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Abstract: Airborne dust and dust storms are natural disasters that transport dust over long distances
from the source basin, sometimes reaching hundreds of kilometers. Today, Iraq is a basin that
produces dust storms that strike all neighboring countries such as Iran, Kuwait and Saudi Arabia.
These storms affect the productivity and capacity of the photovoltaic modules and reduce the amount
of electricity that is generated clearly. Airborne dust reduces the intensity of solar radiation by
scattering and absorbing it. In addition, the dust accumulated on the photovoltaic modules causes
a deterioration in their productivity. In this study, an extensive review of wind movement and its
sources, especially those that hit the city of Baghdad, the capital of Iraq, was conducted. Practical
experiments were also carried out during a storm to measure important variables that had not
been measured practically before at this site. The experimental tests were carried out starting from
1 April 2022 and continued until 12 April. Within this period, a dust storm occurred that lasted for
three consecutive days that was considered one of the most severe storms that the city of Baghdad
had experienced in the last few years. Practical measurements showed a deterioration in the solar
radiation intensity by up to 54.5% compared to previous days. The air temperature during the storm
decreased by 21.09% compared to the days before the storm. From the measurements of ultrafine
aerosol particles PM1 and PM2.5, there was a significant increase of 569.9% and 441% compared to the
days before the storm, respectively. Additionally, the measurements showed an increase of 217.22%
and 319.21% in PM10 and total suspended particles, respectively. Indoor performance experiments
showed a deterioration of current, voltage, power and electrical efficiency by 32.28%, 14.45%, 38.52%
and 65.58%, respectively, due to dust accumulated during the storm days compared to the previous
days. In the outdoor experiments, the rates of deterioration of current, voltage, power and electrical
efficiency were greater, reaching 60.24%, 30.7%, 62.3% and 82.93%, respectively, during the storm
days compared to the days before it. During a storm, cleaning the panels is futile due to the high
concentration of dust in the air, especially by water. However, the photovoltaic modules can be dry
cleaned with bristle brushes after the storm has subsided.

Keywords: sand and dust storms; PM1.0; PM2.5; total suspended particles; photovoltaic
modules performance
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1. Introduction

Since the end of the last century, there has been interest in exploiting solar energy to
generate electricity as it is clean, free and available most days of the year. Improvements
in the efficiency of photovoltaic (PV) modules and their high productivity has caused an
increase in the spread and expansion of their use. Today, PV electricity generation is the
most competitive option in many locations around the world. Böök & Lindfors (2020)
demonstrated the increase in the exploitation of solar energy and the escalation in the
growth of PV systems in recent years [1]. By the end of 2019, the electrical capacity gener-
ated using PV systems amounted to approximately 2.8% of the total electricity generated
globally. There are many PV stations installed in Europe and the United States and new
markets have emerged, but with increasing demand, such as countries in the Middle East
and Africa. For example, the United Arab Emirates, the Kingdom of Saudi Arabia and
Oman have shown an interest in the exploitation of solar energy and the installation of PV
modules in the Middle East [2].

The greatest challenge facing solar PV plants is that these technologies are subject
to weather conditions, which affect their performance. Practically, achieving a balance
between supply and demand (especially during peak hours) is one of the most important
basics of electric power production so that the station can schedule energy production. In
PV plants, production scheduling is an exceedingly challenging task compared to fossil
fuel plants due to weather factors [1,3]. The most important weather variables that directly
affect PV modules are the intensity of solar radiation, temperature, relative humidity and
dust. In addition, the performance of any photovoltaic system is affected by a variety of
external conditions. The most important of these conditions are hot spots, partial shade
and other minor malfunctions [4,5]. The effect of dust on PV modules is significant as it
reduces the solar radiation intensity reaching the PV module and, in turn, its productivity.
Dust accumulation also prevents a large part of the irradiance from reaching the surfaces
of PV modules. To eliminate traces of dust, the researchers unanimously agreed on the
necessity of periodic cleaning of the PV modules, either monthly or weekly, depending on
the weather conditions and the amount of dust suspended in the air. For example, Ramli
et al. (2016) found that PV modules should be cleaned every two weeks in high-humidity
climates [6]. In Jordan, Hammad et al. (2018) suggest periodic cleaning of photovoltaic
cells every 12 to 15 days depending on the type of PV module [7]. Chaichan et al. (2015)
suggested that dust containing a high percentage of carbon particles be cleaned using a
sodium solution to achieve a higher cleaning efficiency than cleaning with alcohol. The
authors also concluded that PV modules installed near highways in Baghdad should be
cleaned every 10 days [8].

Dust storms are common and the Baghdadi citizen may have become accustomed
to them due to the recurrences over the last three decades. At the Nairobi Conference
on 12 February 2013, the representative of the Secretary-General of the United Nations,
Martin Kobler, stated that Iraq had faced approximately 122 sand and dust storms during
the year 2012 and the years that preceded it. He expected that this country would face up
to 300 dust storms annually during the coming 5 years [9]. In 2012, the Iraqi Ministry of
Environment supported this information; its reports mentioned the occurrence of 122 dust
storms and 283 dusty days and concluded that Iraq might witness more than 300 dust days
and dust storms over the next 10 years [10]. In the year 2022, the United Nations and the
Iraqi Ministry of Environment announced that Iraq had been exposed to a large number of
dust storms [11] that had resulted in the death of many citizens due to suffocation, with
more than 5000 citizens being transferred to hospitals for treatment [12]. Additionally, the
government stopped air flights from Baghdad and Najaf airports [13,14]. The orange color
of the sky associated with low levels of visibility has become common in Iraq [15]. Figure 1
shows pictures of citizens suffering from dust storms. The “Iraqi Meteorological Office”
has predicted dangerous occurrences, the most important of which is that the phenomenon
of dust storms will increase as a direct result of the drought that has been ongoing for four
decades, desertification and reduced rainfall [16]. In April 2022, seven dust storms occurred
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that were categorized as severe to medium. The dust storms caused almost complete
disruption of daily life in Baghdad Governorate [17].
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This study is concerned with the impact of dust and dust storms on PV power stations
and modules. The Iraqi Ministry of Electricity expects that 15% of the electricity produced
by 2030 will be from photovoltaic power plants. Therefore, the frequency of these storms
and their devastating effects on the productivity of photovoltaic modules is an important
matter that must be investigated and measured. The results of this study, along with the
review that precedes it, can establish a solid basis for making decisions related to the
location of PV power stations in Baghdad Governorate and the rest of Iraq, the economic
feasibility of these stations, and their long-term operational success in providing stable
electricity. With the advancement of meteorology and its use of satellites to predict such
storms, there is still interest in how to neutralize these storms or at least reduce their effects
on the productivity of photovoltaic plants. This study is divided into several sections
after the introduction. In the second section, a detailed study of dust and winds and their
formation, causes and results are presented. The third section discusses dusty winds in
Baghdad, their causes and consequences. The fourth section elucidates the effect of dust on
PV modules. The fifth section presents practical measurements of dust storms that passed
through Baghdad in April 2022. The sixth section discusses the results. The paper then
offers conclusions and recommendations for future work.

2. Dust Storms: Formation, Causes and Results
2.1. Dusty Winds: Causes and Consequences

Dust storms form when air moves at high speed, creating strong winds that can lift
and move dust particles and surface soil sands and transport them over long distances.
With the increase in the density of dust and sand transmitted through the air, these moving
particles over sand or loose soil perform the process of sculpting and shaking the soil
particles, disintegrating them and then moving them across the surface. As the tiny dust
particles in the soil loosen and break, they begin to rise and move in the air. These particles,
in turn, encounter the surface of the soil, causing more of its particles to disintegrate, which
then begin to rub against other particles, doubling the number of dust and sand particles
that move with the wind.
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The main factors that cause the disintegration of sand/dust particles and facilitate
the process of their rise and movement with the wind and the formation of sand and dust
storms are as follows:

1. Drying of the soil for extended periods of time extending to dozens of years.
2. A lack of rain and absence of vegetation.
3. Air movement at high-speed, creating high winds.
4. Wrongful human practices, such as intensive plowing of dry lands and overgrazing.
5. The movement of wheels and vehicles in arid lands, which crumbles and disintegrates

the soil.

Dust storms represent an environmental hazard and are frequent in arid and semi-
arid regions of the world [18]. Sand and dust storms constitute natural disasters that
have devastating effects on the environment and human health. The Middle East and
North Africa (MENA) region can be considered the world’s largest natural source of
dust, with dust and dust storms accounting for more than half of the average annual
global dust emissions [19]. Huneeus et al. (2011) determined the global dust emission
rate to be approximately 500–4000 Tg/yr; the share of North Africa and the Middle East
is 400–2200 Tg/yr and 26–526 Tg/yr, respectively [20]. China also represents one of the
epicenters of dust storms in Central Asia [21]. Excessive amounts of dust illustrate the
environmental effects of the region as shrinkage and atmospheric erosion play a significant
role in creating conditions suitable for dust generation [22]. This affects local, regional and
global climate systems which are in turn influenced by environmental and atmospheric
variables. Dust affects the climate, however, there is an influence of the climate on the rise
of dust, its volatilization over long distances and its precipitation. The researchers noticed
in this issue the interdependence of these two variables, as any change in the climate due to
dust results in a clear change in the rate of dust generation, escalation and transportation
in the atmosphere. It is difficult to monitor dust storms effectively in the Middle East and
North Africa region because of the limitation of satellite and spectrophotometer monitoring
due to the large area of this region.

Reports by the “Intergovernmental Panel on Climate Change” (IPCC) in 2021 showed
that the negative effects of global warming such as dust storms, strong convection systems,
hot temperatures and heat waves are becoming more frequent. Wang et al. (2021) defined a
dust storm as an extreme atmospheric phenomenon that affects the global climate [23], as
defined by Luo (2010) [24]. It is a climatic phenomenon caused by intense winds that uproot,
volatilize, and transport dust and sand from the surface of the earth to great distances.
Dusty and sandy winds cause a decrease in horizontal visibility to less than 1 km. These
winds carry serious dangers as they destroy the environment and endanger human health,
impeding the economic development of the countries they pass through [25]. Gu et al.
(2021) explained that dust storms formed due to three basic factors: high air speed (intense
winds), availability of a sand/dust source and unstable weather conditions (atmospheric
depressions and heights) [26]. Sand and dust storms occur in arid and semi-arid regions of
North America, Australia, Central Asia, the Middle East and the Sahara Desert [23,27].

2.2. Negative Effects of Dust Storms

Luo et al. (2004) showed that dust storms (during the storm and the days after it)
contain a large variety of particulate matter pollutants [28]. Thus, most researchers consider
these storms to be a major cause of air pollution. Zhang et al. (2003) estimated that the
proportion of mineral dust aerosols may range from 45% to 82% during a dust storm [29].
Processes such as adsorption, catalysis and heterogeneous interactions of volatile organic
compounds (VOCs) on the surface of a mineral dust aerosol can cause a phase change
in atmospheric gases and particulate matter [29]. Such variability can significantly affect
climate change and the atmospheric environment [30,31]. Dust storms can also reduce
light intensity; Zhao et al. (2011) showed that the direct radiative effect of aerosols occurs
via the scattering and absorption of incoming solar radiation and outgoing terrestrial
radiation [32]. Garland et al. (2009) clarified that the aerosol dispersion coefficient in



Energies 2023, 16, 3938 5 of 25

the case of a dust storm is approximately 5–10 times higher than the aerosol absorption
coefficients in different locations in Beijing for the period from 1999 to 2009 [33]. These
storms cause a deterioration in the productivity of PV modules due to the attenuation of
solar radiation and the increase in dust accumulation on these modules [34,35].

Dust storms cause soil fertility degradation due to biogeochemical processes that
increase the growth of marine phytoplankton when they are deposited on land and in
oceans. As a result of this, the global carbon cycle is affected [36,37]. These storms cause an
obstacle to the irradiance, which causes a decrease in air and surface temperature with soil
loss, which results in negative effects on agricultural production and plant growth [38].

In general, these storms affect air quality and increase mortality rates related to
respiratory and cardiovascular diseases [39] and also reduce horizontal visibility, which
increases traffic accidents and the number of victims of these accidents [40].

3. Dust Storms in Iraq

Since the beginning of the current century until today, the frequency of sand and dust
storms has been increasing in Iraq. This country is exposed to continuous drought and
interruption of precipitation, which causes desertification and a decrease in vegetation
cover. Global warming has played a significant role in the circumstances that Iraq currently
suffers from. Zoljoodi (2013) stated that the period from 2001 to 2012 was the warmest
in the past four decades [41]. Since 2012, the occurrence of drought has been increasing
and has caused the expansion of arid regions and desertification at the expense of green
areas [42].

Iraq is located at the center of what is called the global dust belt, which extends from
the Sahara Desert across the Middle East to the Gobi Desert in Mongolia and China [43].
This belt contains permanent dust sources (arid deserts). A large part of Iraq is a desert
area and an increasing part of the country is subject to desertification [44]. Surface wind
movement causes the release of millions of tons of dust that negatively affects human
life [45], increases road accidents and deteriorates solar radiation intensity [46,47]. The
global dust belt contains Earth’s most famous deserts, such as the Great Sahara, the Empty
Quarter, the desert of western Iraq and the Levant, which were formed hundreds of years
ago due to a lack of rain and elevated temperatures. When these areas are exposed to
winds, strong dust storms arise that reduce horizontal visibility to 5 km and sometimes
less than 100 m [48]. The severe and prolonged drought that has afflicted the “West Asian”
region over the past two decades has caused an increase in dusty winds and the amount
of soil, sand and dust suspended in the atmosphere in this region. Kazem et al. (2022)
demonstrated that the transformation of a large part of the Fertile Crescent into barren
lands and deserts made Mesopotamia a basin for the production and export of dust, the
effects of which reach all the countries surrounding Iraq [49].

Baghdad city, the capital of Iraq, is situated in a flat, moderate and dry plain area
with little or no vegetation cover. The flatness of the earth extends to vast distances of
barren lands with loose soil. Baghdad is surrounded by terrain consisting of highlands
to the east and north, plateaus to the west, and flat lands to the south. This topography
makes the province of Baghdad a meeting place for centers of atmospheric pressure [50].
The fast winds that pass through these dry lands disturb the dry soil and break the bonds
between the dust particles and force them to move. Particles attached to the surface cannot
move and rise in a vacuum and then move without the presence of an external factor that
is stronger than their adhesion and weight and that can lift these particles and transport
them over long distances [51]. One of the most important conditions for the occurrence of
dust storms is that the wind speed is not less than 25 km/h. The frequency of such winds
increases in the spring and autumn seasons in Baghdad [52].

In Baghdad, dust storms are associated with depressions that form over the Red Sea,
White Sea and Indian Ocean. These depressions move the air in a motile way toward the
center and move in the form of large masses of air, traversing large areas of dry flat lands
from west to east. This movement raises and carries dust, decomposing and disintegrating
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organic matter and industrial waste. The western plateau of Baghdad is a major source
of dust storms that surround this city. Dust storms are frequent, increasing in frequency
during the hot season and decreasing in frequency during the cold season. Typically, these
storms begin to form in the early morning and peak around midday; they then tend to
decrease after 9 PM until 6 AM the next morning [9].

The dust storms that afflict Baghdad province mainly occur during two peak seasons:
The end of the spring season and the beginning of the autumn season. Currently, dust
storms are also active during the summer due to the northwest winds that are active at
noon. These winds that blow on Baghdad pass with a limit of 33.6% of the total winds
that pass through the province through the western plateau. These storms cross dry soil
and are considered a major funder of the dust of these winds, although they are loaded
with dirt and dust from the Levantine desert [53,54]. The reason for the dominance of the
northwestern winds over Baghdad can be attributed to the Azorean high, which causes
instability in the summer weather of the province due to its proximity to a temperature
depression. These pressure systems are the main cause of instability, drought and high
air temperature during the Baghdad summer. The Azores high and Indian monsoon low
(supported by the subtropical high in the upper atmosphere) contribute to the control of
dry air mass at the surface. The dominance of the northwest winds may also be due to
the concentration of the indigenous seasonal low east and south of Iraq coinciding with
the high atmospheric pressure over the sea causing a pressure gradient, which enables the
northwestern winds to prevail over Baghdad Province [55].

Baghdad province is surrounded by a group of mountains and plateaus at not far
distances. These plateaus and mountains are home to what is called the plateau breeze,
whereby the hotter air in the plateaus rises to replace the thicker and cooler air of the plains.
The movement of air from the plateau to the plain carries with it dust particles. The plateau
of Badia Al-Sham is characterized by dryness, low vegetation covers and loose soil. It is
also characterized by the light weight and ease of transportation of its soil particles. These
conditions are favorable for activating dust storms that blow over Baghdad. The city of
Baghdad can be considered part of the dust-exporting region as it is surrounded by lands
that are capable of exporting dust particles, silt, and loose and fragile clay particles.

In early April 2022, a dust storm covered large parts of Iraq for three days. During
this storm, the sky turned an orange color, the visual range decreased and air quality
deteriorated. The storm’s development between days 7 and 9 of April is shown in Figure 2.
These images were taken using the “Visible Infrared Imaging Radiometer” (VIIRS) array
on the “NOAA-NASA Suomi NPP satellite” and the “Moderate Resolution Imaging Spec-
troradiometer” (MODIS) on “NASA’s Terra” satellite. The captured pictures show that
the dust storm began over northern Iraq on the 7th April, but two days later, it passed
Baghdad and extended to southern Iraq. This type of dust storm became common in the
summer in Baghdad due to the intense winds that blow from the northwest, called Shamal
winds in Iraq. However, this type of wind also occurs in other seasons. In the spring, these
winds abound in western Iraq, turning into dust storms and extending to Baghdad most
of the time. During the storm of April 2022, dozens of citizens were hospitalized due to
respiratory problems. Pictures show that the dust darkened the snow on the mountains
in Turkey.
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4. Effect of Dust on Photovoltaic Modules

In the past two decades of the 21st century, the use of PV modules has motivated
the production of clean and sustainable electricity. PV technology has broad prospects,
especially considering the development of its technologies and low costs [56–59]. The
efficiency of PV modules is critically affected by solar radiation intensity and temperature
and by shadow and dust [60,61]. The dust particles suspended in the air reduce the
amount of radiation falling on the surfaces of the PV modules and their deposition and
accumulation on these modules prevent light transmittance. This dust accumulation results
in a clear deterioration in the efficiency of power generation [62,63]. Several studies have
shown that the electrical efficiency of PV modules decreases by 30% in areas with high
dust pollution [64]. The accumulation of solid dust particles on the PV modules completely
blocks sunlight in the polluted areas. These contaminated PVs cannot produce electricity
and local hotspots are formed on the modules as the ambient temperature increases. This
type of dust accumulation of solid and adherent contaminants causes a significant reduction
in the productivity of PV modules and, in some circumstances, causes damage [65,66]. The
accumulation of a small amount of fine dust on PV modules causes shading that weakens
the solar radiation intensity reaching the PV modules [67].

Alnasser et al. (2020) stated that the word “dust” refers to organic and inorganic
materials that are suspended in the air and transmitted by their movement over long
distances [68]. Dust includes soil particles, smoke, haze, particulate matter, bacteria, pollen
grains, etc. Due to the various sources of dust, there are significant differences in size,
shape, distribution and concentration. PV modules become contaminated with dust when
airborne dust particles settle on the surface of PV modules. Dust build-up on these modules
causes a significant decrease in power output [69]. It was estimated by Ilse et al. (2019) that
the revenues of PV energy globally decrease by more than USD 5 billion annually due to
the pollution of PV modules from dust [70].

The effect of dust pollution on solar energy generation has been intensively investi-
gated in the literature. The increasing effects of climate change and the increase in dust
storms around the world coincide with the increasing trend toward installing and operating
PV plants, which are often installed in desert locations [71,72]. Empirical studies have
been conducted to directly estimate the effect of dust pollution on PV systems. Few of
these studies were conducted in the airspace of Iraq and rarely were studies of this kind
conducted in Baghdad. Table 1 shows some of these studies on the effect of dust on PV
modules in several regions of the world, including Iraq and the city of Baghdad.
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Table 1. Studies on the effect of dust accumulation on PV modules in different regions.

Ref. Location Year PV Type Without Cleaning
Exposure Period Power Loss (%)

Zaihidee et al. [73] Malaysia 2018 Monocrystalline 1 month 15–45
Alnaser et al. [74] Bahrain 2018 Polycrystalline 15 months 10
Sidiki et al. [75] Mali 2018 Monocrystalline 1 month 7

Willoughby and Osinowo [76] Nigeria 2018 Monocrystalline Harmattan season 18
Hadwan and Alkholidi [77] Yemen 2018 Monocrystalline 5 days 16.76

Gholami et al. [78] Iran 2018 Monocrystalline 70 days 21.47
Hammoud et al. [79] Lebanon 2019 Monocrystalline 1 year 20–40

Kazem and Chaichan [80] Oman 2019 Monocrystalline 1 month 5.5–18
Al-Kouz et al. [81] Jordan 2019 Polycrystalline 50 days 14.3–20
Gupta et al. [82] India 2019 - 30 days 4–20

Alquthami and Menoufi [83] Egypt 2019 - 2 weeks 15

Al-Housani et al. [84] Qatar 2019
cadmium-telluride

1 month 14CdTe

Quansah and Adaramola [85] Gana 2019

Polycrystalline
Monocrystalline HIT

silicon, 14 months 8–14.8

a-Si, CIS
Alawasa et al. [86] Oman 2019 Polycrystalline 98 days 45.6

Salimi et al. [87] Iran 2019 Monocrystalline 45 days 8–12
Lu et al. [88] China 2020 Monocrystalline 60 min 26–50

Al-Badra et al. [89] Egypt 2020 Monocrystalline 6 weeks 32.84
Ullah et al. [90] Pakistan 2020 Polycrystalline 25 days 22.5

Kazem et al. [91] Oman 2020 Polycrystalline 1 year 6.3

Majeed et al. [92] Pakistan 2020
Monocrystalline

1 month
16.16

Polycrystalline 11.54
Semaoui et al. [93] Algeria 2020 Monocrystalline 1 month 8.79
Mustafa et al. [94] Jordan 2020 Polycrystalline 21 days 8.8

Darwish et al. [95] United Arab
Emirates 2021 Monocrystalline 2 months 30

Al Bakri et al. [96] Jordan 2021 Monocrystalline 1 day 2.3
Yazdan and Yaghoubi [97] Iran 2021 Monocrystalline Summer season 6.9–7.7

Kenedy et al. [98] United Arab
Emirates 2021 Polycrystalline 2 weeks 14%

Lasfar et al. [99] Mauritania 2021 Polycrystalline 3 months 21.57
Hamid et al. [100] Egypt 2021 Polycrystalline 75 days 53
Zeedan et al. [101] Qatar 2021 Polycrystalline 6 months 43

Kazem et al. [102] Oman 2022
Monocrystalline 35 days 14–31
Polycrystalline 17.14–28.1

Sevik and Aktas [103] Turkey 2022 Polycrystalline 1 month 4
Yazdani and Yaghoubi [104] Iran 2022 Monocrystalline 1 day 1.7–4.4

Enaganti et al. [105] India 2022
Monocrystalline 120 days 7.94–17.48Polycrystalline

Juaidi et al. [106] Palestine 2022 Monocrystalline 7 months 9.99
IRAQ

Abdulazeez [107] Iraq 2018 Monocrystalline 1 month 30.4
Hameed et al. [108] Iraq 2019 Polycrystalline 7 days 4.12

Jasim et al. [109] Iraq 2021 Polycrystalline 15 days 5.93
Abbas et al. [110] Iraq 2021 Monocrystalline 3 months 72.4

Baghdad
Chaichan and Kazem [111] Iraq 2020 APM-P 7 days 27

Mahmood et al. [112] Iraq 2020

Monocrystalline

1 year

24.6
Polycrystalline 24.4

Cadmium Telluride 25.14
Thin film 26.6

Kazem et al. [113] Iraq 2021 Monocrystalline 7 days 4.2
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Table 1 confirms that the accumulation of dust on PV modules (irrespective of their
type, installation location or angle of inclination) deteriorates their electrical productivity. To
protect PV modules from this deterioration, periodic cleaning must be conducted at specific
intervals. However, none of the studies in Table 1 addressed how the accumulated dust can
be tolerated by PV modules, how to deal with the modules, or the recommended quality
and timing of cleaning during emergency incidents. The study area (Baghdad, the capital)
has immense potential for solar energy as it has high irradiation, which makes it perfectly
suitable for operating PV energy systems to achieve sufficiency in electricity [114]. Solar
energy in Baghdad as a source of renewable energy has greater potential than wind energy.
Unfortunately, this energy is not fully exploited, but, currently, there are opportunities for
the Baghdadi citizen, represented in soft loans, while reducing costs and installing and
operating PV systems. Currently, the Iraqi government is planning to build seven stations
in different regions of the country with a capacity of 750 MW as a programmed transition
toward environmentally friendly government policies [115]. Iraq is an oil country and
one of the richest countries in the world in terms of natural gas and oil reserves; these
conditions represent an internal weakness because the country depends on fossil fuels to
generate electricity due to their availability and cheapness. Additionally, the climatic risks
of dust and dust storms that reduce the productivity of PV modules, in addition to the
political instability in the country and the change in the decision to use alternative power,
pose risks to the development of the infrastructure of high-power PV stations.

This situation thus triggers the idea of the current study as Baghdad was subjected
to two major storms during the month of March 2022. The necessary equipment has been
prepared to study the effect of dust winds and dust storms before and during storms in
Baghdad and three days after their demise. A severe dust storm occurred from the 7th
to the 9th of April, when the measurements were taken. There have been similar studies
conducted in Iran and Saudi Arabia using satellite images and NASA, but they did not
document experimentally the deterioration of PV modules, as in the current study. In this
study, experimental measurements were made of the effects of the dust storm that lasted
for three days from 7th April to 9th April 2022 on PV modules in Baghdad. This study
assesses the impact of such storms and presents proposals based on a practical study that
can affect decision-makers who are vacillating between adopting sustainable solar energy
or remaining on fossil fuels as a primary source of electric power generation.

5. Experimental Setup
5.1. Study Area

Baghdad is the capital of Iraq and the center of the Baghdad Governorate. This city is
considered the largest city in Iraq in terms of its population, which exceeded 8.5 million
citizens in 2016 [115]. The city is the economic, administrative and educational center in the
country. This city has an old historical status as it was the capital of the Abbasid Caliphate
and the most important center of science and culture for centuries. Baghdad’s geographical
location is characterized by abundant water and an insignificant risk of flooding. Baghdad
is located at longitude forty-four and latitude thirty-three and the Tigris River bisects it into
two halves. Baghdad mediates the northern and southern cities of Iraq. Figure 3 shows an
aerial view of Baghdad, through which the Tigris River passes.
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Baghdad is characterized by a desert climate and there have been hot summers
plagued by dust storms in the area in recent years. Experts referred to the intensification
and recurrence of these storms in the summer in Baghdad after the war in 2003 and to the
change in the Iraqi environment as a whole as a result of deliberate neglect and failure to
develop urgent solutions, in addition to global warming resulting from the high carbon
content in the atmosphere, which was caused by many facilities, such as the Dora refinery
and energy production plants using fossil fuels (South Baghdad station, Dora station and
North Baghdad station). Exhausts from electric generators, which number more than
thousands, also play a crucial role in increasing carbon pollutants in the city’s atmosphere.
Desertification has increased in the areas surrounding Baghdad and soil erosion due to
more than four continuous decades of drought [115]. Table 2 shows the weather conditions
for the city of Baghdad for the year 2020.

Table 2. Average climatic conditions for Baghdad City for the year 2020.

Condition Jan Feb March April May June July August Sep Oct Nov Dec The Average

Irradiation period
(h/day) 6.1 7.2 7.9 8.6 10 11.4 11.3 11.1 10.1 8.2 7.1 6.1 8.7

Irradiance intensity
(W/m2) 287 362 485 536 657 728 792 846 733 682 511 420 587

Maximum air
temperature (◦C) 15.8 18.7 23.8 30.2 36.8 45.8 47.3 50.8 42.2 35.6 23.7 17.6 32.4

Minimum air
temperature (◦C) 4.2 5.9 10 15.6 20.6 23.8 25.9 25.3 21.2 16.5 9.8 5.6 15.4

Wind velocity (m/s) 2.6 2.9 3.2 3.2 3.3 3.8 4 3.5 2.8 2.6 2.5 2.4 3.1
Relative humidity (%) 71.2 57.3 50.4 43.6 31.7 25.1 24.7 26.7 31.8 42.1 57.8 69.3 44.3

5.2. Instrumentations

Concentrations of ultrafine airborne dust particles (PM1.0, PM2.5 and PM10) and total
suspended dust particles (more than PM10) were measured using the “Met One Model
GT-521”. This device works with a laser photometer and was carefully calibrated at the
“Central Organization for Standardization and Quality Control” in Baghdad just before
the experiments were conducted. The device was installed at heights of one, two and
three meters above the surface to ensure multiple readings for measuring dust particle
concentrations. The readings were conducted every 10 min for each height and repeated
three times each to confirm repeatability. The device readings uncertainty was 0.3%. The
measurements procedure started with the Meteorological Authority warning of a dust
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storm that started to form in northwestern Iraq on 6th April in the evening and lasted after
the storm for three days (12th April).

Several measuring devices were used in the current study. A sensitive scale (EJ6I0-
E) with an accuracy of ±0.36% was used to weigh the amounts of accumulated dust. To
control the load achieved on the PV modules and their current and voltage values, an “Eisco
Rheostats type resistance” (1325 ohms, dimensions 130 × 25 × 40 mm with a maximum
current of 0.5 A) was adopted. A digital voltmeter (200 mV: 500 V DC or 350 V AC RMS)
with an accuracy of ±0.5% and a digital ammeter with an uncertainty of ±1.0% was used
in the measurements. A mercury scale was used in the shade to measure ambient air
temperatures before, during and after the storm. The accuracy of this scale was ±0.5%.
Measurement of the intensity of the light shining on the PV modules in the experiments
were presented using an intensity meter type (MT-4617); its accuracy was ±0.3%. To
measure the solar radiation intensity, a solar radiation intensity meter type MP-200 was
used. This device has an uncertainty of ±0.44%.

5.3. Photovoltaic Modules

As it is difficult to estimate a specific period or day for the occurrence of a dust storm,
12 PV modules were prepared and their specifications are shown in Table 3 and Figure 4.
Dust density losses were calculated for identical PVs by comparing dusty and clean PVs
under the same conditions. The daily electricity generation losses were the sum of density
losses for a day. Dust density measurements were taken for the PV modules, starting from
1st April 2022, daily for one of the PV modules, every two days for the second module,
every three days for the third module and so on to determine the dust density, losses
and electricity generation losses for daily and multi-day accumulation. Dust density was
measured by the weight of the PV module at dawn before the start of the measurements
(completely clean) and after sunset (dusty). The dust storm began on the 7th of April; thus,
module no. 7 (which became no. 1 in the sequence) was considered to be the dust that
accumulated on the first day of the storm. PV module no. 8 (which became no. 2 in the
sequence) represented the accumulation of dust after two days, while module no. 9 (which
became no. 3 in the sequence) represented the accumulation of dust after three days of the
dust storm. Module nos. 10, 11 and 12 represented the accumulation of dust after the storm.
These measurements after the storm were particularly important as the wind speed began
to calm down after the storm had passed and the fine dust particles suspended in the air
began to precipitate. Lightweight PV modules were used to facilitate the transportation
of dusty modules from the outdoors to the laboratory easily while reducing accumulated
dust vibration in a way that causes disturbance to the particles settled on the surface. PV
modules were installed on the surface of the ground horizontally in order to receive the
highest possible amount of sedimented dust.

Table 3. The used PV panel specifications.

Panel Type Polycrystalline

Maximum power (Pm) 10 W
Maximum power voltage (Vpm) 17.3 V
Maximum power current (Ipm) 0.59 A

Current (short circuit) 0.64 A
Voltage (open circuit) 21.8 V

Module efficiency 9.5%
Weight 1.4 kg

Module’s area 358 mm × 310 mm
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5.4. Solar Simulator

In this study, a solar energy simulation system was used inside the “solar energy
laboratory at the Energy and Renewable Energies Technology Center at the University of
Technology”. Figure 5 shows 23 “Halogen Brillanta lamps” that were used in the solar
simulator which produce solar irradiance of 0–1000 W/m2. The simulator consisted of
nine columns with two or three lamps per column. The total area of the solar simulator
was 1.40–1.22 m, with a 30 cm distance from the PV module. One of the advantages of
this system was the ability to control the intensity of lighting. Figure 5 illustrates the
solar simulation system used in the tests. By adjusting the distance between the lights,
the intensity of the light could be controlled and distributed evenly on the surface of the
PV board.
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The PV module’s power is calculated by

P = Imp × Vmp

The electrical efficiency of the PV module is

ηel =
Pmp

Is × Apanel

The loss ratio due to soiling is calculated using the following equation:

% Power loss =
Pclean − Pdusty

Pclean

The drop in module’s electrical efficiency:

% ηdrop =
ηclean − ηdusty

ηclean
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After the indoor experiments for each PV module, the accumulated dust was collected
using a brush and weighed on a sensitive scale. Figure 6 shows the amounts of dust
accumulated on the modules for each day of the measurements. It seems that during the
two days before the storm, the airspeed increased and caused an increase in airborne dust
that accumulated on the PV modules. During the storm, the accumulated dust was at
prominent levels compared to the previous days. After the storm, the level of accumulated
dust remained high compared to the days preceding the storm, although it was lower than
the days of the storm.
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Figure 6. Daily dust deposited on PV modules throughout the test days.

5.5. Uncertainty Analysis

The measuring devices used in this study were calibrated and the accuracy of the
devices was determined by determining the value of the empirical error. The uncertainty
equation adopted was proposed by Holman (2012) [116]:

eR =

[(
∂R
∂V1

e1

)2
+

(
∂R
∂V2

e2

)2
+ . . . +

(
∂R
∂Vn

en

)2
]0.5

where eR represents the total uncertainty in the results, R indicates a function of the
independent variables (V1, V2, . . . , Vn) or (R = R(V1, V2, . . . , Vn), ei symbolizes the
uncertainty interval in the nth variable and ∂R

∂V1
is the measured result sensitivity for a

single variable.
Table 4 lists the instruments used in the tests and their uncertainty. In this study, the

uncertainty was found for each of the dust-measuring devices and the electrical variables
measuring devices separately to ensure that no examination was affected by other tests;
then, the total uncertainty was calculated.

Table 4. The instruments’ uncertainty.

Instrument Parameter Uncertainty Value

Met One Model GT-521 ultrafine and craose dust
particles concentrations ±0.3%

EJ6I0-E sensitive scale ±0.36%
Digital voltmeter voltage ±0.5%
Digital ammeter Current ±1.0%

Thermometer (Mercury) Ambient temperature ±0.5%
Intensity meter (MT-4617) Lights intensity ±0.3%
Intensity meter (MP-200) Solar intensity ±0.44%
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Ultra-fine, fine and coarse particle concentration uncertainty:√
(0.3)2 + (0.36)2 = ∓0.468%

Electrical parameters uncertainty:√
(0.5)2 + (1)2 + (0.5)2 + (0.3)2 + (0.44)2 = ±1.335%

Overall test uncertainty:√
(0.468)2 + (1.335)2 = ±1.414%

The uncertainty values for measurements of dust concentrations and electrical parame-
ters were less than 5%; therefore, the obtained measurements were considered geometrically
acceptable and reliable.

5.6. Test Procedure

After several moderate-intensity dust storms hit Baghdad in March 2022, meteorolo-
gists warned of severe storms of this kind in the coming days. Preparations were made
for the severe storm study by laying 12 PV modules on the roof of the “Energy and Re-
newable Energies Technology Center at the University of Technology—Baghdad”. The
dust accumulated on it was measured and its performance was checked, as detailed in the
PV module section. On the first day, the power output of the module was measured from
8 AM until 5 PM. After that, the module was lifted very carefully and installed in the solar
simulator and its energy output was checked at a variable solar radiation intensity (from
8 to 9:30 AM the subjected irradiance was 200 W/m2, from 9:30 AM to 3:30 PM the subjected
irradiance was 300 W/m2 and from 3:30 to 6 PM the subjected irradiance was 200 W/m2

again, adopting the procedure by Al-Waeli et al. (2018) [117]. This radiation intensity was
chosen from practical measurements taken during previous storms and was the lowest
radiation intensity measured at that time. Additionally, the indoor air temperature of the
laboratory was kept constant at 25 ◦C. This temperature was chosen because it represents
the standard measuring temperature. The PV module was cleaned and placed in a new
arrangement so that its number was 13 and so on. To ensure the complete cleanliness
of the PV modules used, they were cleaned with a sodium solution to eliminate any sul-
fur or carbon particulates that may have been precipitated with dust, depending on the
results of Chaichan et al. (2015) [8]. The idea of this method is to measure the effect of
dust accumulation on PV modules during storm strikes as soon as they occur. Inside the
laboratory, the effect of dust accumulation on the PV module was measured only without
the presence of dust suspended in the air. The difference between the two values indicates
the effect of suspended dust and the severity of its effect on the module’s productivity.
During the analysis of the experimental measurements and because the fluctuation in the
measured parameters was large, the average solar radiation, air temperature and power
output measurements of the modules for the three days before the storm were taken as the
pre-storm average. The arithmetic average of the measured readings was calculated during
and after the storm. The reason for this was to demonstrate the effects on PV modules to
ensure their correct disposal.

6. Results and Discussions

Figure 7 shows the average intensity of solar radiation measured for the city of
Baghdad before, during and after the storm. The solar radiation intensity before the storm
was high, reaching values of approximately 720 W/m2. The intensity of the solar radiation
deteriorated sharply during the storm and decreased by 50.54%. The intensity of the solar
radiation outside the storm in the atmosphere did not change, but its intensity inside the
storm dissipated, spread and was reflected by dust and sand loaded in the air. After the
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storm, large dust particles were deposited and fine and ultra-fine dust particles remained
suspended in the air. These particles reduced the intensity of solar radiation after the storm
compared to measurements taken before the storm. When comparing measurements, it
was found that the deterioration in radiation intensity reached 13.87%.
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Figure 7. Solar radiation intensity before, during and after the dust storm.

Figure 8 shows the impact of the dust storm before, during and after the storm on
ambient temperatures. The ambient temperature decreased due to the impact of the dust
storm, which reduced the direct solar radiation intensity and dispersed a large part of it.
Additionally, the mass of dust suspended in the air absorbed a large part of this radiation
intensity, which reduces the air temperature. The average decrease in the temperature
reached 21.09% during the storm compared to the previous days, which was a high per-
centage. After the storm, the suspended mass of dust was still clear as the large particles
had been deposited, but the fine and exceptionally fine particles remained suspended for
days and sometimes months, as indicated by Kazem et al. (2014) [9]. By comparing the
temperatures after the storm with those from the days before the storm, a decrease of
approximately 12.68% was observed. The greatest effect of the PV panel’s temperature
was on the generated current as it decreased with this temperature increase, as shown
by Al-Waeli et al. (2017) [118]. The results of Figure 8 show that the temperature rise of
the PV panel during and after the storm was not significant; thus, the effect of the panel
temperature on the current and voltage measurements was limited during this period.

In Figure 9, particulate matters were measured instantaneously using the “Met One
Model GT-521”. Figure 9 shows the concentration of PM1.0, which is considered the most
dangerous particulate matter to human and animal health. Particles of this size can reach
the most accurate alveoli and capillaries of the lung and concentrate in them, causing
their obstruction, and their damage may develop into serious lung diseases. Hamza et al.
(2020) showed that the extent to which these particles are dangerous depends on their
chemical composition [119]. Since Baghdadi dust is loaded, in addition to particles of
silicon oxide, with particles of a carbon source produced from the Doura refinery and
the three power stations, in addition to thousands of private generators, the health risks
involved increase sharply. The results of the operation show a clear increase in PM1.0
during the storm up to 569.9% compared to levels before the storm. After the airspeed
decreased and the large particles began to precipitate, these particles withdrew a large
part of the PM1.0 adhering or close to them and deposited them on the surface of the PV
modules. However, the measurements show that the levels of PM1.0 after the storm were
also high and reached 69.7%.
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Figure 8. Ambient temperature before, during and after the dust storm.
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Figure 9. Ultra-fine, fine and coarse particle levels before, during and after the storm event.

Figure 9 shows practical measurements of PM2.5, which is no less dangerous. These
ultra-fine particles enter the respiratory tract and bloodstream and interact with them,
causing several health risks, depending on their components. The concentration of PM2.5
increased by 441% during the storm compared to pre-storm levels. When the storm passed
through Baghdad, it carried with it a large part of the PM2.5 attached to it, causing its levels
to drop, in addition to the precipitation of part of it after the air velocity calmed down.
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PM2.5 concentrations after the storm were approximately 36.34% higher than their levels
before the storm.

Figure 9 shows the concentrations of PM10 in the air before, during and after the storm.
PM10 levels increased during the storm by 217.22% compared to levels before the storm.
After the calm of the storm, PM10 concentrations were higher than their levels before the
storm by 25.05%. This result shows that larger particles were deposited faster, while finer
particles remained suspended in the atmosphere.

Total suspended particles (TSP) are particles with a diameter of more than 10 nanome-
ters. These particles, in addition to being deposited on the surface of PV modules, are
dangerous in that they carve into the cell glass and cause scratches and corrosion. Figure 9
shows the concentrations of these particles suspended in the air before, during and after
the storm. The TSP concentrations increased during the storm days by 319.21% compared
to the previous days and were responsible for the scattering of sunlight and the absorption
of part of the air heat. These particles precipitated quickly after the storm subsided due to
their weight, and their concentrations decreased by 309.1% compared to the storm days, but
they remained higher than their levels before the storm by 10.11%. The high risks of these
particles during the storm were reduced afterward. However, it is particularly important
to know the chemical components of these particles to determine the required cleaning
methods. For example, it is not recommended to clean calcium carbonate particles, white
cement or gypsum with water as they interact with the water to form a cohesive layer that
is difficult to be removed from the surface of the PV panel, as indicated by Alnasser et al.
(2020) [68]. Additionally, the PM particles accumulated on the PV surface accumulated
(the bulk of which are carbon and sulfur molecules) are not recommended to be cleaned
with water because water is not effective in removing them. It is preferable to use a sodium
solution, as indicated by Chaichan et al. (2020) [111].

In the set of experiments conducted inside the laboratory, the performance of the PV
modules was measured at a constant radiation intensity (300 W/m2) and constant indoor
temperature (25 ◦C), as shown in Figure 10. Current and voltage measurements began at
sunrise and ended at sunset. Indoor measurements were conducted with solar radiation
intensity and air temperature set at 300 W/m2 and 25 ◦C, respectively. In Figure 10, the
effect of dust accumulated on a PV module during a dust storm on the current is shown.
As has been proven in most previous studies, the clearest effect of accumulated dust is on
the current generated by the PV module. The dust accumulated during the dust storm
caused a deterioration of the current generated by the PV module by an average of 32.28%
of the pre-storm value. Additionally, after the storm had passed, the current generated was
not fully restored but remained at a lower rate of approximately 12.43%.

The effect of the dust storm on the voltage of the PV module was less effective than
the state of the current, as shown in Figure 10. The dust build-up caused by the dust storm
caused a voltage drop of 14.45% compared to the days before the storm. Part of these losses
was recovered after the storm because the accumulated dust was large; thus, the voltage
losses for the days after the storm were 8.6% compared to the days before the storm.

The deterioration of the current and the clear decrease in voltage due to the accu-
mulation of dust during the storm caused the collapse of the power generated by the
PV module, as shown in Figure 10. The deterioration in the produced power during the
storm reached 38.52% as a result of the accumulation of dust. However, after the storm
subsided, the generated power did not return to its original state and remained less than
the power generated before the storm by 18.66%. Importantly, the dust accumulated on the
PV modules and its densities inside the laboratory did not equal that accumulated on the
modules outside the laboratory. In the case of outside the laboratory, with the continuous
rapid air movement, dust particles, especially those with large diameters, were scavenged.



Energies 2023, 16, 3938 18 of 25

Energies 2023, 16, x FOR PEER REVIEW 18 of 26 
 

 

Certainly, the deterioration of the generated power caused a corresponding decrease 
in the electrical efficiency of the PV module. Figure 10 shows that this efficiency decreased 
significantly for modules exposed to dust accumulation during the storm, bringing this 
decrease to 65.58%. As for the days that followed the storm, the efficiency decreased by 
25.63% compared to pre-storm conditions. It is notable that the values of electrical power 
and efficiency at 8 AM were close during and after the storm, while the latter was still less 
(during the storm). At the beginning of the morning, the effect of radiation intensity was 
low and the air temperature was appropriate, which reduced their effects on the panels; 
this is in line with the results of [78,92,99]. The results of Figure 10 clearly show that the 
dust accumulated during the storm caused significant deterioration that could not be 
eliminated as cleaning modules during an ongoing dust storm is futile. In the days fol-
lowing the storm and due to the amount of dust suspended in the air, it is preferable to 
clean with a dry brush (without using any liquid). 

  
Figure 10. Dust storm impact on PV module performance (indoor tests). 

Figure 11 presents the outdoor tests of the PV modules before, during and after the 
storm, which were measured outside the laboratory under real conditions. Here, there 
were two important effects on the PV modules. The first was the accumulation of dust on 
the PV modules and the second was the clear decrease in the solar radiation intensity 
because of its dispersion due to airborne dust. The suspended dust in the air density dur-
ing and after the storm caused a high deterioration in the solar radiation intensity (as Fig-
ure 7 illustrates), followed by a clear decrease in ambient temperatures (Figure 8). There-
fore, the influence of temperature during the period of measurements during and after 
the storm can be ruled out. Figure 11A shows the effect of the studied external conditions 
on the PV current. The measurements show a significant deterioration in the generated 
current during the storm as the produced current was 60.24%  less than its state before the 
storm. The deterioration reduced during the days after the storm, bringing the decrease 
in the generated current to 16.89%. By comparing the results of this figure with those 
shown in Figure 11, a high deterioration is observed in the case of natural conditions 
(60.24%) compared to storm conditions (32.28%) (Figure 8). The difference here was 

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5
0.55

7 9 11 13 15 17

C
ur

re
nt

 (a
m

p)

Time  (h)

I (before the storm)
I (during the storm)
I (after the storm)

11
11.5

12
12.5

13
13.5

14
14.5

15

7 9 11 13 15 17

V
ol

ta
ge

 (V
)

Time (h)

V (before the storm)
V (during the storm)
V (after the storm)

3
3.5

4
4.5

5
5.5

6
6.5

7
7.5

7 9 11 13 15 17

Po
w

er
 (W

)

Time (h)

P (before the storm)
P (during the storm)
P (after the storm)

0
1
2
3
4
5
6
7
8
9

7 9 11 13 15 17

El
ec

tr
ic

al
 e

ffi
ci

en
cy

 (%
)

Time (h)

Eff. (before the
storm)
Eff. (during the
storm)

Figure 10. Dust storm impact on PV module performance (indoor tests).

Certainly, the deterioration of the generated power caused a corresponding decrease
in the electrical efficiency of the PV module. Figure 10 shows that this efficiency decreased
significantly for modules exposed to dust accumulation during the storm, bringing this
decrease to 65.58%. As for the days that followed the storm, the efficiency decreased by
25.63% compared to pre-storm conditions. It is notable that the values of electrical power
and efficiency at 8 AM were close during and after the storm, while the latter was still less
(during the storm). At the beginning of the morning, the effect of radiation intensity was
low and the air temperature was appropriate, which reduced their effects on the panels; this
is in line with the results of [78,92,99]. The results of Figure 10 clearly show that the dust
accumulated during the storm caused significant deterioration that could not be eliminated
as cleaning modules during an ongoing dust storm is futile. In the days following the
storm and due to the amount of dust suspended in the air, it is preferable to clean with a
dry brush (without using any liquid).

Figure 11 presents the outdoor tests of the PV modules before, during and after the
storm, which were measured outside the laboratory under real conditions. Here, there
were two important effects on the PV modules. The first was the accumulation of dust
on the PV modules and the second was the clear decrease in the solar radiation intensity
because of its dispersion due to airborne dust. The suspended dust in the air density during
and after the storm caused a high deterioration in the solar radiation intensity (as Figure 7
illustrates), followed by a clear decrease in ambient temperatures (Figure 8). Therefore, the
influence of temperature during the period of measurements during and after the storm
can be ruled out. Figure 11 shows the effect of the studied external conditions on the
PV current. The measurements show a significant deterioration in the generated current
during the storm as the produced current was 60.24% less than its state before the storm.
The deterioration reduced during the days after the storm, bringing the decrease in the
generated current to 16.89%. By comparing the results of this figure with those shown
in Figure 11, a high deterioration is observed in the case of natural conditions (60.24%)
compared to storm conditions (32.28%) (Figure 8). The difference here was caused by a
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significant decrease in irradiance during the storm compared to the fixed intensity with
which the experiments were conducted in the laboratory. The voltage depended on the
solar radiation intensity reaching the PV module; thus, a clear deterioration appeared in
the voltage due to the dust storm, as shown in Figure 11. The voltage escaped by 30.7%
compared to the generated voltage before the storm. The voltage for the days following
the storm decreased by 8.7% compared to the same days. Comparing the results of the
indoor and outdoor experiments, significant differences were observed. During the storm,
the deterioration was approximately 30.7% externally, but internally, the deterioration was
approximately 14.45%. The difference here was caused by the degradation of the direct
solar radiation falling on the PV modules as a result of its dispersion, refraction, reflection
and absorption by atmospheric dust particles. Similarly, in the days following the storm,
the external deterioration (8.7%) was higher than the decrease in the internal experiments
(6.8%) for the same reason as the dust suspended in the air during these days was more
than for the days before the storm.
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Figure 11. Dust storm impact on PV module performance (an outdoor test).

The current and voltage deterioration was reflected in the generated power, which
deteriorated to low levels. Figure 11 shows a decrease in the PV power by approximately
62.3% compared to the days preceding the storm, meaning that the system was not fit to
generate the required power, generating in these conditions a third of its designed capacity.
Additionally, in the days following the storm, the power decreased by 33.66% compared
to the days before the storm. The need for dry cleaning immediately after the storm has
passed to reduce the deterioration in the performance of the system must be emphasized
here. Figure 11 shows losses in electrical efficiency that reached 82.93% and 19.35% for the
days during and after the storm, respectively, compared to the days before the storm. The
decrease in the solar radiation intensity and the accumulation of dust on the PV module
caused this significant decrease in electrical efficiency.

When comparing the current, voltage, power and efficiency at 8 AM between
Figures 10 and 11, it is notable that the difference between the data taken during and
after the storm is already visible (Figure 11). The measurements inside the laboratory ex-
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cluded two important overlapping effects that existed in the outdoor experiments, namely,
the fluctuation in the solar radiation intensity, which was greatly affected by the density
of dust in the atmosphere (which was excluded inside the laboratory). Secondly, the de-
terioration of the radiation intensity caused a clear decrease in the temperature of the PV
panels and neutralized this effect. Here, it must be emphasized that the cooling effect of
the air movement should be taken into account, the effect of which interfered with the
deterioration of the radiation intensity and the decrease in temperatures. Moreover, there
was a possible effect of post-storm winds, although the wind speed decreased, but may be
responsible for removing some dust particles (especially large ones) so that the electrical
parameters slowly returned to pre-storm values. After the storm passed, the density of
dust suspended in the air (Figure 9) decreased significantly, increasing the intensity of solar
radiation reaching the modules. Despite dust accumulation on the PV panels, this rise in
irradiance resulted in an increase in electrical parameters.

Figure 12 shows the average deterioration in the generated power per day during
the study period accompanied by the dust accumulation density for the same days. The
results show that the power degradation rate was closely related to the severity of the
pollution effect because higher surface dust densities correspond to lower power genera-
tion. Additionally, the differences in power degradation rates between the outdoor and
indoor measurements were very clear. The main reason for this is that in the outdoor
measurements, there was no control of the solar radiation intensity, which deteriorated to a
large and effective degree compared to using constant solar radiation in the indoor tests.
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Figure 12. Average daily power drop during the test days.

7. Conclusions

Severe dust storms cause many difficulties and diseases and reduce the effectiveness
of photovoltaic modules. In this study, the sources of dust and dust storms that hit Baghdad
and their movement were reviewed and investigated. Practical measurements were also
taken during the storm that swept Baghdad from the 7th to the 9th of April 2022 that had
not been taken before in this city. Practical measurements showed a deterioration in solar
radiation intensity by up to 54.5% compared to the days prior to the storm. The ambient air
temperature during the storm decreased by 21.09% compared to the days before the storm.
Regarding the measurements of ultrafine aerosol particles PM1.0 and PM2.5, there was a
significant increase of approximately 569.9% and 441%, respectively, compared to the days
before the storm. The concentrations of PM10 and TSP increased by 217.22% and 319.21%,
respectively. Indoor performance experiments showed a deterioration of current, voltage,
power and electrical efficiency by 32.28%, 14.45%, 38.52% and 65.58%, respectively, as a
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result of dust accumulated during the days of the storm compared to the days before it. In
the outdoor experiments, the rates of deterioration in current, voltage, power and electrical
efficiency were greater, reaching 60.24%, 30.7%, 62.3% and 82.3%, respectively, during the
storm days compared to the days before it. Additionally, practical measurements showed
that the three days following the storm carried high concentrations of PM1.0, PM2.5, PM10
and TSP, reaching 69.7%, 94.67%, 25.5% and 10.11%, respectively, compared to the days that
occurred before the storm. The performance of the outdoor modules decreased by 16.89%,
8.7%, 33.66% and 35.19% for current, voltage, power and efficiency, respectively. From the
weight of the dust accumulated on the PV modules, it was noted that its percentage was
high for the days after the storm compared to the days before it. During a storm, it is futile
to clean modules due to the high concentration of dust in the air. However, the modules
can be dry cleaned with bristle brushes after a storm has subsided.
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