
Citation: Almukhtar, H.; Lie, T.T.;

Al-Shohani, W.A.M.; Anderson, T.;

Al-Tameemi, Z. Comprehensive

Review of Dust Properties and Their

Influence on Photovoltaic Systems:

Electrical, Optical, Thermal Models

and Experimentation Techniques.

Energies 2023, 16, 3401. https://

doi.org/10.3390/en16083401

Academic Editors: Hao-Ying Lu

and Yu-Pei Huang

Received: 6 March 2023

Revised: 7 April 2023

Accepted: 10 April 2023

Published: 12 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Comprehensive Review of Dust Properties and Their Influence
on Photovoltaic Systems: Electrical, Optical, Thermal Models
and Experimentation Techniques
Hussam Almukhtar 1, Tek Tjing Lie 1,* , Wisam A. M. Al-Shohani 2 , Timothy Anderson 3

and Zaid Al-Tameemi 1

1 Department of Electrical and Electronic Engineering, Auckland University of Technology,
Auckland 1010, New Zealand

2 Department of Mechanical Power Engineering, Engineering Technical College, Middle Technical University,
Baghdad 53172, Iraq

3 Western Institute of Technology, New Plymouth 4310, New Zealand
* Correspondence: tek.lie@aut.ac.nz

Abstract: As conventional energy sources decrease and worldwide power demand grows, the appeal
of photovoltaic (PV) systems as sustainable and ecofriendly energy sources has grown. PV system
installation is influenced by geographical location, orientation, and inclination angle. Despite its
success, weather conditions such as dust substantially influences PV module performance. This study
provides a comprehensive review of the existing literature on the impact of dust characteristics on PV
systems from three distinct perspectives. Firstly, the study looks at the dust properties in different
categories: optical, thermal, physical, and chemical, highlighting their significant impact on the
performance of PV systems. Secondly, the research reviews various approaches and equipment used
to evaluate dust’s impact on PV, emphasizing the need for reliable instruments to measure its effects
accurately. Finally, the study looks at modeling and predicting the influence of dust on PV systems,
considering the parameters that affect electrical, optical, and thermal behavior. The review draws
attention to the need for further research into dust’s properties, including thermal conductivity and
emissivity. This analysis highlights the need for further research to develop a scientific correlation
to predict the thermal behavior of PV in dusty environments. This paper identifies areas for further
research to develop more efficient and effective methods for analyzing this influence and improving
PV efficiency and lifespan.

Keywords: photovoltaic (PV); dust accumulation; dust properties; experimentation devices methodologies;
model predictions; future research

1. Introduction

Photovoltaic (PV) is a technology for harnessing solar energy that uses semiconductors
susceptible to the PV effect to convert the sun’s rays to direct electricity [1]. Manufacturers
often rate PV’s output at standard test conditions (S.T.C.), where the temperature is set
to 25 ◦C, the solar irradiance (intensity) is set to 1000 watts per square meter, and the
sunlight spectrum is filtered through an atmosphere 1.5 times its normal thickness [2].
However, outdoor conditions differ from those that can be replicated in a factory. The
growing popularity of PV systems leads to the importance to understand how various
climatic variables—humidity, dust, temperature, wind speed, etc.—affect the effectiveness
of these systems [3]. Indeed, it is important to consider the various climatic variables
when designing and installing PV systems to ensure optimal performance and long-term
durability.

Solar irradiance, also known as solar insolation, is the amount of sunlight that reaches
the surface of the Earth [4]. Solar irradiance can vary depending on the daytime and
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weather conditions and can significantly affect the output of PV systems. Additionally, the
inclination angle, the angle at which sunlight strikes the PV panel, can affect the amount
of sunlight that is absorbed by the PV system [5]. Overall, it is essential to consider solar
irradiance variability when designing and installing PV systems to ensure optimal perfor-
mance and energy production. The ambient temperature affects the electrical properties of
the semiconductors used in PV cells, which can decrease power output [6]. High tempera-
tures can also cause thermal stress on the PV cells, leading to reduced performance and
potential damage over time [7]. A PV cell’s temperature coefficient measures how the cell’s
output power changes with temperature. Typically, a PV cell’s output power decreases
as the temperature of the cell increases. In contrast, wind speed can also influence the
performance of PV systems [8]. Wind can help to increase the convective cooling of the
PV system by removing the hot air and bringing in cooler air, which can help to reduce
the temperature of the PV cells. Humidity can influence PV’s performance as well. High
humidity can cause condensation that can occur when the temperature of the PV panel is
lower than the dew point temperature of the surrounding air [9]. When this happens, water
vapor in the air can condense on the PV panel’s surface, forming water droplets. These
water droplets can scatter and absorb sunlight, reducing the amount of sunlight reaching
the PV cells [10]. High humidity can also lead to corrosion of the electrical connections and
potential failure of the PV system [9].

In addition, dust accumulation on PV panels can significantly impact their electrical,
optical, and thermal behavior and lifespan [4,11,12]. It can decrease the amount of sunlight
that arrives on the PV modules, causing a reduction in the output power. The amount
reduction in power output depends on the type and amount of dust, location, and climate
conditions [13]. Dust particles can scatter and absorb sunlight, reducing the amount of
sunlight that strikes the PV panels [14]. It may also lead to shading effects, which can lead
to hot spots on the PV cells [15]. These hot spots can increase the temperature of the PV
cells, exacerbating thermal stress and leading to performance degradation and potential
damage over time. Dust can also trap the heat inside the PV cells, leading to an increase in
temperature [16]. In addition, dust particles can scratch the surface of the PV panel, leading
to potential damage to the panel’s surface and a decrease in performance.

The impact of dust on PV systems is a topic of increasing interest among researchers
and academics due to the growing demand for sustainable energy production. Researchers
are studying the impact of dust on PV systems, the measurement and monitoring of dust
accumulation rate, and the properties of accumulated dust. They are also investigating the
influence of dust on PV systems in various climates and geographical locations, including
dry regions, and trying to predict the electrical and optical behavior of the PV.

Owing to the significance of investigating how dust affects PV modules, several re-
searchers have carried out review studies [17–19]. Some of these studies were conducted
as a review for considering a specific area. The objective of Ref. [20] was to conduct a
literature study at the junction of particle physics and desert settings to understand PV soil-
ing behavior and find potential mitigation techniques. The presentation included original
data on environmental conditions and PV soiling in Doha, Qatar. Ref. [21] reviewed Iraq’s
geographical and meteorological characteristics and human activities that have increased
desertification in the country, such as dust storms. An extensive review of the impact of
dust deposition on PV in Iraq was provided for scholars, developers, and industrial engi-
neers managing PV modules. Ref. [17] provided a review on the impact of dust deposition
on PV surface performance and strategies to eliminate them. Moreover, various mitiga-
tion techniques to maintain performance levels and achieve Nigeria’s renewable energy
targets were presented. Refs. [22,23] present an overview of PV system efficiency and
the impact of accumulating dust on the optics of solar radiation, while Ref. [24] reviewed
image processing methods used to predict dust on solar panels and compile information to
aid in the study of the subject and serve as motivation for future investigations. Ref. [25]
considers the impact of collected dust on PV panel effectiveness and other environmental
conditions. The study emphasized the significance of modeling dust accumulation and
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other environmental conditions and examined statistical and machine intelligence models
used to forecast PV performance.

Although many studies have considered different aspects to review dust impacts on
PV, this paper reviews and gathers information from previous studies that considered the
impact of dust on PV systems in three distinct areas, as shown in Figure 1. First, the review
involves analyzing existing research studies to understand the physical, chemical, and
thermal properties of dust particles that accumulate on PV, and how they vary depending
on their source, location, and climate conditions. Second, the research examines existing
experimental studies, devices, and techniques related to investigations on dust’s impact
on PV. Finally, the paper reviews the scientific correlation, which has previously involved
synthesizing the outcomes of the investigations and identifying any similar themes or
trends. This includes determining the most effective approaches in various climates and
locales, and the efficacy of modules in forecasting the influence of dust collection on the
electrical, thermal, and optical performance of PV panels. This review clearly demonstrates
the current state of knowledge in this field, identifies research gaps, and suggests areas
for future research, including highlighting areas that require additional research. Overall,
reviewing and collecting previous research on this topic benefits researchers and scholars
by allowing them to grasp the present state of knowledge in the field, identify gaps in the
research, and provide recommendations for future research.
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Figure 1. Illustration of the three aspects of dust’s impact on PV systems.

2. Dust Properties on PV

Dust is a collection of tiny particles composed of microscopic solid inorganic and
organic particles such as soil particles, ash (including pollutants from factories, vehi-
cles, and firewood), bacteria, and so on, that has a diameter smaller than that of the
air 500–1000 µm [26]. These particles vary in size, volume, chemical concentration, and
shape [27]. Dust properties, such as size, shape, chemical composition, transmittance,
absorption, reflection, thermal conductivity, and emissivity, can all affect the thermal and
electrical behavior of PV systems [28]. It is essential to consider that dust properties can
vary depending on the location and environmental conditions [28]. Therefore, understand-
ing these properties and the specific impact of dust in each location is crucial to develop
effective cleaning and maintenance strategies to mitigate the influence of dust on PV ef-
fectiveness. Dust properties can be categorized in several ways [22], such as (i) optical
properties—these include transmittance, absorption, and reflection, which are regarding
the capability of dust particles to interact with light; (ii) thermal properties—these include
thermal conductivity, which is related to the ability of dust particles to transfer heat; and
(iii) particle properties—these include the shape, size, and composition of the dust particles,
which concern the chemical and physical characteristics in terms of dust particles. To
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develop effective study analyses or dust mitigation strategies, it is essential for researchers
to comprehend these dust properties and how they affect PV performance.

2.1. Optical Properties

In the PV systems, the interaction between dust particles and light is vital since it
can drastically alter the performance of these systems. The optical characteristics of dust,
which include transmittance, absorption, and reflection, are what determine how this
interaction plays out [29]. Dust’s optical characteristics are influenced by several elements,
including the particle size, shape, refractive index, and chemical content. Researchers
need to understand the optical characteristics of dust and how they affect PV performance.
This can include investigating the optical properties of dust under various situations. In
following subsections, this paper addresses the many optical features of dust that have an
impact on PV performance.

2.1.1. Dust Light Absorption

Absorption is the ability of dust particles to absorb light. Dust particles that can
absorb light can reduce the light that arrives at the PV cells, lowering the PV system’s
efficiency [20,30]. Dust can absorb heat and sunlight, raising the PV module’s tempera-
ture [16]. This can cause thermal stress on the PV cells, leading to decreased performance
and potential damage over time. The amount and chemical composition of dust can sig-
nificantly impact dust light absorption properties [31]. Dust composed of large particles
and/or with a high absorption coefficient has a higher absorption rate than those with
small particles and/or absorption coefficients [30].

Various parameters, including dust particle diameter, morphology, and elemental
composition, can influence dust light absorption on PV [32]. For example, dust particles
that are smaller in size are more likely to scatter light and have lower absorption rates,
while larger particles are more likely to absorb and reflect light. A study by [32] used a
spectrum optical absorption measurement device to measure the absorption coefficients in
the wavelength’s spectrum from 300 to 800 nm with an accuracy of 50 nm. For particle sizes
greater than 0.5 m, the dust light absorption coefficient was shown to be associated with
particle number concentration, although the correlation was weaker for smaller particles.
Similarly, dust particles with irregular shapes are more likely to scatter light and have
lower absorption rates than regular shapes [20]. Limestone, carbon-based soot, and red
soil with oxidized iron are three common air contaminants with elevated light-absorption
coefficients [30].

The chemical composition of dust particles can also affect their absorption rate, with
metallic particles having a higher absorption rate than nonmetallic particles [20]. In general,
dust composed of large particles and/or has a high absorption coefficient has a higher
absorption rate than dust consisting of small particles and/or has a low absorption coeffi-
cient. This is why dust composed mainly of iron oxide (Fe2O3) has a higher absorption rate
compared to dust composed mainly of silica (SiO2) [33]. To summarize, understanding the
impact of dust amount and chemical composition on the dust light absorption property is
essential for investigating the impact of dust on PV performance and thermal behavior.

2.1.2. Dust Transmittance

The dust accumulation on the PV cell considerably impacts the incident solar light
transmittance [34]. The transmittance of dust on PV is the ability of dust particles to allow
light to pass through them. Low transmittance of dust particles can decrease the amount of
light that arrives at the PV modules and reduces the efficiency of the PV system [11]. The
amount and chemical composition of dust can alter how well light passes through the dust
layer. The amount of dust on a surface can affect the transmittance by decreasing it as the
dust layer becomes thicker [35]. This is because more dust particles scatter and absorb the
light, reducing the amount of light that can pass through. The authors of [36] discovered
that addition of one gram of dust per square meter reduced light transmittance by 4.1%,
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while [37] examined total transmission for various weights per unit area and discovered
that the entire transmission reduces linearly with dust mass per unit area. In addition, the
study found that the transmittance is affected by the size and shape of the dust particles,
with smaller particles having a more significant impact on the transmittance. The study
also found that smaller spherical and cubic particles have a more substantial effect on the
transmittance than larger particles because they are more equally distributed throughout
the surface of the mirror and lessen the amount of light that passes through spaces between
the particles. The chemical composition of the dust can also affect the transmittance, with
different elements and compounds having different optical properties.

Overall, the transmittance of dust on PV can significantly impact PV system perfor-
mance, and it is essential to consider the numerous factors that impact the dust particles’
transmittance rate when investigating the impact of dust on PV performance.

2.1.3. Dust Reflection

Dust reflection refers to light reflected by dust particles accumulated on PV surfaces
and other optical surfaces. The amount of light that may travel through or be reflected
by these surfaces can be greatly reduced by dust particles, which lowers the effectiveness
and performance of the affected systems [38]. Dust reflection can be affected by numerous
factors, such as the dust particles’ size, shape, and composition, and the amount of dust
accumulation on the surface [39]. The density of the dust deposited on the PV module
significantly impacts reflection [40]. When the density of dust-deposited mass is between
0 and 65 g/m2, reflectance rises roughly linearly with mass density, from 10.8% to 25.6%.
Reflectance stays the same once the mass density exceeds 65 g/m2.

When dust particles accumulate on a surface, they can create a diffused, scattered
reflection of light, reducing the amount of light that can pass through the surface. This is
known as “diffuse reflection”. This can happen when dust particles are smaller than 2 mm
and accumulate on the surface of the PV module, making it difficult for the light to pass
through [39]. Overall, dust reflection can significantly impact the performance of systems
that rely on optical surfaces, and it is vital to consider the numerous factors that affect dust
reflection when investigating the effect of dust on PV effectiveness and developing dust
mitigation strategies.

2.1.4. Dust Emissivity

Emissivity is the ability of dust particles to emit thermal radiation, which can impact
the temperature of PV cells. Understanding how dust emissivity affects the thermal
behavior of the PV systems is still extremely limited within the current state of knowledge.

The impact of dust emissivity on the thermal behavior of PV has yet to acquire much
interest; on the other hand, the impact of dust emissivity on the thermal behavior of
building roofs has been investigated. For example, Ref. [41] discussed the impact of dust
accumulation on the thermal performance and heat-gain of building roofs in hot, dry
climates, where dust accumulation on building roofs can impact the thermal behavior of
the building by affecting the roof’s solar absorptivity and thermal emissivity. In addition,
the amount of dust on a surface can also impact the emissivity of dust. As the dust layer
thickness increases, the dust particles’ emissivity also increases. Ref. [42] explained how
dust accumulation on a horizontal radiant barrier can affect the thermal performance and
stated that insignificant amounts of dust can cause significant increases in the emissivity of
radiant barriers. The test results showed that dust levels of 0.34 and 0.74 mg/cm2 resulted
in emissivity values of 0.125 and 0.185, respectively. This occurs because the increased
presence of dust particles scatters and absorbs more light, changing the surface thermal
properties of the underlying surface.

This review highlights the importance of understanding the effects of dust accumu-
lation on the thermal emissivity of PV systems. Further research in this area is needed to
fully address the potential impacts and improve the overall performance of PV systems in
dusty climates.
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3. Thermal Properties

Thermal properties of dust refer to the ability of dust particles to transfer heat. One of
the most essential thermal properties is thermal conductivity, which is the ability of dust
particles to transfer heat. The thermal conductivity of dust can impact the performance of
PV systems by varying the temperature of the PV cells, thereby decreasing the PV system’s
efficiency [43]. According to an experimental investigation by Abderrezek and Fathi, the
authors found that the PV temperature increased due to the accumulation of different dust
types. In addition, they discovered that dust with a high thermal conductivity, such as
salt, contributed to the removal of heat from the glass, whereas dust with a low thermal
conductivity, such as soil and glass, led to higher surface temperatures [44]. These results
demonstrate that the thermal conductivity of dust can impact the thermal performance of
PV systems.

To fully understand the effect of dust on PV performance and temperature, it is crucial
to consider its thermal properties, as the main composition of dust particles can increase
their thermal conductivity and, consequently, affect the overall thermal behavior of the PV
system. It is important to consider the numerous factors that affect the thermal conductivity
rate of dust particles when investigating the impact of dust on PV temperature, as dust’s
thermal conductivity can influence the thermal performance of PV systems. Although these
properties are considered very important and could play important role in changing the PV
temperature, there is a lack of knowledge and understanding. Thus, research in this aspect
needs to be conducted.

4. Physical Properties

As mentioned, the physical properties of dust include characteristics such as size,
shape, and density [22]. These physical properties of dust can affect how the dust particles
interact with light, heat, and other environmental factors and can have an impact on the
performance of PV systems.

4.1. Dust Size

The dimensions of the dust particles that accumulate on PV systems are referred to as
dust particle size. Dust particles can range in size from submicrometer to millimeter scale,
so there is a wide range. Dust consists of tiny particles made up of diverse components
with a variable diameter. These particles vary in size, volume, chemical composition, and
form. The particle size distribution of the dust collections varies from 0.003 µm for clay
particles to 190 µm for soil particles, with the majority (83%) in the range 0.3 to 60 µm [45].
The size of the dust was measured experimentally, and it revealed that the size spans from
0.1 to 1000 µm, with the bulk of collected particles (43%) having diameters ranging from
100 to 500 µm and 15% having diameters ranging from 10 to 50 µm [46]. Ref. [47] stated
that the size of dust accumulated on PV panels varies between a normal day and dust
storm events. On regular days, the dust’s practical size is within a majority range of 0.4
and 0.5 µm, smaller than that recorded for dust storm occasions, which have a majority
range of 1.1 and 1.2 µm.

Dust particle size is one of the key factors that can affect the performance of PV
panels [48]. Smaller particles are more likely to accumulate on the surface of PV modules
since small particles are more easily carried by wind and air currents, which may result
in a greater buildup on PV surfaces [49]. However, smaller dust particles have a greater
impact on reducing solar energy transmission than larger dust particles because they tend
to cover more surface area on PV modules. For example, the size analysis performed by
Ref. [50] on two samples of dust from two different countries revealed that the dust from
Babuin, Indonesia, was dominated by larger particles than that from Perth, Australia. The
researchers discovered that larger dust particles that adhered to PV glass surfaces tended
to be dispersed unevenly, leaving significant gaps between them that increased the light
intensity that could pass through. On the other hand, since the small particles have a higher
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surface area-to-volume ratio, this leads to greater solar radiation absorption and decreasing
PV power performance.

Another study found that the majority of dust particles collected on PV panels had
diameters ranging from 100 to 500 µm, and 15% of the dust particles had diameters ranging
from 10 to 50 µm [46]. This study also indicated that smaller dust particles can impact
PV performance more than larger particles. However, Ref. [48] stated that the soil particle
size can affect PV module power output differently. The study investigated five different
sizes of soil samples. The study found that smaller particle sizes (75 µm and smaller) had a
greater impact on power output at low irradiance levels (300–500 W/m2) but the larger
particle size (150 µm) had a greater impact at higher irradiance levels (1000–1200 W/m2).

To predict how dust affects PV system performance, it is crucial to understand the size
distribution of dust particles on the panel.

4.2. Dust Shape

The shape of dust particles can vary from spherical to irregular shapes. The chemical
composition of dust varies depending on its source and the environmental conditions
under which it is formed. This could directly impact the dust particle shapes. For example,
desert dust particles are usually irregular and angular, whereas industrial dust particles can
vary in shape depending on the manufacturing process [51]. The deposition process and
PV efficiency are also significantly impacted by the dust particles’ weight and shape [52].
The shape of dust particles can also affect how they adhere to the surface of PV panels and
impact their performance [52]. Irregular-shaped dust particles can create a rough surface
on the PV panels, increasing the likelihood of adhesion and making it more difficult to
remove the dust [53]. This can lead to shading and a reduction in the amount of sunlight
reaching the PV panel surface, reducing the overall efficiency of the panels.

Additionally, irregular-shaped dust particles can have a greater impact on PV perfor-
mance than round particles of the same size [54]. It has been found that the smooth and
round particles are less likely to adhere to the surface of PV panels, while irregular-shaped
particles can be more challenging to remove and may adhere more readily [26]. It is impor-
tant to note that dust properties can vary depending on the location and environmental
conditions. Therefore, understanding these properties and the specific impact of dust in
each location is crucial to mitigate the effects of dust on PV performance since the shape
of dust particles can affect how they interact with light and heat, and how they settle and
accumulate on surfaces.

4.3. Dust Density

The mass of the dust particles per unit area is referred to as dust deposition density.
The quantity of dust that builds up on PV panel surfaces can have a large effect on how
well they work. The amount of sunlight that reaches the PV panel decreases as the dust
deposition density rises, which has the effect of reducing the amount of energy the pan-
els produce [55]. Even a small amount of dust on PV panels’ surface can reduce their
performance [11,56]. The performance declines as the dust accumulation intensity rises.
For example, a study by [47] reported that the performance of PV modules decreased by
8.5% when the concentration of the dust accumulation was 0.5 g/m2, and by 20% when the
dust deposition density was 2 g/m2. Additionally, high dust deposition density can create
shading on the panels, which can create hot spots and reduce their overall efficiency [47].
The dust density can also create a conductive layer on the surface of the panels, which can
lead to electrical leakage and potential damage to the panels [57]. Dust density can vary
depending on factors such as the site’s environmental conditions [55]. When analyzing the
effects of dust on PV performance, it is crucial to take these elements into account. These
considerations include site features, weather, and surface materials.
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5. Chemical Characteristics

The chemical composition of dust particles, also known as dust composition, can
significantly impact the performance of PV modules. Dust is composed of various mate-
rials, including silica, carbon, iron, aluminum, and other minerals, and the composition
of dust particles that accumulate on PV panels can vary depending on the source and
environmental conditions [58]. The main components of dust on PV panels include silica,
calcium oxide, magnesium oxide, iron oxide, and aluminum oxide, with silica being the
most prevalent component in desert regions [20]. Ref. [59] also stated that the accumulated
dust on PV panels in desert regions is primarily composed of silica, while dust in coastal
areas is composed mainly of salt. Additionally, Ref. [60] reports that the dust components
have a significant amount of silica with clay and silt, indicating the influence of the desert
and the agricultural region in the formation of the deposited dust. The primary dust
pollutants in many nations were found contain silica, ash, and calcium carbonate [60].
The chemical properties of dust can affect other properties, such as optical, physical, and
thermal properties, influencing how it interacts with light and heat and accumulates on
PV surfaces. Understanding the chemical properties of dust is essential for predicting and
mitigating its impact on PV performance and temperature.

6. Experimental Studies

PV has become one of the most promising renewable energy sources. PV modules are
commonly employed to transform the Sun’s energy into electricity [61]. The influence of
dust on PV has been the subject of much research, and numerous experimental methodolo-
gies and equipment have been employed to examine this impact [62]. This section aims
to explore the various approaches and experimental procedures used to investigate the
influence of dust on PVs. This part focuses on the procedures used to collect dust samples
and examine the dust characteristics on PV surfaces, together with the methods used to
quantify the output of PVs and the effect of dust on PV temperature.

This study gives vital information to researchers and designers studying the effects of
dust on solar systems, which will assist in expanding the renewable energy industry by
helping secure the long-term viability and performance of solar systems.

6.1. Dust Collection

Gathering dust samples is an essential stage in gaining knowledge of dust on PV
systems. Collecting dust samples can be accomplished through various methods, each
of which has a unique set of benefits and drawbacks. As described in the following
subsections, these methods can be generally organized into separate groups.

6.1.1. Collecting Accumulated Dust on PV

The accumulation of dust may be completed in a quick and uncomplicated fashion [63].
However, Ref. [64] collected the dust with a gentle brush to sweep the dust particles stuck
to the PV modules’ surface. Additionally, Ref. [13] studied different dust particles collected
from Dhahran’s solar PV surfaces using soft brushes. Afterward, the dust that was collected
is placed in a container for subsequent examination. The authors of Ref. [50] collected
surface dust from PV modules using a soft brush; the dust particles adhered to the PV
glass surfaces were swept to the edge of the modules and then collected in a container
box. Another method for dust collection from PV surfaces is electrostatic adsorption paper.
The paper is dried and weighed before gathering dust to estimate its original mass. After
wiping the dust off the PV module surfaces, the paper is dried and weighed again to
determine the total mass of the paper and dust [65].

6.1.2. Natural Deposition on a Glass Sheet

A small glass sheet is commonly used as a dust collector in field studies to measure
the dust deposition density on PV modules [66,67]. The glass sheet is placed close to the
PV module, typically at the same tilt angle, and left in place for a specified period. After
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the specified period, the glass sheet is removed, and the dust on the surface is weighed
to calculate the dust deposition density. This method is commonly used in field studies
to measure the impact of dust on PV modules and is a simple and cost-effective way to
measure dust deposition density. For example, a small glass sheet used by Ref. [39] with an
area of 18.75 cm2 (7.5 × 2.5 cm) was placed close to the 25-tilted PV module to measure the
dust deposition density [68]. Using a small glass sheet placed near the module allows for
measuring the natural dust accumulation in the environment. In addition, Ref. [69] utilizes
two techniques where the dust was gathered in the form of raw dust and dust that had
accumulated on exposed sheets of glass at varying degrees of tilt. Ref. [70] monitored the
dust buildup on a glass sheet in natural settings, which was also investigated by exposing
tilted glass sheets to the elements for 30 days and monitoring the dust accumulation and
solar radiation transmittance through the sheet at regular intervals.

6.1.3. Collect Dust from Related Resources

Many different approaches have been tried and assessed by academics to collect dust
from the ground. For example, Refs. [50,69] gathered the dust in the form of raw dust.
However, Ref. [70] utilized dust that was produced from soft Bangkok clay that had been
pulverized, dried, and sieved to produce particles with diameters ranging from 53 to 75 µm.
Other scholars, such as Ref. [71], stated that the dust samples were collected from roads
and sidewalks surrounding the university campus, and then crushed and sieved to acquire
a composition comparable to the dust that would naturally build on the PV modules [71].
On the other hand, the process of comminution and sieving can be time-consuming and
labor-intensive, and it also has the potential to introduce bias into the sample.

6.1.4. Artificial Dust

In laboratory investigations, artificial dust is frequently used to model the effects of
dust collection on PV panels. Researchers are using artificial dust evaluate the effect of dust
on the electrical performance of PV panels [72,73]. The artificial dust is carefully selected to
mirror real-world dust features such as size, composition, and surface area. To evaluate the
effectiveness of the PV model provided, the author used both artificial and natural dust in
Oman [72]. Ref. [74] stated that a nontoxic commercial talcum powder was employed to
simulate dust.

6.2. Dust Deposition

A dust deposition approach that is frequently used in laboratory studies to examine
the effects of dust on the performance of PV modules is performed by spraying the dust on
the PV surface. Researchers have been utilizing several methods to simulate the natural
deposition of dust on PV surfaces or take actions to increase the precision of the findings,
such as carefully regulating the size, quantity, and distribution of the dust particles on
the surface.

6.2.1. Dust Deposition Chambers

Researchers use dust deposition simulation devices, such as dust chambers, to sim-
ulate dust accumulation on PV panels in a controlled laboratory environment [75]. This
allows researchers to study the impact of several types and amounts of dust on PV perfor-
mance, including the effect on power output, electrical transmittance, and temperature.
Ref. [76] conducted their studies utilizing a dust chamber that was created to mimic dust
accumulation on the surface of a solar cell. The dust was produced by a dust generator
and delivered into the chamber by a blower. The dust particles were then deposited on the
PV surface using a dust deposition tray. Using this dust deposition chamber, researchers
could regulate the quantity and size of the dust particles deposited on the PV module and
guarantee that they were dispersed uniformly throughout the surface [74].
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6.2.2. Free Fall Dust Method

The free fall dust method is a typical approach used in research studies to quantify
the influence of dust deposition on PV performance [77]. In this methodology, a specified
height is used to drop a regulated amount of dust onto the surface of the PV panel [26].
This strategy permits an accurate and uniform application of dust to the surface of a PV
module, making it a simple and cost-effective choice for researchers studying the effect of
dust on PV performance. Ref. [69] deposited the dust by free fall from a height of 1 m using
a cylindrical tube to limit the influence of wind currents in the laboratory.

6.2.3. Process of Manual Sieving

Dust was sieved through a fine mesh filter to ensure a uniform coating of dust covered
the module. Using this technique, researchers can assure the uniformity of the dust and
ensure the particles are the same size and shape before accumulating on the PV module [26].
It offers a more accurate illustration of how dust buildup affects PV performance. Ref. [68]
employed a manual sieving process to quantify and evenly disperse dust on the PV mod-
ule’s surface. Ref. [78] described how dust was deposited on a horizontally positioned
panel using a vibrating sieve. After being shaken with an acoustic vibrator to loosen the
dust, the sieve’s holes let the particles fall to the surface below through gravity.

6.2.4. Spraying Dusty Solution

To deposit dust on PV surfaces, a spraying approach is used that includes blending
the dust with fluids to produce a homogenous slurry that can be sprayed to the surface
with ease [28]. After spraying the combination onto PV surfaces, the fluids are allowed to
evaporate, leaving a thin coating of dust behind. Using water to mix the dust may assist
in lessening the influence of wind currents and other environmental elements that might
alter the distribution of the dust particles [79]. This approach can be used to deposit varied
densities of dust on the surface. The effects might be inconsistent if the dust is not equally
dispersed across the surface after evaporating water.

A combination of dust (0.5 kg) and water (1 L) was sprayed on five glass sheets
30 × 30 cm2 and allowed to dry [70]. The dust was applied to the PV modules using a
spraying method in which dust collected from the field was mixed with water and sprayed
onto the surface of the PV modules [50]. Other fluids, such as ethanol or isopropyl alcohol,
might be mixed with the dust before spreading it on the glass or PV module. The fluid
employed should be able to suspend dust particles and disseminate them evenly across
the surface. For example, Ref. [80] stated that the dust particles were mixed with 90%
alcohol, stirred with an ultrasonic oscillator for about 5 min to help them spread out, and
then spread evenly on the PV glass surface. A lamp was used to speed the evaporation
of alcohol. In conclusion, the spraying approach effectively deposits dust on PV surfaces,
but researchers must consider the possible drawbacks and reduce their influence on the
experiment’s outcomes.

6.3. Chemical Measurement

Determining the chemical composition of dust that collects on PV panels is critical for
understanding the influence different components have on the panels’ performance [50,81].
Different chemical components and compounds can have varying impacts, such as limiting
light transmission and absorption in PV panels, resulting in lower power output. Under-
standing the chemical composition can assist researchers in developing and optimizing
cleaning procedures, protective coatings, and preventative actions to reduce the impacts of
dust collection [38]. It also gives essential information for understanding local environmen-
tal conditions and potential contamination sources, which can influence long-term plans to
decrease dust’s impact on PV performance [17]. The next subsections describe some of the
most frequently employed methods for determining the composition of dust, each with its
own benefits and drawbacks.
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6.3.1. X-ray Fluorescence (XRF)

Spectroscopy is a method that uses X-rays to excite the atoms in a sample, and then
the energy of the fluorescence that is released is measured [63]. The advantages of XRF
are its nondestructiveness and capacity to measure a large variety of components rapidly
and precisely [68]. However, its sensitivity to light elements may be a limitation, and
it might not be able to indicate comparable components [82]. The authors use the XRF
method to analyze dust samples, and the results show that the dust is primarily composed
of silicon (Si), but they stated that this technique does not detect light elements such as
aluminum [82].

6.3.2. Scanning Electron Microscopy (SEM)

SEM scans a sample’s surface with an electron beam to create a high-resolution picture
showing the sample’s composition and structure. The high resolution, the broad variety of
components that may be measured, and the capacity to create intricately detailed pictures
of materials are all benefits of SEM. Its sensitivity to light elements limits it, and it might be
unable to distinguish comparable components. A gold layer was used in this work to coat
the dust layer for investigation utilizing the Hitachi S-3400N variable-pressure SEM [71].
Because gold is a highly conductive metal that does not interfere with the electron beam
used in the SEM, it is frequently employed as a coating material. Furthermore, because
gold has a high atomic number, it is evident in the SEM, making examining and studying
dust particles simpler. This allowed the authors to thoroughly study the shape and content
of the dust particles [68].

6.3.3. Energy Dispersive X-ray Spectroscopy (EDS)

The EDS method quantifies the energy of the electrons released from a sample, reveal-
ing details about the sample’s composition [83]. EDS has several benefits, including the
ability to assess various components and interoperability swiftly and precisely with the
SEM [84]. Its sensitivity to light elements limits it, and it might be unable to distinguish
comparable components. Ref. [50] investigated the components of dust using a JCM-6000
Neo Scope Benchtop SEM equipped with EDS and X-ray diffraction (XRD) to evaluate
the minerals of the dust samples. The EDS findings revealed that oxygen (O, 34%) and
silicon (Si, 29.14%) were the most abundant elements in Perth dust, whereas calcium (Ca,
32.42%), oxygen (O2, 24.59%), and iron (Fe, 23.37%) were the most abundant elements
in Babuin dust. The XRD data revealed that quartzite (SiO2) and calcium oxide (CaO)
were the most common minerals discovered in Perth dust, whereas CaO was the most
common mineral identified in Babuin dust. According to the SEM pictures, Perth dust
had an angular form with some diagonals, whereas porous particles with ellipsoidal and
spheroid shapes dominated Babuin dust.

6.3.4. X-ray Diffraction (XRD)

XRD is a nondestructive analytical method for determining a sample’s crystal structure,
atomic arrangement, and chemical content [83]. It is often used to investigate minerals,
metals, polymers, and ceramics [63,69]. The XRD method uses a monochromatic X-ray
beam to expose the sample. Because the X-rays come into contact with the atoms in the
sample, they diffract in different directions. The diffracted X-rays are then detected and
processed to identify the sample’s crystal structure. Ref. [50] analyzed dust samples taken
in Perth, Australia, and Babuin, Indonesia, using both XRD and EDS, and discovered that
the results from the two methods were not the same. The principal minerals detected
in Perth dust were SiO2 and CaO, while CaO was the dominant mineral in Babuin dust.
Meanwhile, the EDS data revealed that the most prevalent elements in Perth dust were O2
and Si, whereas Ca and Fe were the most common elements in Babuin dust. So, XRD is
used to identify the minerals in dust samples, whereas EDS is used to identify the elements
in dust samples. Ref. [63] employed XRD analysis to pinpoint the dust’s mineral buildup



Energies 2023, 16, 3401 12 of 31

and pinpoint the components using the ASTM files stored in the database. The EDS may be
used to determine the elements present in a sample and their relative concentrations [50].

These approaches work well together and are frequently combined to comprehend a
material’s properties. Nevertheless, the primary distinction is that while XRD identifies
crystal structure and phase composition, XRF determines chemical composition.

Whereas EDS examines the elemental composition of a sample, SEM provides high-
resolution images of a material’s surface that show its microstructure, form, and elemental
distribution. SEM, EDS, XRD, and XRF, respectively, use X-rays and electrons. XRD is
nondestructive and requires minimal sample preparation, in contrast to SEM and EDS.

6.4. Physical Measurements

Dust attributes such as size, shape, and weight help to better understand the impact of
dust on PV systems. Dust particle capacity to attach to surfaces and light transmission are
affected by their size [58]. Additionally, the form of dust particles can affect their optical
characteristics and their propensity to scatter light [85]. The weight of dust deposits on
surfaces can also substantially affect system performance, reducing the quantity of light that
arrives on the surface and diminishing the system’s overall efficiency [86]. Understanding
the characteristics of dust is necessary for creating efficient dust mitigation measures and
enhancing the performance of dust-affected systems [86]. There are various devices and
techniques used to measure the dust’s physical properties and they are presented in the
following subsections.

6.4.1. Shape and Weight

Various dust morphologies have different impacts on the performance deterioration of
PV modules [87]. SEM is normally used to visualize the dust samples’ surface morphology
and particle size [50]. SEM images allow researchers to observe the physical characteristics
of the dust particles, such as their shape, size, and texture.

Measuring the mass of dust deposited on the PV modules is one method of determin-
ing the buildup of dust. This may be performed with adequate precision by using a balance
or scale. A Mettler PJ3000 balance, with an accuracy of 0.001 g, was used to measure the
amount of dust that had collected on PV glass surfaces [88]. Ref. [69] was also able to
measure dust’s mass to within 0.1 milligrams. However, this approach only offers data on
the total dust quantity.

Moreover, the weight of the tiny particles can be determined experimentally by weigh-
ing the glass samples before and after with a Mettler PJ3000 scale [13]. By deducting the
original weight of the specimen from the final weight, the weight of the dust is computed.
The weights are then divided by the total area of the glass to calculate the dust deposition
density in g/m2 [89].

More research is needed to develop an in-depth knowledge of how the shape and size
of dust particles affect the performance characteristics of PV panels. Numerical simulations
and modeling can be used with the comparative study to understand further the physical
factors that regulate the performance decline of PV modules owing to dust collection. These
simulations can also estimate how well PV modules will hold up through time in various
dust conditions.

6.4.2. Size

Understanding the impact of dust on the efficiency of PV requires measuring the size
of dust particles deposited on their surfaces. Dust particle size has a crucial influence
in influencing the degree of shadowing and the quantity of light blocked from reaching
solar cells. Scholars have used a variety of instruments to determine the precise size
of dust particles. For instance, by employing the SEM images, authors could examine
the dust particles’ physical characteristics able to examine the physical properties of the
dust particles, such as their structure, size, and roughness [68]. SEM is a method used
to evaluate the surface morphology of a sample by scanning an electron beam over the
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sample’s surface, which provides a high-resolution picture of the sample’s surface [50].
A Fritsch ANALYSETTE 22 MicroTec Plus laser particle sizer was used by Ref. [71] to
determine the size of the dust particles. This laser diffraction apparatus measures particle
size distribution via laser beam scattering [13]. These technologies employ methods such
as laser diffraction, image processing, and electron beam scanning to measure the size
and form of dust particles with precision. Additionally, Ref. [69] used a microscope and
image-processing tools to measure the size of the dust particles. Accurate determination of
the dust particle size is necessary to comprehend the mechanisms underlying dust-induced
deterioration.

6.5. Optical Measurements

Optical measurements are crucial in understanding how dust affects the performance
of photovoltaic (PV) systems. To acquire insights into the mechanisms underlying the
decline in PV efficiency caused by dust buildup, it is critical to analyze the optical prop-
erties of dust accumulated on PV surfaces. The presence of dust particles on the surface
of PV modules modifies the system’s optical characteristics, influencing essential factors,
including transmittance, reflection, and absorption. As a result, understanding the opti-
cal characteristics of dust on PV surfaces is critical for creating efficient dust mitigation
solutions for PV systems. This section aims to review the existing literature on optical dust
measurements on PV surfaces and offers an overview of the methodologies and equipment
used in this sector.

6.5.1. Spectrophotometer

A spectrophotometer is an instrument for measuring the intensity of light as a function
of its wavelength. It may be used to determine a sample’s transmittance or the proportion
of light that travels through the sample [50]. It has been utilized to determine how much
light is transmitted, absorbed, and reflected by accumulated dust particles on PV. The
transmittance of the dust samples was measured utilizing a spectrophotometer, including
an absorbing medium and an intensity of 4.0 cm2 [69]. Because values below 300 nm or
above 1200 nm are beyond the spectral sensitivity of most PV systems, the dust particle
transmittances were evaluated across a range of wavelengths 300–1200 nm [69]. A spec-
trophotometer is utilized to evaluate the solar cell’s spectrum transmittance to determine
the dust’s influence on different light wavelengths [74]. A spectrometer measures dusty
PV transmittance by placing a dust-covered glass sheet in its sample chamber [90]. The
spectrometer measures light transmission through the sample at various wavelengths by
comparing it to light transmission through a clean glass sample. The dusty PV sample’s
spectral transmittance curve indicates how much incoming light is transmitted at each
wavelength by the spectrometer [91].

6.5.2. Pyranometer

A pyranometer is an instrument used to measure sun irradiation on a flat surface. It
is intended to determine the solar irradiance flux (W/m2) from the hemisphere above at
wavelengths ranging from 0.3 to 3 m. The solar irradiance measurement may determine
how much light reaches PV cells and how dust deposition affects this. To assess the
transmittance of a dusty PV module glass cover by pyranometer, the researchers utilized
two test platforms that could accept a range of glass samples at varying inclination degrees.
Ref. [70] utilized a pyranometer to measure the quantity of solar radiation that could pass
through the clean and dusty glass. Then, they calculated the amount of light transmittance
reduction caused by the dusty glass sheet. The advantages of these techniques include their
accuracy and ability to provide a comprehensive understanding of the impact of dust on
the transmittance of PV systems.

Overall, the advantages of these techniques include their accuracy and ability to
provide a comprehensive understanding of the impact of dust on the optical properties of
PV systems. A pyranometer was used to measure the overall glass transmittance; however,
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a spectrophotometer measured all the optical properties in different wavelengths of the
spectrum transmittance.

7. Experimental Procedures

Scholars and engineers evaluate the efficiency and effectiveness of PV systems by ana-
lyzing their performance. Indoor and outdoor tests are utilized to evaluate the performance
of a PV system [92]. Typically, the same equipment is utilized in indoor and outdoor stud-
ies to evaluate the PV performance, output power, electrical characteristics, and thermal
behavior. However, a solar simulator is a device that creates a regulated light source to
simulate the sun and is used in indoor research only [80]. This regulated environment is to
assure precise and repeatable measurements. Indoor trials are appropriate for assessing a
PV system’s early performance and undertaking research and development [93].

In contrast, outdoor studies are performed in actual circumstances and more accurately
evaluate a PV system’s performance [94,95]. Field studies involve installing PV systems
in various locations, such as deserts and rural or urban areas, and collecting data on dust
accumulation rates and PV performance under different climate conditions and locations.
Field studies provide researchers with an understanding of how PV systems perform under
real-world conditions, including the impact of dust on PV effectiveness [96]. The primary
benefit of outdoor trials is that they give a realistic measurement of the performance
of a PV system, considering atmospheric factors including humidity, temperature, and
meteorological conditions [97]. The primary drawback of outdoor studies is that they are
susceptible to external influences, such as weather, which might affect the precision of data.
In this section, the primary experimental instruments and research approaches applied in
indoor and outdoor studies are discussed.

7.1. Dust Monitoring Systems

Dust monitoring systems are used to track the rate at which dust accumulates on PV
panels through time. Dust sensors, dust samplers, and dust visualization methods may be
used in these systems [47]. Field studies have been undertaken in a variety of locales across
the world, including deserts, rural and urban regions, and climates. Ref. [86] employed light
sensors and long-term soiling rates to detect dust for cleaning purposes. Another finding
from this study was that dust accumulation was discovered by measuring the voltage and
current of the PV system’s output; when the system’s output fell below 50% of its rated
power throughout the day, dust accumulation occurred [86]. Imaging process technologies
and optical imaging for PV panel dust detection were also tested [24]. Cameras, sensors, and
other detecting elements can be costly, require cleaning and calibration, and may require
power on top of PV panels to monitor dust [98]. A literature-based comparative analysis
on PV cleaning units found that cameras and sensors are dependable and straightforward,
although they need controller circuits.

However, it is essential to note that dust monitoring equipment can be affected by hu-
midity, temperature, and wind speed, all of which can influence the rate of dust formation.
To guarantee accurate and reliable results, it is essential to carefully evaluate the location
and climatic conditions while selecting and employing dust monitoring equipment.

7.2. Temperature Measurements

PV temperature monitoring is critical in studying PV systems because it allows re-
searchers to understand the system’s thermal behavior and how external elements such
as dust and weather impact it. These measurements aid in identifying any potential heat
stress on the PV cells and its influence on overall system performance.

7.2.1. Thermal Cameras

Thermal cameras detect the surface temperature of PV panels using infrared technol-
ogy [99]. They are frequently utilized because of their capacity to observe the temperature
distribution throughout the surface of PV modules and detect places that may be under
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thermal stress [100]. Thermal imaging cameras pick up the infrared radiation given off by
any object above 273 ◦C and then create thermal images (thermograms) with darker colors
for colder parts and brighter colors for hotter areas [101]. This study examines the use of a
thermal imaging camera for the detection of faults in PV modules, including the impacts of
tree shade, dust, and dirt deposition, and visual examination under normal atmospheric
circumstances [102].

7.2.2. Thermocouples

Thermocouples are tiny sensors that are affixed to the PV panel’s front or rear surface.
They are intended to offer a continuous record of temperature changes over time by
measuring the temperature of the PV cells in real time. Researchers employ various
approaches and placements when placing thermocouples to measure the temperature of
PV modules. For instance, Ref. [16] used a nonuniform method to measure PV module
temperatures where thermocouples were placed on the modules. Some modules have a
single thermocouple in the center, while another set of modules has three distributed evenly
along the diagonal rear surface. Ref. [103] used four K-type thermocouples mounted on two
modules to measure the actual module temperature, with two thermocouples positioned
on the front face and two on the back face.

While thermal cameras and thermocouples both give temperature readings for PV
systems, thermal cameras can detect temperature differences throughout the whole sur-
face of the PV panel. In contrast, thermocouples only provide measurements from the
specific spots where they are mounted. Thermocouples, conversely, are less expensive
and easier to install than thermal cameras, making them a viable option for some PV
monitoring applications.

7.3. Electrical Measurement

Researchers use various monitoring systems and analytical tools to investigate PV
system performance, electrical characteristics, and power production. These tools and
methods aid in assessing PV systems’ effectiveness, stability, and dependability, and offer
valuable data for enhancing their operation and design. These tools are used to measure
different electrical quantities, including voltage, current, power, and energy, and track the
PV system’s performance over time. For example, Ref. [104] utilized a voltage divider and
an ACS712 current sensor to monitor the voltage and current of a PV panel. Using a Proskit
MT-1210 multimeter, several electrical characteristics of the PV module production were
monitored [105]. Usually, these data are recorded and monitored by the following methods:
(i) power meters—the DC electrical output of the PV system, comprising the voltage and
current generated by the PV modules, is measured using power meters. They give real-time
information on the PV system’s performance, enabling quick analysis and troubleshooting;
(ii) data loggers—they record and gather information from various sensors, including
power meters, temperature, and weather sensors. The performance of the PV system over
time and any trends or patterns may be determined by analyzing these data.

The importance of electrical testing in determining the efficiency and durability of PV
systems is undeniable. Therefore, it is crucial to employ practical monitoring tools and
analytical methods. Using power meters, researchers can monitor the voltage and current
produced by the PV modules and other data in real-time. To analyze the operation of the
PV system over time and spot any trends or patterns, data loggers can record and collect
data from numerous sensors.

7.4. Meteorological Stations

PV module design, monitoring, and operation depend on accurate weather data
measurement. Weather factors, including temperature, humidity, wind speed, and solar
irradiation, greatly influence how well PV modules work. Thus, the researcher of PV
systems needs to understand the key variables that determine the performance of PV
systems and how to measure them. Normally, scholars may utilize meteorological stations
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to gather the required weather data. For instance, the meteorological stations employed in
Ref. [106] measured and tracked meteorological variables such as sun irradiation, tempera-
tures, and wind velocity, while Ref. [106] employed a PC-based system under the direction
of the Weather-Link application to capture meteorological data on a regular basis (every
minute) for measuring air temperature, incident solar radiation, and wind speed. Following
are some typical examples of the equipment and sensors used to collect meteorological
information.

Accurate weather data collection is crucial for successfully designing and operating
photovoltaic (PV) systems; consequently, researchers frequently rely on meteorological
stations to acquire essential data. These stations, similar to those utilized in Ref. [106],
utilize sensors and equipment to monitor factors such as solar irradiance, temperature, and
wind speed to assist researchers in comprehending their influence on the performance of
PV modules.

7.4.1. Irradiance Measurements: Pyranometers and Photometers

The quantity of solar energy incident on a surface per unit area and unit time is
determined when solar irradiance is measured. Solar irradiance is measured using a variety
of instruments.

Pyranometers are sensors that detect the amount of incoming solar irradiation in all
directions [107]. The pyranometers are used to measure the solar irradiance at the point of
acquisition and the horizontal position [108].

A photometer is a device that measures the intensity of light in a particular wavelength
band [32]. It is usually used in concert with other equipment to determine the sun irradia-
tion at a certain place. Ref. [109] investigated experimentally at North China Electric Power
University’s Baoding Campus under clear skies, using a photometer of the TES-1333R type
to measure solar irradiance in the primary direction of sunlight to validate the accuracy of
a simplified solar irradiance mathematical model calculation. These devices are used in
various applications, such as meteorological stations, photovoltaic systems, and other solar
energy projects.

Photometers can measure solar irradiance in various wavelength ranges, including
UV, visible, and infrared. Photometers can help us understand how various dust particles
affect PV panel efficiency by monitoring the spectral distribution of solar energy.

7.4.2. Measuring Ambient Temperature

Ambient temperature is one of the most critical meteorological elements influencing
the performance of PV systems. High temperatures can affect the efficiency of PV cells,
resulting in lower power production. Monitoring ambient temperature is critical for
understanding PV module performance.

There are various techniques for determining the temperature of the surrounding
environment. The most typical technique is to use a thermometer or thermocouples
sensor to detect the temperature of the air surrounding the PV system. For example, a
thermocouple was connected to a multimeter to obtain an accurate reading of the ambient
temperature, as used in Ref. [110]. Ref. [111] utilized a K-type thermocouple attached
directly to a data logger to collect the ambient temperatures. Using a temperature input
module (9211; National Instrument) to measure temperatures based on thermocouple data,
it was determined that K-type thermocouples (TP-01) had the maximum accuracy (2.5%
R2) [112].

7.4.3. Measuring Ambient Humidity

The amount of moisture in the air can have an impact on the operation of PV systems.
To provide this information, humidity is measured using a hygrometer. The author used
a humidity sensing cell, and the effect of humidity PV was examined using a humidity
sensing cell [13]. Furthermore, the PV modules utilized an anemometer, temperature-
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collecting device, and hygrometer, which were was required to correctly detect the ambient
wind speed, temperature, and humidity throughout the experiment [65].

7.4.4. Wind Speed

Wind speed measurement is critical during PV experimental tests since it can affect
system efficiency and PV module cooling [113]. Wind speed influences PV system per-
formance, and researchers must precisely monitor it to understand its impact [83]. An
anemometer is typically used to monitor wind speed in PV experiments [114]. Wind tun-
nels, which simulate the effects of wind on photovoltaic modules, are another alternative
for researching the influence of wind-blown on PV performance [115]. This wind speed
measurement aids researchers in evaluating the impact of wind on PV performance and
comprehending the real-world ramifications.

7.5. Accelerated Aging Tests

Accelerated aging tests are laboratory experiments designed to mimic the short-term
effects of external stress on PV systems. These studies aid in understanding PV system
durability and deterioration in controlled environments. Testing for accelerated aging is
frequently performed using different methods, such as thermal cycling and ultraviolet
(UV) exposure. The daily temperature variations PV systems encounter in the actual
world are modeled by thermal cycling. At the same time, UV exposure experiments
expose PV systems to intense amounts of ultraviolet radiation to study how light affects
the materials in the system. For instance, in Ref. [116], during a Shanghai, China, study,
22-cell minimodules and 1-cell minimodules were subjected to outdoor aging tests using
natural sunlight and environmental stress. In contrast, indoor aging was carried out in
a Q-lab or Atlas Weather-Ometer® chamber with a controlled temperature of 70 ◦C and
UV radiation at 0.55 W/m2 @ 340 nm. An Angelatoni GTS600 test chamber was used
for an accelerated aging test on modules that involved 106 heat cycles between −15 and
+70 ◦C with a temperature change rate of 0.8 ◦C/min and a total length of 4.5 h per cycle [2].
Accelerated aging tests may also be used to assess how dust and other environmental
conditions affect the performance and robustness of PV systems. The design and materials
used in PV systems may be improved using the findings of these tests to increase their
effectiveness, dependability, and longevity.

7.6. Solar Simulator

A solar simulator is a device that creates a regulated light source to simulate the
sun and is used in indoor research [81]. This is a regulated environment for precise and
repeatable measurements. Indoor trials are appropriate for assessing a PV system’s early
performance and undertaking research and development [117]. It is an essential tool for
measuring the impact of environmental conditions such dust, temperature, and humidity
on PV performance and gauging the efficiency of PV cells and modules. Numerous sun
simulators are used in indoor experiments, such as the following examples.

• Filter-based solar simulators employ a lamp (such as xenon or halogen lamp) with a
filter in front of the bulb to generate comparable light [76]. A filter is selected with a
spectral distribution near that of natural sunlight, as is practical. For example, a xenon
lamp has been used as a solar simulator to mimic outdoor conditions [71]. To mimic
solar radiation levels, Ref. [111] used a solar simulator consisting of 90 LED lights
(12 V, 50 W) connected in series and controlled by three AC–AC converters, which
allowed for varying irradiation levels up to a maximum of 1000 W/m2.

• According to international standard IEC 60904-9, a Class-AAA solar simulator is one
that mimics the spectral distribution of sunshine to within 2% [68]. A solar simulator
was utilized by Ref. [74] to mimic natural sunshine, and a pyranometer was employed
for precise irradiance regulation. Solar simulators are normally used in combination
with measuring instruments to track the power generated by solar cells to examine
the efficiency and performance of solar cells under different weather situations. For
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example, Ref. [69] used a solar simulator to provide illumination to the solar cell and a
sensor to measure the electrical output of the solar cell. Additionally, in Ref. [50], the
I–V curve of the photovoltaic panels was measured with the help of a sun simulator
(SPIRE 5600SLP) where at standard test conditions (STC), the sun simulator can sweep
an I–V curve in less than one second.

7.7. Monitoring System

The effectiveness of PV systems may be assessed with the use of monitoring systems.
These systems measure various quantities, including environmental variables such as
temperature, irradiance, and wind speed, along with current, voltage, power, and energy
generation. The gathered information is utilized to assess the effectiveness and performance
of the PV system and to spot any potential problems. For example, Ref. [118] used a
monitoring system to monitor the PV system, which collected weather data and output
PV performance using various sensors to track a lengthy study (almost 26 months) on
Qatar’s PV performance in harsh weather circumstances. The performance of the entire PV
system was monitored by central monitoring systems, which offer a thorough picture of
the system’s performance.

This part of study gave an overview of the different varieties of experiments and tools
that researchers use to study how dust affects PV technology. The information given can
help researchers in the future choose the proper techniques and methods to determine
how dust affects the performance and efficiency of PV systems. By knowing the diverse
ways to perform experiments, researchers can choose the best method for their studies
and obtain accurate and reliable results. However, much experimental research has yet
to be performed on the thermal properties of dust, such as its thermal conductivity and
emissivity. This is because they are of utmost significance for comprehending the effect
that dust has on thermal behavior.

8. Modeling Dust Impacts

In recent years, PV systems have gained appeal as a renewable energy source. How-
ever, dust collection on PV panels can significantly impact their performance and energy
production. Dust can reduce the quantity of light that reaches the panel, resulting in a
drop in the panel’s conversion efficiency. Dust can also reduce the temperature coefficient,
affecting the PV panel’s temperature-dependent performance. To successfully examine
the influence of dust on PV performance, current models that have been established to
represent the various impacts of dust must be reviewed. This section aims to examine
existing models of dust’s optical, thermal, and electrical effects on PV performance. This
study thoroughly examines models’ strengths and weaknesses, and their accuracy and
dependability. The evaluation also identifies information gaps regarding the influence of
dust on PV performance. This part gives useful insights into the areas where more research
is needed to increase our understanding of the influence of dust on PV performance by
recognizing the limits of existing models. Furthermore, the evaluation serves as a baseline
for future research, enabling the construction of more accurate and dependable models.
Overall, the following part of the study helps us understand the influence of dust on PV
performance by assessing existing models and recommending topics for further research.

8.1. Electrical Modeling

Dust is considered a crucial factor that directly affects the deterioration of PV perfor-
mance [40]. The PV module’s efficiency can drop dramatically due to the dust accumulation
rate, reducing the effectiveness of a PV module by changing the module’s electrical prop-
erties [80]. The effect of accumulated dust on PV module efficiency has been extensively
studied in numerous peer-reviewed papers, and numerous experiments have been con-
ducted to demonstrate these effects [17]. One of the major causes of dust accumulation
on the PV module is the decrease in the quantity of incident sunlight used to produce
power [80]. This rate varies according to the event, such as a natural day or a sandstorm.
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Owing to increased deposited dust density, the absence of cleaning conditions could sig-
nificantly reduce PV generation by extending the exposure period [119]. For example, in
Surabaya, Indonesia, exposure to PV modules for two weeks reduced PV productivity
by 10.80% [120], while Ref. [121] reported that one month of exposure to PV modules in
Baghdad, Iraq, reduced PV productivity by 31.4%. Ref. [44] demonstrated experimentally
that an accumulation of 8 g/m2 of dust in Tipaza, Algeria, resulted in a 50% reduction in PV
module efficiency. Ref. [122] investigated the impact of a dust storm on PV performance;
the study indicated that a single sandstorm day reduced the PV power output by more
than 32%.

Finally, dust deposition on PV modules can significantly impact their output power,
which must be understood and modeled for accurate projections and maintenance planning.
Understanding and forecasting the influence of dust on PV performance requires modeling
the dust impact on the electrical component of PV. There are numerous techniques for
estimating the influence of dust on the electrical component of PV, including employing
mathematical models, computer simulations, and experimental methods [123]. The ac-
curacy and precision of these models are determined by the quality and quantity of data
provided and the model’s complexity.

The influence of dust deposition density on the performance of PV modules (PV) is
quantitatively examined in this study, as presented in Equation (1) [124]. Furthermore,
the influence of different system factors on the performance of both clean and dusty PV
modules was investigated. Solar radiation intensity and ambient temperature were among
the characteristics investigated. Results showing a drop in electrical efficiency had a root
mean square error (RMSD) of 1.74 and a mean absolute error (MAE) of 1.30.

PPV = × [1 − 0.0045 × (TPV − 298.15)]× τ

τclean
× G × Ac × τg × αclean (1)

Total solar radiation intensity is G, Ac is the panel surface area, τg is the glass cover
transmissivity, and PV cell absorptivity is α.

In Ref. [125], the authors use numerical methods to examine the effects of dust de-
position patterns on a standalone ground-mounted solar PV installation, as presented
in Equation (2). In addition, dust deposition rates on PV panels were predicted using a
discrete particle model.

PPV = k
λNpπρpd3

p

6tdSd
T × 100% (2)

where Np is the total number of dust particles released during td, λ is the rate at which dust
is deposited, and k is the factor by which dust density affects PV efficiency. The density of
dust is ρp, and dp represents dust diameter. PV panel area is denoted by Sd. The time of
exposure is denoted by the symbol T (day).

Ref. [126] investigated on the effect of dust buildup on the power output of a 500 kWp
PV system installed at the University of Bahrain, and is described in this publication. An em-
pirical equation (Equation (3)) was created to calculate the reduction in light transmissivity
and PV power production caused by dust buildup on the PV panels.

Plos = 100 − 99.66e−0.038d (3)

where Plos is the output power loss percentage and d is the dust density.
In Ref. [118], a wireless system was designed to collect data to capture crucial sun irra-

diance, relative humidity, ambient temperature, PV module temperature, dust, wind speed,
and output PV power, which are only a few examples of the parameters. The findings show
that over an eight-month period, panel dusting lowered PV output power by 50%. A math-
ematical model that predicts the output power of PV panels under various environmental
conditions was created using machine learning, as presented in Equations (4) and (5).
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If irradiance ≤ 534.5, then

Pmax = −0.0116∆ρ + 0.3142Tatm − 0.0845H + 0.0776G − 6.9486ρ + 0.2746ν + 14.819 (4)

otherwise, if irradiance > 534.5, then

Pmax = −0.0132∆ρ − 0.2155Tatm − 0.0999H − 0.0879TPV + 0.0953G − 0.4429ρ + 1.1184ν + 21.325 (5)

where Pmax is the PV output measured in watts; Tatm is the ambient and TPV surface
temperatures in degrees Celsius; H is the relative humidity in percent; G is the solar
irradiance in watts per square meter; ∆ ρ and ρ are dust and cumulative dust in milligrams
per cubic meter; and ν is the wind speed in kilometers per hour.

A geographical investigation of the effects of dust collection and ambient temperature
on PV performance was provided in Ref. [127]. Two models, multiple linear regression
and artificial neural network, were developed to estimate PV system conversion efficiency
based on experimental data on exposure duration to natural dust and ambient temperature.
Close to 90% R2 values suggest that both models accurately anticipate the efficiency of
the conversion. The two models are used to determine the best cleaning frequency of the
systems by estimating the losses (in terms of losses in system efficiency and the monetary
worth of these losses), as expressed in Equation (6).

η̂n = 16.0513 − 0.024133 Dn − 0.078743 Tn (6)

where η̂n is the efficiency of day number n, Dn is the exposure day, and Tn is the daily
average ambient temperature in the day.

Ref. [48] considered that the particle size composition of accumulated dust on PV
modules influences as a function that impacts their power output significantly. A regression
model was created to comprehend and quantify the soiling effect on the power output of a
dirty PV panel. This study collected and evaluated soil samples from the Shekhawati area
of India for particle size composition. The findings demonstrated that the regression model
might be utilized to investigate and quantify the particle size effect on PV module soiling
losses. In addition, an effective neural network model for predicting the power output
of a filthy panel was established, as presented in Equation (7). The regression model’s
computed values agreed with the experimental data, with an R2 value of 0.9785.

P = 0.44S4 + 0.274S5 + 0.524S6 − 4.45S7 + 0.061G − 18.9 (7)

The model considered different particle size compositions of the soil (S1–S7) and the
horizontal incidence irradiance (G) as independent variables, where the particle size of the
dust was represented by S4 = 1.76, S5 = 83.8, S6 = 11.44, and S7 = 0.72 µm.

Ref. [128] studied the efficiency of PV panels using as a factor the comparison before
and after sand dust deposition. A linear relationship was used to anticipate the efficiency
loss based on the amount of dust gathered. Short circuit current and maximum output
power both experience substantial decreases when dust particles collect on the panel’s
surface, up to a concentration of 1 g/m2; however, the rate at which these values drop
increases with increasing dust concentrations, as presented in Equation (8).

∆ = 0.33∆M (8)

where M is the increase in the number of sand dust particles (g/m2).
Ref. [129] utilized experimental data to develop an equation that was created to

calculate the output power losses of a solar panel based on the dust collection density,
as presented in Equation (9). The researchers assessed the PV output power and dust
deposition density under the same measurement circumstances (860 W/m2, 40 ◦C).

The experimental data were fitted with an exponential and a polynomial model to pro-
vide a plot of the dust accumulation density versus output power losses. As the exponential
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model was proven to have a greater coefficient of determination (0.998) than the polynomial
model, it was chosen as the empirical equation to compute the dust accumulation density
(0.984), as stated in Equation (9).

D = 0.47e
Pr

34.93 − 0.37 (9)

where D is the dust deposition density (mg/cm2) and Pr is the output power losses (%).
A theoretical model is used in Ref. [130] to forecast how dust accumulation affects

PV’s ability to produce energy. The current work examines experimental data on the
effects of three common air pollutants—red soil, gypsum, and carbon-containing fly-ash
particulate—on the energy efficiency of PV systems. The results show that the energy
performance of PVs is significantly reduced, and this reduction is substantially influenced
by the source and nature of the particles. A mathematical model was developed for use as
an assessment technique for drawing trustworthy findings about the potential impacts of
regional air pollution on the performance of PVs, as presented in Equation (10).

∆j =
(

1 − e−Aj.∆Mj
)

(10)

where ∆j is the standard deviation value corresponding to each of the three contaminants
investigated. ∆M is the dust accumulation in g/m2.

Ref. [131] described the soiling loss (LS) as an easy exponential function. The term
“soiling loss” refers to the reduction in the PV system’s output power brought on by dust
buildup on the PV modules’ surface, as presented in Equation (11).

Ls = KsMd × e−kt (11)

where LS is the soiling loss, Md is the collected dust mass, k is the cleaning rate constant, Ks
is the soiling loss coefficient, and the rate at which the dust mass is cleaned from the PV
module surface is the cleaning rate constant (k).

Ref. [132] used a computational fluid dynamics (CFD) simulation to model the impact
of dust pollution on PV system performance where the simulated wind flow fields and
dust deposition. They examined the effects of dust particle size, quantity, and gravity on
PV panel dust deposition. The authors developed a simple correlation model to estimate
PV efficiency decline ratios in proportion to exposure time using CFD simulation results
and literature data, as expressed in Equation (12).

Er
Ec

= K
ňNpπρpd3

p

6td APV
T100% (12)

where reduced energy (Er) and clean energy (Ec) characterize PV. The number of particles
that fell in each time interval is denoted by (Np/td). The obtained measurements are utilized
to establish a fitting factor, K. APV may be used to estimate the size of the PV array. A
density of p is assigned to the dust. Time, denoted by T, is measured in days.

In summary, the results of this research provide vital insights into the impact that dust
collection has on the performance of PV systems and can help facilitate the development
of reliable mechanisms for anticipating power loss. However, it is essential to remember
that these models depend on particular dust compositions, which can shift both in terms
of location and over time. Therefore, future studies should focus on investigating a wider
variety of dust types and quantities to build a more comprehensive set of metrics that can
forecast power loss across a variety of dust profiles.

8.2. Optical Modeling

In recent years, there has been substantial growth in the use of PV technology [133].
Yet, environmental conditions, such as accumulating dust on PV surfaces, can have a
negative impact on the effectiveness and performance of PV systems. The quantity of
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sunlight that reaches the PV cells can be greatly reduced by the buildup of dust on the
surface of PV modules, which lowers the system’s electrical output [134]. To properly
forecast the performance of PV systems affected by dust, it is essential to comprehend and
simulate the optical characteristics of those systems.

The effect of dust deposition on the optical characteristics of PV systems has been the
subject of several investigations [10,34]. Several investigations have demonstrated that dust
buildup considerably decreases PV module transmittance and can significantly decrease
the electrical output of PV. For example, Ref. [135] examined total transmission for various
weights per unit area and discovered that the entire transmission reduces linearly with dust
mass per unit area. Ref. [36] discovered that adding one gram of dust per square meter
reduced light transmittance by 4.1%. Furthermore, the experimental results demonstrated
that atmospheric dust accumulation reduces the relative transmittance of a PV module by
20% in just eight days.

Simulating the scattering, absorption, and reflection of light by dust particles is a
crucial component of optical modeling of dust impact on PV. The drop in incoming sunlight
that reaches the PV cells may be predicted using this kind of model crucial which can then
be used to estimate the decrease in electrical production. This kind of simulation helps to
explain how various dust particle kinds and dust buildup rates impact the performance
of PV systems. The effect of dust on the optical of PV systems has been estimated using
mathematical models, computer simulations, and experimental techniques [125]. Modeling
their optical characteristics is crucial to anticipate dust-impacted PV systems’ performance
precisely. It is critical to comprehend how various dust particle types and accumulation
rates impact the efficiency of PV systems.

Ref. [136] conducted studies in the Minia area of Egypt over the course of one year
to determine the effect of the accumulating dust collection on PV modules with varying
degrees of tilt. The study reveals that dust deposition, tilt angle, exposure time, and site
environment all substantially impacted the reduction in glass transmittance. Based on the
data acquired, an empirical correlation was created that may be used to determine the
decrease in glass transmittance for a certain tilt angle after a specific number of days of
atmospheric exposure. This correlation was created according to the experimental data that
were obtained and can be expressed as Equation (13).

τ = τc

[
1 − 0.3437erf

(
0.17ω0.8473

)]
(13)

where w is the dust weight on PV (g/m2), and τc, and τ are the clean surface transmittance
and the dusty transmittance, respectively. This requires knowing the inverse of the Gauss
error function erf (x).

In reference [88], a study was carried out on the effects of natural soil dust on a PV
cell’s transparency in dry regions, focusing on the chemical and mineralogical composition
of the dust coating on the PV’s transparent cover and its impact on cell performance. The
study discovered that the decrease in glass transmittance caused by dust accumulation
depends on variables such as the dust accumulation density, inclination angle, and position
of the module concerning the dominant wind direction. The study also established a
significant relationship between dust accumulation density and transmittance decrease,
which can help predict the influence of dust accumulation in other places, as presented in
Equation (14).

∆τ(%) = 0.0381ρ4 + 0.8626ρ3 − 6.4143ρ2 − 15.051ρ + 16.769 (14)

where ρ is the dust deposition density in (g/m2) and ∆τ (%) is the reduction in the
glass transmittance.

Ref. [137] established a general model that may be applied in various geographical
settings and climates to predict transmittance. In addition to analyzing the dust surface
density and transmission coefficient loss over time and the variables affecting them, the
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study confirmed that solar panel and collector efficiency might be drastically lowered due
to dust collection on their surfaces (see Equation (15)).

∆τ(%) = −0.001335ρ6 + 0.04398ρ5 − 0.5427ρ4 + 3.05ρ3 − 7.703ρ2 + 11.19ρ − 2.25 (15)

In Ref. [137], the following formula structure is used to estimate the influence of dust
collection on radiation intensity (Equation (16)).

G = Ga × (1 − ∆τ/100) (16)

where G is the adjusted irradiance that penetrates the transparent cover and enters into the
cell, and Ga denotes the amount of solar light that hits the panel’s surface.

In Ref. [138] a mathematical equation is developed that describes the link between
transmittance, total dust mass, average transmittance of a single layer of dust, dust particle
density, dust particle radius, and solar panel area. The paper describes a detailed model
of PV modules to quantify the daily loss in energy output caused by dust gathering, as
presented in Equation (17).

τ2(θ)

τ1(θ)
= e(−

3γ
4ρAcosθ ∑n

i=1
mi
Ri ) (17)

where mi is the total dust mass, ρ is dust particle density, Ri is dust particle radius, γ is the
average transmittance of a single layer of dust, and A is the PV area.

Ref. [70] aimed to examine dust’s effect on the PV panel surface’s transmittance. The
study discovered that dust deposition on the PV panel surface lowered its transmittance,
and the amount of settled dust affected the reduction. The study assessed the loss in
transmittance caused by different dust deposition densities of Bangkok clay and found a
link between dust deposition density and transmittance, as presented in Equation (18). The
study’s findings can be utilized to forecast radiation transmittance in solar air heaters used
to dry agricultural products.

∆τ = 23.27ln(ρ)− 23.5 (18)

where ρ is the dust deposition density in (g/m2) and ∆τ (%) is the reduction in the
glass transmittance.

Ref. [40] developed a mathematical model to estimate the transmittance of PV modules
based on the mass density of dust deposited on the modules. The concept is founded
on the Beer–Lambert equation, which asserts that a material’s transmittance decreases
exponentially with its thickness and absorption coefficient. The study assumed that the
dust layer on the solar module is homogenous and constructed a mathematical model that
connects the transmittance of the module to the dust mass density. The relationship is
stated in Equation (19) as follows:

T =
(

1 − F2
)

e−
am
p (19)

where T represents the transmittance of the module, F represents the fraction of reflection
light transmitted through the dust layer, a represents the absorption coefficient of the dust
layer, m represents the mass density of dust deposited on the module, and p represents the
thickness of the dust layer.

Overall, these investigations provide important insights into the effects of dust collec-
tion on PV system performance and may aid in the development of effective methods for
predicting transmittance reduction. Nevertheless, these models are dependent on a specific
type of dust, which can vary based on place or time. Future research should examine a
variety of dust types and amounts to develop different parameters that can forecast any
transmittance reduction for a diversity of dust types.
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8.3. Thermal Modeling

Thermal simulation software and thermal modeling methods are often used to cor-
rectly anticipate the influence of different weather environment aspects on the temperature
of PV panels [139,140]. Researchers may utilize these approaches to model heat transport
via PV modules and anticipate temperature changes. Moreover, experimental approaches
may be utilized to detect temperature changes in PV cells under varying weather circum-
stances, giving data that can be used to validate the model [141].

The accumulation of dust on the surface of PV modules can considerably influence
their temperature and overall efficiency. This dust layer generates a highly exothermic
effect within the PV module, reducing its electrical performance and perhaps causing its
destruction [142]. The dust collection on PV serves as a heat trap on the PV surfaces, causing
the temperature to rise. The collection of dust may create a “hot spot,” which is a small
area with a high-temperature concentration. Because of these hot spots on the PV module,
the temperature of the module increases. Several experimental studies have experimentally
investigated the relationship between dust accumulation and PV temperature. For example,
a thermal camera was used by [44] to assess the thermal behavior of a dusty PV module.
Dirty cells were observed to cause temperature differentials, with dusty cells increasing
temperatures by up to 10 ◦C. Additionally, Ref. [50] examined the effect of coating material
on the surface of PV modules to mitigate dust deposition on PV modules in Egypt and
discovered that the untreated PV module temperature increased to 90 ◦C. Moreover, the
coated PV module had a 10% lower cell temperature. Even worse, [143] discovered that
dust accumulation on a PV module’s surface could raise the dusty cell’s temperature by
more than 23 ◦C above the temperature of the other cells in the same PV module. The PV
temperature may exceed this temperature limit when utilized in dusty, hot environment
conditions [144], where, on the datasheets of many PV manufacturers, it is stated that
the working temperature limit is less than 85 ◦C. Ref. [51] analyzed the effect of dust
accumulation on PV modules and compared their performance to clean PV modules in
Iraq. They reported that a high cell temperature for the dusty module reached 95 ◦C for
a hot summer day with a 45 ◦C ambient temperature, while the clean module performed
better. When the PV temperature exceeds this limit, it may cause irreversible damage. For
instance, Ref. [145] stated real operating situations in the Algerian desert, the observable
failures of 608 PV modules, where the front glass of the PV module was discovered to be
cracked due to the high PV temperature, which is a result of the accumulated dust and high
ambient temperature. There may be a variety of causes for this rise in PV temperature, all
of which require further research. Several varieties of dust have been studied to determine
their impact on PV temperature [44]. This study discovered that the PV temperature rose
due to the accumulation of various dust types. They also found that particles with high
thermal conductivity, like salt, had a role in transferring heat away from the glass. The
surface temperatures of particles, such as soil and glass, with little heat conductivity, on
the other hand, were more remarkable. Compared to salt dust, which kept the PV cell
temperature at 50 ◦C, soil dust increased the temperature of the PV module to over 85 ◦C.

Despite the fact that numerous experimental investigations have examined the connec-
tion between dust collection and PV temperature, a correlation that can precisely predict
the temperature of the PV panel has yet to be developed. These studies must offer de-
tailed information on the factors influencing this relationship or the causes of it. The
limited knowledge in this area needs more investigations of the association between dust
accumulation and PV module temperature. Knowing how dust affects PV panel tempera-
ture is critical for adequately projecting energy output and assuring the lifespan of solar
energy systems.

9. Conclusions

This paper provided a thorough investigation into the impact of dust on PV technology
from three distinct perspectives. The first aspect of the study was to investigate the dust
properties in three categories: optical, chemical, and physical. The analysis emphasized
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the important impact of dust, studying the characteristics of dust on PV performance. The
presence of dust can impact the optical properties of a PV system, such as transmittance,
reflection, and absorption. The study reported the difference in chemical properties and
composition, and how this different composition could impact PV performance. More-
over, the study reported a significant lack of knowledge in the investigation of the dust’s
thermal characteristics and their impact on PV temperature. Further research is needed to
thoroughly investigate this vital area.

The second aspect of this study focused on reviewing the numerous approaches and
equipment utilized to evaluate dust’s impact on PV. This paper discussed distinct strategies
for collecting and spreading dust, and various methodologies for measuring the properties
of dust and the effect of dust on the performance of PV systems. This paper demonstrated
how critical it is to create reliable instruments that can measure dust’s impact on the
performance and temperature of PV systems. This will provide an opportunity for scholars
to investigate dust’s impact on PV systems using consistent strategies and methodologies,
improving research outcomes.

The final aspect of the study was to examine modeling and prediction of dust’s
influence on PV systems. Different approaches to predicting PV output power and optical
reduction due to the accumulating dust on PV surfaces were analyzed. These models have
considered different dust parameters to predict the electrical or optical of PV modules.
However, previous research has placed less attention on anticipating dust’s influence on the
thermal behavior of PV, despite the evidence that the accumulation of dust can dramatically
raise the temperature of PV, which in turn reduces the efficiency of PV systems and shortens
their lifespan. The importance of developing models that can precisely predict the impact
that dust has on the thermal behavior of PV systems was emphasized throughout in
this paper.

In conclusion, this paper emphasizes the significance of knowing the impact of dust
on PV performance. The analysis indicated that dust qualities significantly impact PV
performance and that more research is needed to examine the thermal properties of dust
properly. The evaluation also emphasized the significance of creating practical tools and
models for measuring and forecasting the impact of dust on PV performance. Addressing
knowledge gaps through additional study will be crucial for developing more efficient and
effective methods of reducing the influence of dust on PV systems and improving their
efficiency and lifespan.
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