearly show the importance of properlymaintaining and servicing the photovoltaic
modules to avoid their degradation by dust deposits.

© 2021 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

The subject of PV system performance degradation due to dust de-
position has become a major concern (Chen et al., 2019; Zhang et al.,
2019). The accumulation of dust on photovoltaic (PV) cells has a nega-
tive impact on covering glass, which decreases the spectral transmit-
tance and PV power generation efficiency (Lu et al., 2020). Dust
accumulation for a long time damages the layer of the panel, resulting
in less output and decreasing lifespan (Chanchangi et al., 2020; Gupta
et al., 2019a). Dust accumulation effect on the PV performance exposed
to outdoor conditions at various sites was widely experimented
(Hachicha et al., 2019). Tropical regions such as the Indian subcontinent,
theMiddle-East, Saharan Africa and the southwestern United States are
ies and Thermofluid Systems
and Technology, University of
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particularly vulnerable to the accumulation of dust on the surface of
photovoltaic systems (Appels et al., 2013; Rao et al., 2014). Mauritania
is a country characterized by Saharan north and Sahelian south
weathers. The climate is mostly hot and dry. Nouakchott, which is the
capital of Mauritania, is located at 18°1′ latitude North and 15°95′ longi-
tude West. The solar radiation of Nouakchott is 5 kWh/m2/day and the
average annual ambient temperature is 26.2 °C. The average annual hu-
midity is 47.6% and the annual wind speed is 5.47 m/s. The dominant
wind in Nouakchott is monsoon. Energy is an important challenge for
the socio-economic development of the population. As opposed to fossil
fuels, the solar resource is renewable and inexhaustible. In Mauritania,
the energy situation remains dominated by the use of fossil fuels.
Despite the abundance of solar and wind resources, the use of renew-
able energy is very limited. Today, the installed renewable energy
capacity is 169.17MW, ofwhich 90MW is the part of solar photovoltaic.
With the increase in installed capacity, the search for more efficient PV
cells with higher yields has become more and more problematic, espe-
cially in regionswith harsh climatic conditions. The study of dust effects
.
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on PV performance is an important issue for the development of this
technology. However, several factors and a large number of environ-
mental parameters are behind the degradation and reduce the perfor-
mance of PV solar modules (Gupta et al., 2019b; Mustafa et al., 2020)
such as, high temperature, humidity, angle of incident irradiation,
solar radiation spectrum, ageing, dust, mechanical impact, as well as
shadows, snow, wind speed, air pollution, dirt, bird pollen and sea salt
… etc. The accumulated dust in PV modules is one of the parameters
that influence the energy conversion and it can be significant in many
regions (Styszko et al., 2019). Most of the world's deserts are areas
where the deposits of dust on PV modules should be considered an im-
portant aspect (Mizanur et al., 2012). The deposition of dust on photo-
voltaic (PV) solar panels would significantly reduce the efficiency of
PV production, especially in dusty areas (Zhang et al., 2019). The dust
deposited on the surface of the solar panel can reduce the solar irradia-
tion incident on the PV cell (Du et al., 2019). The rate of power reduction
caused by dust shows a great variety in the different regions (Chen et al.,
2020). There are three main factors leading to the deterioration of pho-
tovoltaic efficiency: characteristics of dust (chemical compositions),
dust particle size and density of dust deposit on the board (depending
on the parameters of the two first factors). The authors of Kazem and
Chaichan (2016) showed that dust with higher moisture content has
the greatest negative impact on the performance of PV panels.
Hachicha et al. (2019) reported that the short circuit current is signifi-
cantly reduced at higher dust density under Sharjah, UAE weather con-
ditions. Also, they found that after 5months of exposure, the power loss
of the PV module is 12.7% and the dust density increased by 5.44 g/m2.
Mustafa et al. (2020) found a reduction in output power of 12.47% and
in efficiency of 11.86%, after three weeks, in the Jordanian southern
province of Al Karak. They explained that these reductions in power
and efficiency were caused by decreasing the short circuit current of
the PV module under the effect of dust accumulation; also, they noted
that the dust particles disperse the sun rays falling on the PV module
surface, resulting in reducing of power output. The authors of Said
et al. (2014) found that the transmission factor was reduced to 20%
and the corresponding dust deposit was approximately 5 g/m2 after
45 days of outdoor exposure in Dhahran-Saudi Arabia. They reported
that increasing inclination angle reduces the amount of dust accumula-
tion as well as glass transmittance reduction. The authors of Styszko
et al. (2019) studied the effect of dust deposition on the PV front
cover glass during the non-heating season in one of the most polluted
European cities, Kraków. They reported that the dust particles reduce
Fig. 1. Experime
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and scatter the intensity of the total radiation incident on the PV
modules, which leads to a decreasing in the conversion efficiency.
Mohandes et al. (2009) found a maximum power reduction of
about 10% in 5 weeks due to dust accumulation, of PV system in
UAE. According to Gupta et al. (2019a), dust accumulation on the
PV module blocks the solar radiation to enter directly on the solar
cell, which leads to the loss in the output power of the modules.
They showed the importance of cleaning technique and protecting
system for PV module against the environmental conditions of the
installation site. Jiang et al. (2011) studied the degradation of PV
module efficiency caused by dust deposition, in the laboratory with
a sun simulator and a test chamber and onto different types of
solar PV modules. They found that the reduction of efficiency has a
linear relationship with the dust deposition density, and the differ-
ence caused by cell types was not obvious. The dust deposition den-
sity was increasing from 0 to 22 g m2, and the reduction of PV output
efficiency grew from 0 to 26%.

The aim of this work is to investigate the dust effect on the perfor-
mance of PV modules under Toujounine, Nouakchott, Mauritania
weather conditions. The electrical parameters measured are (I-V) and
P-V curves, Voc, Icc, Impp, Vmpp and Pmax, aswell as themeasurement
of the temperature of the PV solar panels and the Irradiation. The mea-
surements were obtained by using the I-V Tracer ftv200 and according
to the following cleaning scenarios: panels that were cleaned before
eachmeasurement (Clean panels 01), other panels undergoing system-
atic cleaning with the central unit (Clean panels 02) and chains under-
going no cleaning (Dusty panels 03). Then, using to the experimental
results of maximum power obtained, the curves of the probability of
survival and probability of failure, according toWeibull's lawwere eval-
uated.

Materials and methods

Experimental setup

The experimental set-upwas installed by theMauritanian Electricity
Company (SOMELEC), in Toujounine, Nouakchott, Mauritania. The ex-
perimental setup is composed of a platform of 36 solar panels arranged
in 6 rows in series connected in 3 strings of 12 modules (Fig. 1). The
panels are grouped as follows: 12 in series and the 3 chains in parallel.
Tilt of the panels is 12° facing south. The experimental study was con-
ducted in a Sahelian climate in Toujounine, Nouakchott North.
ntal set-up.



Fig. 2. Cleaning operation.

Fig. 3. Panels after cleaning.
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The degree of power degradation due to the dust accumulation was
measured on these test stands according to the following cleaning
scenarios:

▪ Strings 01 of two bottom rows of 12 PV panels (Clean panels 01):
these panels are cleaned when measurements are carried out
(taken as a measurement reference);

▪ Strings 02 of two rows in themiddle of 12 PVpanels (Clean panels 02):
these panels undergo systematic cleaning with the power plant;

▪ Strings 03 of two top rows of 12 PV panels (Dusty panels 03): these
panels have never been cleaned.

Cleaning operation

The two types of cleaning operation were done by the staff's hands
and were depending on the type of dirt present:
Table 1
Panel specifications.

Module type JKM320PP
Cell type Poly-crystalline 156 × 156 mm
No. of cells 72 (6 × 12)
Dimensions 1956 × 992 × 40 mm
Weight 26.5 kg

Electrical specifications STC NOCT

Maximum power (Pmax) 320 W 238 W
Maximum power voltage (Vmp) 37.4 V 34.7 V
Maximum power current (Imp) 8.56 A 6.86 A
Open-circuit current (Voc) 46.4 V 43.7 V
Short-circuit current (Isc) 9.05 A 7.30 A

STC irradiance 1000 W/m2; cell temperature 25 °C; AM= 1.5.
NOCT irradiance 800 W/m2; ambient temperature 20 °C; AM= 1.5; wind speed 1 m/s.
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▪ Dry cleaning in the presence of volatile loads such as dust, sand or
leaves.

▪ Cleaning with water when there are loads such as bird droppings or
plant deposits or compact sand/dust layers that cannot be dry
removed.

Figs. 2 and 3 show the cleaning operation and the panels after
cleaning respectively.

Specifications of the PV panels used

The specifications of the polycrystalline PVpanels used for this study
are listed in Table 1 below.
Fig. 4. Tracer I-V ftv200.



Fig. 5. Pyranometer DPA/ESR 053.

Fig. 6. Probe PT-100.
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Materials used

The JKM320PP PV panel test system consists of a I-V curve plotter I–V
(Fig. 4), a DPA/ESR 053 Pyranometer, whichmeasures the incident radia-
tion on a horizontal plane (Fig. 5) and a Thermometer: PT-100 probewith
4 wires to measure the ambient temperature (Fig. 6).

Experiment methodology

The I-V curve of PV module was measured by an I-V curve tracer
(ftv 200) to characterize PV module's output. The temperature of the
module was measured by a Thermometer and the incident radiation
Fig. 7. (a): Evolution of power and current-voltage under OPC and STC conditions for strings 2
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was measured by a Pyranometer. The cleaning operation is as follows:
12 modules taken as references were cleaned after each measurement,
12 other modules were cleaned every 10 days with the plant cleaning,
and 12 PV panels were never been cleaned. Every week measurements
were made.

Results

Power and current-voltage curves under OPC and STC conditions for clean
and dusty panels

Fig. 7(a) and (b) describes the power and current-voltage evolution
for strings 2 (Clean panels 02) and for strings 3 (Dusty panels 03) re-
spectively, under OPC and STC conditions.

According to the curves in Fig. 7a, the initial current equals a value of
8.19A for STC conditions and a value of 7.63A for OPC conditions, which
is normal. Again, the power equals a value of 3.71 KW for STC conditions
and a value of 3 KW for OPC conditions.

According to the curves in Fig. 7b, the value of the initial current
is 6.28A for STC conditions and is equal to the value of 5.8A for OPC
conditions. Also, according to these curves, the power is equal to
a value of 3.14 KW for STC conditions and 2.53 KW for OPC
conditions.

By comparing the two curves, disturbances in the current-voltage
and power-voltage curves for the uncleaned panels were noticed,
which clearly shows the effect of dust deposition on the panels'
surfaces.

The current-voltage (I-V) characteristics of photovoltaic panels re-
veal a lot of information to better analyze the degradation of the panels
(Rao et al., 2014).

Variation of temperature, irradiance and electrical parameters

Fig. 8a–f shows the curves of the variation of temperature, Irradiance
and electrical parameters as a function of time under OPC conditions.

▪ The curves in Fig. 8(a) show the temperature variation for the three
strings studied from 06/04/2019 to 03/06/2019. According to this
curves, no change in temperature was observed.

▪ The curves in Fig. 8(b) show the variation in Irradiance from 06/04/
2019 to 03/06/2019. The variation observed on the panels during the
day of 19/04/2019, is due to a windstorm.

▪ The curves in Fig. 8(c) show the variation on the short circuit current
Isc. A decrease in the curve of strings 03 compared to strings 02 and
strings 03 was observed.

▪ The curves in Fig. 8(d) show the variation of the open circuit voltage
Voc.
. (b): Evolution of power and current-voltage under OPC and STC conditions for strings 3.



(a): Temperature variation, for strings 1, strings 2 and

strings 3

(b): Irradiance variation for strings 1, strings 2 and strings 3

(c): Variation of short-circuit current for strings 1, strings

2 and strings 3

(d): Variation of open circuit voltage (Voc) for strings 1,

strings 2 and strings 3

(e): Current at maximum power variation for strings 1,

strings 2 and strings 3

(f): Voltage at maximum power variation for strings 1,

strings 2 and strings 3

(a) (b)

(c) (d)

(e) (f)

Fig. 8. (a): Temperature variation, for strings 1, strings 2 and strings 3. (b): Irradiance variation for strings 1, strings 2 and strings 3. (c): Variation of short-circuit current for strings 1, strings
2 and strings 3. (d): Variation of open circuit voltage (Voc) for strings 1, strings 2 and strings 3. (e): Current atmaximumpower variation for strings 1, strings 2 and strings 3. (f): Voltage at
maximum power variation for strings 1, strings 2 and strings 3.
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▪ The curves in Fig. 8(e) show that Imp varies almost like Isc. A signifi-
cant decrease was noted at the level of the uncleaned panels com-
pared to the cleaned panels.

▪ The curves in Fig. 8(f) show the variation of voltage of the stringsVmp.
11
Among the experimental results found by Rao et al. (2014), the dust
deposit has nonoticeable effect on the open circuit voltage of the panels.
A slight decrease in the voltage for the dusty panels was observed.
Again, under natural sunlight, dust has a slight negative effect on the



Fig. 9. Power variation over time for the three strings of the studied panels.
Fig. 10. Degradation percentage of power for cleaned panels compared to uncleaned
panels.
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short-circuit current produced by the panels. We note that no signifi-
cant differences in cell operating temperatures were observed.

According to Jiang et al. (2011), the decrease in current found is ex-
plained by the dust deposits on the surface of photovoltaic (PV)modules.
This leads to a decrease in the transmittance of solar cell glazing and cause
a significant degradation of solar conversion efficiency of PV modules -
Photovoltaic cell converts the solar light energy into electrical energy
(Jacobson &Delucchi, 2011). Dust accumulation on the PVmodule blocks
the solar radiation to enter directly on the solar cell (Gupta et al., 2019a).

Power measurements

The curves in Fig. 9 show the power variation over time, for the three
cleaning scenarios studied.

According to the curves in Fig. 9, we found:

▪ For strings 1 (Clean panels 01), an increase in power at the beginning
of the test from the value 2.88 KW to the value of 3.29 KW was
found, then an almost constant variation in power was observed;

▪ For strings 2 (Clean panels 02), an increase at the beginning of the
experiment from the value of 2.95 KW to the value of 3.26 KWwas
found, followed by an increase;

▪ For strings 3 (Clean panels 03), a remarkable and a progressive drop
in power over time was observed. The value reached the end of test
2.47 KW.

The drop in the power Pmax on May 18 for the three strings of
panels is due to rain. The value is equal to 2.2 KW for the strings 03;
2.75 KW for the strings 02 and 2.74 KW for the strings 01.

The decrease in power is the main indicator of the degradation of a
photovoltaic module.

Degradation rate measurements

The curves in Fig. 10 show the power degradation rate Pmax of
cleaned versus uncleaned panels.

According to the curves in Fig. 10, we found a high rate of degrada-
tion for uncleaned panels compared to cleaned panels. The degradation
rate reaches 21.57% after three months of testing.

The drops and increases in speed observed on the curves in Fig. 10
are explained as follows:

For the day of the 06/04/2019: the two curves of the power variation
undergo a decrease due to the rain which has occurred on the 30/03/
2019.

For the days from 15/04/2019 to 18/04/2019: the increase of two
curves is explained by a very strong wind storm.

According to Goossens and Kerschaever (1999)), wind speeds pro-
mote the accumulation of dust on panel surfaces. Ramli et al. (2016)
found a 10.8% reduction in the output power of the photovoltaic system,
12
in Indonesia after two weeks of exposure in a dry. They reported also
that dust and other particles accumulate rapidly on solar cells and can
reduce the efficiency up to 20%. According to the study carried out by
Said et al. (2014), the transmission factor was reduced to 20% and the
corresponding dust deposit was approximately 5 g/m2 after 45 days of
outdoor exposure in Dhahran-Saudi Arabia. According to Chen et al.
(2020), the output power decreases up to 13.9%, after two weeks out-
door exposure for Eastern China. Also, they found that dust accumulates
on the surface of photovoltaic modules, in continuous dry weather, will
seriously affects the power output.

Modeling survival probability Ps and failure probability Pf

Reliability
The reliability rated R(t) is defined as the probability that a device

will perform a required function under given conditions of use and for
a given period of time.

To predict the reliability of a material, it is necessary to select the ap-
propriate statistical model for the lifetimes of the test samples. For this,
we chooseWeibull's law because it is a flexible law that can be adjusted
with all kinds of experimental results.

Weibull distribution
TheWeibull distribution is generally used to characterize the behav-

ior of systems (mechanical and electronic…etc):
This statistical method is used to determine the relationship be-

tween probability of survival (reliability) and maximum power
(Eq. (1)):

Ps ¼ exp −
σ−σ0

η

� �M
 !

(1)

Ps: probability of survival or reliability;
σ: maximum power;
M: shape parameter (Weibull module);η: scale parameter;
σ0: position parameter;

The data follow a Weibull distribution, if the points will be linear or
nearly linear.

ln lnln
1
Ps

� �� �
¼ M lnσ−lnln ηð Þ (2)



Fig. 11. Determination of the parameters of Weibull's law.
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By using the Minitab software and based on Eq. (2), we found the
values of the parameters of Weibull's law (Fig. 11) for the three strings
STR01, STR02 and STR03.

Reliability modeling as a function of maximum power
The failure F(t) is, contrary to the reliability, the probability that a

randomly chosen device will fail before the time t. Thus, it is a comple-
mentary value of the reliability (Eq. (3)):
Fig. 12. Curves of survival probabili
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F tð Þ þ R tð Þ ¼ 1 (3)

Generally, the variable “time” should be considered as a unit of use.
However, in special cases, other units such as kilometers, number of rev-
olutions,… etc., should be considered. In our case, theMaximum Power
(Pmax) will be the unit of use. Also, we will replace the symbol F(t) by
the probability of failure Pf.
ty Ps and failure probability Pf.
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Fig. 12 shows the curves of survival probability Ps and failure proba-
bility Pf (Ps + Pf=1) for STR01, STR02 and STR03 as a function of max-
imum power using the first equation (Eq. (1)).

According to Fig. 12,we found that the evolution of the probability of
survival (reliability) of uncleaned panels (STR03 or Dusty panels 03) is
very low compared to the reliability of the cleaned panels (STR02 and
STR01). This decrease in reliability is explained by the decrease in max-
imum power under the dust effect. On the other hand, we notice that
the difference between the reliability curves of the solar panels STR02
and STR01 were very small, which shows the usefulness of systematic
cleaning.

Discussions

Salim et al. (1988) found a 32% reduction in performance after
eight months due to dust accumulation on a solar PV system in a vil-
lage near Riyadh, Saudi Arabia (Chanchangi et al., 2020; Ndiaye et al.,
2013). Wakim et al. (1981) reported a 17% reduction in PV power
due to the accumulation of sand on the panels in Kuwait City after
six days. Hussain et al. (2017) confirmed that the smaller particle
blocks more sunlight and thus reduces the efficiency of solar panels.
Also, they showed that in desert areas and due to dust accumulation
the power efficiency of solar panels can be reduced up to 60%. Ac-
cording to Mizanur et al. (2012) dust acts as a barrier between the
solar panel and the sun's rays. Also, they found that the value of the
short circuit current Isc of a clean panel is higher than the Isc of a
dusty panel, and the power decreases with the amount of dust on
the surface of panels. According to Rao et al. (2014), the effect of
dust on I-V characteristic of panels was studied. They observed that
the deposit of dust did not significantly alter the open circuit voltage
of PV systems. However, the dust deposits negatively affect the
short-circuit current. Again, Rao et al. (2014) found that dust deposi-
tion leads to a decrease in generated power and an immense loss in en-
ergy produced and the economic loss of a PV power plant. According to
Sulaiman et al. (2011), the effect of the presence of dust was studied
using artificial dust (mud and talcum), they found a reduction in a
peak power generated up to 18% and they found that the differences be-
tween the results obtained using mud and talc were generally small
(about 6%). They confirmed that a cleaning of the dust on the surface
of the PV solar panel is necessary to ensure the best performance. Ac-
cording to the study by Zeshan et al. (2017), the average output
power was reduced up to 22% for June, 16% for July and 18% for August
due to the accumulation of dust on the surface of the polycrystalline PV
modules, exposed to the outdoor operating conditions in Pakistan. They
concluded that a regular cleaning of the PVmodule is necessary tomin-
imize efficiency losses. According to the study by Prasanthi and
Jayamadhuri (2015), a reduction of the peak power generated can be
up to 30%, under higher irradiation, the effects of dust can be slightly re-
duced and not negligible. Also, they showed that the power can be im-
proved by using cleaning. An increase in power up to 35% was found.
According to Sulaiman et al. (2014), the experiment was done by
using a clean panel and a panel covered with talcum, dust, sand and
moss. They showed that opaque particles tremendously affect the per-
formance of solar PV. According to Karmouch et al. (2017), the deposi-
tion and accumulation of airborne dust significantly reduces the
efficiency of solar cells, by reducing the transmission of sunlight. They
found approximately 10.4% reduction of efficiency after 16weeks of ex-
posure for 30° tilted panels and 9.7% for 55° tilted panels. They also rec-
ommended using a self-cleaning system product, especially in dusty
areas with a low rainfall to prevent dust accumulation and to improve
the energy performance module.

Conclusion

Themain factor of degrading the generation of PVmodules is dust ac-
cumulation on the top surface of PV module. Dust accumulation on
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panel's surface blocks the solar radiation to enter directly on the solar
cell, whichwould decrease the spectral transmittance and PV power gen-
eration efficiency. This leads to a decrease in the reliability of the solar PV
module. The loss in the output power of the modules can be avoided if
modules are cleaned periodically. This study investigated the effect of
dust on the electrical performance of PV modules under Toujounine,
Nouakchott, Mauritania weather conditions. The study is conducted
under three different cleaning scenarios and measurements are taken
using an I-V tracer ftv200 as well as the measurement of temperature
and irradiation. Also, themodeling of reliability as a function ofmaximum
power by Weibull's law for clean and dusty panels is investigated.

The main results of this investigation are summarized as follows:

- Disturbances in I-V and P-V curves for dusty panels were noticed,
due to dust effect.

- A decrease in Isc and Imp for dusty panels compared to clean panels.
These results are explained by the effect of dust accumulation on the
surface of modules, which acts as a barrier against the sunlight, and
thus reduces the conversion efficiency of PV modules.

- Dust accumulation reduced the power output by 21.57% for dusty
panels compared to clean panels. Dust accumulation leads to the
loss in the output power of the modules.

- The reliability for dusty panels is very low compared to clean panels.
This decrease in reliability is explained by the loss in the output
power under the dust effect.

This work is an important step in understanding the dust effect on
PV performance in Sahelian areas. The results clearly show the great ef-
fect of the cleaning operation to obtain the best performances of the PV
solar panels.

Abbreviations

STC Standard Test Conditions
NOCT Nominal Operating Cell Temperature
OPC Operational test conditions
Strings 1 Clean panels 01 or STR01
Strings 2 Clean panels 02 or STR02
Strings 3 Dusty panels 03 or STR03
Vmp Voltage at maximum power
Imp Current at maximum power
Voc Open circuit voltage (V)
Isc Short-circuit current (A)
Pmax Power measured at the terminals of the PV cell (Watt)
Ps Probability of survival or reliability
Pf Probability of failure
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