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A B S T R A C T   

Dust accumulation can degrade the performance of a photovoltaic (PV) cell to varying degrees that are directly 
proportional to the deposition density. The comprehensive review presented here categorizes and describes the 
laboratory-based experimental practices interested in studying the effect of dust accumulation on PV modules or 
surfaces and then seamlessly analyzes and interprets the information extracted from the reviewed literature. 
Hence, the key findings of this article, which simultaneously represent its applicable added values, are a deduced 
pattern from the relevant research that can be generalized to all types of similar future studies. This methodical 
arrangement begins with dust sampling and physio-chemical characterization. This step is followed by a manual 
or automated scattering of dust inside the test chamber or on top of the test bench to fall on the deposition 
surface, after which the electrical, thermal, optical, and dust removal characterizations are carried out. The 
second chief outcome is an inclusive list of all the equipment used in the different workflow stages. The most 
significant recommendation drawn from this effort is that it is necessary to develop a protocol that allows 
benefiting from the mature experimental practices with valid results to include them in endurance and reliability 
tests for PV panels in the relevant international standards.   

1. Introduction 

The global transition towards renewables to secure the energy de
mand is an adaptation strategy driven by the fundamental vulnerability 
of the world to climate change. Solar energy, especially Photovoltaic 
(PV), is gaining a magnificently increasing role in the global energy mix. 
For instance, China has around 400,000 MWp installed capacity of solar 
PV generators [1], accounting for 3 % of the total production of this 
global energy giant [2]. Also, Germany has Europe’s most installed PV 
capacity, contributing 8 % to the country’s power production [3]. 
Therefore, any improvement in the efficacy of electric current genera
tion at a single solar cell level will eventually have attractive economic 
outcomes in multi-megawatt solar PV projects. A recently promoted 
topic concerning this enhancement is presenting the scrutiny of the dust 
deposition effects in a standard manner [4,5], enabling us to estimate 
the decrease in the productivity of PV panels location-wise. 

The dust, defined as solid particles less than 500 μm [6], which is 
suspended in the atmosphere by sizes smaller than 1–100 μm [7], has 
undebatable consequences on solar PV performance, mainly its sedi
ments on the panel surface [8]. An excellent quick example is the work 

done by Juaidi et al., who obtained 9.99 % power loss from a poly
crystalline silicon (poly-Si) PV system kept unclean or dusty for seven 
months [9]. The physical explanation of this power loss is that the 
particles settling on the surface mesh together, diffusing solar rays from 
reaching the PV cells and cutting short the amount of transmitted light 
[10]. For instance, Mastekbayeva and Kumar found that one month of 
accumulated dust (or 3.72 g/m2) reduced the glazing transmittance by 
14 %, ultimately causing a significant loss in the produced electric 
power [11]. If we look deeper into the physics behind the dust sticking to 
the PV surfaces, the main adhesion forces that will be noticed are 
capillary, electrostatic, and van der Waals, all considered inter-particle 
forces mainly driven by the small diameter of the particles (less than 
1 μm). In a close fashion, the deposition and clinging of the larger dust 
fragments (less than 5 μm) is caused by gravitational and inertial forces, 
making the coarse grains less likely to settle than the finer ones [12,13]. 
Fig. 1 illustrates the typical dust particle adhesion forces [14,15]. It 
needs to be said that the van der Waals and electrostatic forces are highly 
active during the dry deposition mechanism, whereas all forces are 
active during the wet deposition mechanism [15]. 

Technically speaking, the dust build-up causes meaningful degra
dation in the short-circuit current (Isc) [16], that its magnitude depends 
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on the dust material and characteristics [8]. In a typical case, 
El-Shobokshy and Hussein obtained an 82 % reduction in Isc after arti
ficially accumulating dust reached 250 g/m2 [17]. Moreover, Tripathi 
et al. reassured that the loss in Isc increases as the particle size decreases 
[18]. They obtained a 15.68 % loss corresponding to 600–850 μm and 
49.01 % associated with less than 75 μm. As if there is no limit to the 
adverse effects of dust on PV performance, its agglomeration will 
hamper heat dissipation, potentially forming a temperature gradient and 
disturbing the solar cell’s conversion efficiency or causing physical 
damage to the PV structure [19,20]. Not forgetting that other environ
mental conditions like humidity, wind, and temperature can contribute 
to the performance loss process, which scales up the wastage to 80 % in 
certain desert areas [21]. Al Siyabi et al. investigated the effect of 
dust-soiling on a 2 MWp PV system installed in a car park and noticed 
that a soiling percentage of 7.5 % reduced the monthly electricity gen
eration by 5.6 % [22]. Also, Ammari et al. presented their results 
benefitting from one-year data of outdoor experiments conducted on 
poly-Si modules under semi-arid weather and recorded a 15 % daily 
reduction in the electrical output due to dust presence [23]. Addition
ally, Asad Ullah et al. reported average daily power losses of 1.11 % at 0◦

and 0.11 % at 90◦ due to 120 days of outdoor dust accumulation tests 
corresponding to variable tilt angles [24]. 

Continuing our critical overview, dust gatherings on top of the PV 
module have the convenience of being uniformly or non-uniformly 
dispersed under outdoor conditions considering the site characteris
tics, dust properties, wind speed, ambient temperature and humidity, tilt 
angle, module dimensions, and surface material properties [25]. The 
distribution uniformity solely affects the Isc of the solar cell or module, a 
consequence associated with the shading phenomenon and spectral 
transmittance losses that, in principle, lower the electrical current [26]. 
From this perspective, the review paper written by Zaihidee et al. 
revealed that an amount of 20 g/m2 of accumulated dust could deteri
orate the Isc of a PV panel by 15–21 %, eventually interrupting the solar 
generator yield [20]. An additional effort executed by Chanchangi et al., 
which was based on a 1.5 W mini-module with two different surface 
materials (i.e., Acrylic plastic and low iron glass) placed in an indoor 
setup, quantified the reduction in Isc made by dry and wet soiling 
mechanisms of clay soil. Deterioration percentages of 33 % and 14 % 
corresponded to the dry deposition, while 96 % and 93 % related to the 
wet deposition for the acrylic plastic and glass surfaces, respectively 
[27]. In a different work, the team of Chanchangi et al. analyzed outdoor 
collected data from an urban PV system and discovered a 73 % decrease 
in Isc coming out of the amorphous silicon (a-Si) module and at least a 
65 % decrease out of the crystalline silicon panels over one year and 
seventeen months of absolute no cleaning, respectively [28]. 

Location-wise, dust significantly affects PV performance in the 
humid, arid, and desert climate, the harsh conditions mainly found in 
the Middle East and North Africa [29]. On the other hand, there is less 
potential for natural dust generation in Europe, especially when 
compared to arid and semi-arid places [30]. For example, the experi
mental research conducted in Poland by Jaszczur et al. reported a 2.1 % 
efficiency loss caused by 480 mg of dust accumulated mass over one 
week [31]. But if we considered Iran, for instance, the dust deposition 
density could reach 10 gm− 2, responsible for a 15–60 % power drop, as 
reported by Gholami et al. [32]. A second example is from Sudan, where 
the dust deposition density is nine times greater than in the UK [29]. In 
the tropical climate of India, Lakshmi and Ramadas investigated the 
effect of four different dust materials available in the local vicinity of 
Chennai and found that coal caused the worst power loss by 73.51 % 
[33]. In Brazil, Fraga et al. assessed the impact of dust on a solar power 
plant in a stadium at Minas Gerais to reveal a 13.7 % loss in peak power 
after 23 days of exposure [34]. In California, Mejia and Kleissl quantified 
the dust deposition effect to be 0.051 % per day loss of the conversion 
efficiency [35]. 

Based on the literature, the outdoor experimental studies dominate 

List of abbreviations 

a-Si Amorphous silicon 
CCD Charge-coupled device 
EDX or EDS Energy-dispersive X-ray spectroscopy 
Isc Short-circuit current 
I – V Current-voltage characteristics 
Mono-Si Monocrystalline silicon 
Poly-Si Polycrystalline silicon 
PV Photovoltaic 
RTD Resistance Temperature Detector 
SEM Scanning electron microscope 
XRD X-ray diffraction 
XRF X-ray fluorescence  

Fig. 1. Typical dust particle adhesion forces [14,15].  

Fig. 2. Share of literature studies based on the deposition technique [30].  

Fig. 3. Uniformly distributed plaster soil within an indoor experimental 
setup [37]. 
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the content related to the simulation of dust deposition on PV surfaces, 
as illustrated in Fig. 2, which appears in the Zarei et al. paper, in which 
they sketched the pie chart depending on 80+ relevant articles [30]. 
However, indoor experimental investigations of dust accumulation on 
PV generators have the potential to produce more reliable and accurate 
information [16]. In fact, many researchers widely used laboratory tests 
because of their controlled environment in which they can adjust, for 
example, the light intensity and the temperature, drawing more 
consistent results [36]. Furthermore, an indoor experiment’s conve
nience manifests in fully controlling the dust sample concentration or 
deposition density [20], not to mention that the researchers can utilize 
different indoor experimental setups (e.g., test chambers), dust samples 
(e.g., ash, red soil, iron ore), laboratory tests (e.g., SEM, XRD, XRF), 
surface substrate materials (e.g., Acrylic plastic, low iron glass), PV 
device technologies (e.g., crystalline silicon, thin film), and numerous 
pieces of equipment to simulate the dust deposition mechanism, hence 
they can characterize its influence on the electrical performance, for 
instance Refs. [8,27]. 

The investigators’ limited access to modern technologies or in
struments urges many to be more innovative whenever a specific test or 
apparatus is missing to obtain dependable outcomes ultimately. 
Nevertheless, it is possible to detect a general pattern followed by all 
different indoor-based research. Therefore, future research needs to 
consider or be aware of the previous efforts that have already employed 
many advanced methodologies and utilized state-of-the-art or high- 
precision tools that helped to obtain comparable, rational, and inter
pretable results that describe different locations, dust deposition den
sities, dust materials, and particle sizes. Then, the gap that needs to be 
bridged here is between the sound practices with reasonable findings 
that already exist in the literature and the upcoming efforts that must 
benefit from these experiences or even rely on their techniques and 
outcomes in determining their research tracks. Accordingly, the meth
odology of the review article here will systematically deliver the rele
vant content depending on literature narration, information 
disaggregation by criteria, proper illustrations, and quality assessment 
of findings and methods. In the end, some recommendations regarding 
the best practices and future work directions will be provided, sup
porting this exhaustive attempt to overcome the mentioned void. In 
more concise wording, the foremost objective of this review study is to 
summarize the multiple and different experimental approaches utilized 
to simulate the dust deposition on top of PV structures inside labora
tories, enabling the study of the accumulation effects on a range of PV 
characteristics to help eventually determine the best testing method 
according to the location and dust properties. Thus, the expected novelty 
of this work is to provide a viable pattern or model adapted from 
methodical approaches corresponding to targeted characterizations, 

which scientists will use to experimentally investigate the impact of dust 
soiling on the relevant PV characteristics. 

Consequently, this article will contribute to the efforts aiming to 
standardize the tests of dust deposition on PV panels. Therefore, the rest 
of this article is organized as follows: Section 2 briefly describes the 
research methodology followed to direct the review, Section 3 presents 
how dust samples are chosen, and Section 4 outlines the physio- 
chemical properties, including morphological, mineralogical, and 
elemental descriptions. Section 5 lists the dust deposition surfaces and 
their dust removal and optical characterization practices, while Section 
6 discusses the methods applied for the PV device’s electrical and 
thermal characterization. Section 7 lists the experimental equipment 
and any dust deposition techniques, Section 8 suggests a systematic 
method according to the observations noticed throughout the article, 
and Section 9 and Section 10 conclude by providing a flowchart of the 
detected systematic methodology, a list of the vital pieces of equipment, 
and recommendations for future work. 

2. Review methodology 

Many methods in the literature have been used to simulate the dust- 
soiling process inside laboratories. For instance, Younis et al. manually 
scattered fine sand particles on a solar panel to simulate the physical 
phenomenon. For each 1g of plaster sand, the researchers wrote down 
the Isc measurements to correlate dust amounts to the reduction in Isc 
employing an empirical coefficient. Fig. 3 shows the panel inside a 
climate chamber after distributing around 59g of dust [37]. Following a 
similar approach, Güngör et al. distributed four samples of dust collected 
from industrial sites in Turkey using a manual sieving process while 
leaving the dust amount to be weighed after the finish of every dust 
material test as they were targeting the quantity that completely blocks 
the light from the panel surface or makes the output power equals to 
zero. This research revealed that the fine dust particles block more light 
than the grainy ones [38]. 

Noteworthy, there is no standard method for conducting dust-soiling 
simulation experiments, especially indoor ones, although observing a 
similarity between different experiment strategies is possible, encour
aging many researchers to promote their work to be standardized [39]. 
Even some studies dictated a pattern for indoor experimentation of the 
dust-gathering effect [40], like the one demonstrated by the flowchart in 
Fig. 4, in which this research protocol was followed in several studies 
[41]. This sole situation motivated us, in this work, to script the broad 
lines that can highlight or provide a systematic methodology for con
ducting indoor experiments. For this reason, we reviewed over 70 papers 
published between 1993 and 2023 concerning the in-house dust depo
sition experiments on top of PV surfaces. Consequently, the 

Fig. 4. Frequent indoor dust soiling research pattern [41].  
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methodology used to conduct this study depends mainly on categorizing 
and narrating the relevant information, a step that necessarily requires 
initial content analysis so that this informative scientific text can be 
classified later. Also, each section of this article smoothly discusses and 
interprets its provided information. Moreover, in its narration, the re
view methodology utilizes the illustrative presentation technique 
through charts, figures, and tables, communicating different ideas and 
experimental approaches more effectively. In the end, the same meth
odology relies on the conclusion and recommendations for future work 
to clarify the most important observations, which inevitably reflect the 

Table 1 
Natural and artificial dust samples used in indoor experiments in the reviewed 
literature.  

Reference Location Dust type Dust material Dust particle 
size (μm) 

[51] Tipaza, Algeria Natural  • Soil  • 100–300 
[43] Aegean region, 

Turkey  
• Coal  • >38  

• 38–53  
• 53–75  
• 75–106  
• 106–250  
• 250–500 

[52] Al Batinah 
region, Oman  

• Natural dust  • 2–75 

[53] Qatar and Namib 
desert  

• Qatar natural 
dust  

• Namib desert 
sand  

• 6–10  
• 200–300 

[54] Al Batinah 
region, Oman  

• Natural dust  • – 

[55] Inner Mongolia 
and Shandong, 
China  

• Inner 
Mongolia’s 
natural dust  

• Shandong 
natural dust  

• 2.5–45  
• 10–110 

[56] Belgium  • Aeolian dust  • 30 
[57] Sharjah, United 

Arab Emirates  
• Natural dust  • 1.61–38.4 

[58] Kuwait  • Sand dust  • 6.44 
[59] India  • Sand  • 1.4–4.2 
[60] Oman  • Red soil  

• Carbonaceous 
fly ash  

• Sand  
• Calcium 

carbonate  
• Silica Gel  

• – 

[61] Gdansk, Poland  • Natural dust  • 10–30 
[62] Gdansk, Poland  • Natural dust 1  

• Natural dust 2  
• Natural dust 3  

• 200 and 
450  

• 230–360  
• 220–330 

[63] Western 
Rajasthan, India  

• Barmer dust  
• Bikaner dust  
• Jaisalmer dust  
• Jodhpur dust  

• 125 

[17] Saudi Arabia  • Limestone  • 80 
[40] desert region, 

Iran  
• Natural dust  • 1–30 

[41] Babuin, 
Indonesia, and 
Perth, Australia  

• Babuin dust  
• Perth dust  

• <4 (60 % 
of the 
particles)  

• <4 (65 % 
of the 
particles) 

[64] Qinghai, China  • Red soil  • 25 
[65] Eyjafjallajökull 

eruption in 
Iceland  

• Tephra fine ash 
dust  

• Tephira coarse 
ash dust  

• Lapilli  

• <60  
• 200 - 600  
• 14800 

[66] West Timor, 
Indonesia  

• West Timor dust  • – 

[67] – Artificial 
and 
natural  

• Red clay  
• Silica  

• 0.4–178  
• 5 & 25 & 

85 
[48] Tipaza, Algeria  • Cement  

• Soil  
• Sand  
• Salt  
• Gypsum  
• Ash  

• 10  
• 128.466  
• 230.5  
• 31.91  
• 18.332  
• 9.696 

[44] Baghdad, Iraq  • Ash  
• Sand  
• Red sand  
• Brown soil 

– 

[45] Baghdad, Iraq  • Natural dust 40–45  

Table 1 (continued ) 

Reference Location Dust type Dust material Dust particle 
size (μm)  

• Calcium 
carbonate  

• Agricultural soil  
• Soot 

[27] Nigeria  • Ash  
• Bird droppings  
• Carpet dust  
• Cement  
• Charcoal  
• Clay  
• Coarse sand  
• Laterite  
• Loam soil  
• Salt  
• Sandy soil  
• Stone dust  
• Wood dust 

– 

[68] Sharjah, United 
Arab Emirates  

• Artificial dust  
• Natural dust  

• –  
• 0.37–0.68 

[69] Badarpur, India  • Badarpur sand 1  
• Badarpur sand 2  
• Fly ash  
• Rice husk  
• Chalk powder  
• Brick powder  
• Sand  

• 50  
• 50  
• 50  
• 10  
• 10  
• 10  
• 10 

[8] Athens. Greece  • Red soil  
• Limestone  
• Carbonaceous 

fly ash  

• ≤150  
• ≤60  
• ≤10 

[70] Henan Province 
and Guangzhou 
City, China  

• A2 Test dust 
(ISO 12103-1), 
Powder Tech
nology Inc, USA  

• Henan province 
dust  

• Guangzhou city  
• Construction 

site sand  

• 0.3–20  
• 100–4000  
• 100–5000  
• 100–3000 

[71] –  • – –  

Fig. 5. Powders of artificial and natural dust [27].  
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authors’ analysis and perspectives, as these latter sections are a detailed 
explanation of this effort novelty rather than a monotonous summary of 
procedural steps. 

3. Dust sampling 

Classifying dust according to its emission source into artificial resi
dues from manufacturing or vehicle movement and natural particulates 
from the surrounding environment is a well-established tradition in 

Table 2 
Artificial dust samples used in indoor experiments in the reviewed literature.  

Reference Dust material Dust particle size 
(μm) 

[47]  • Cement  
• Plaster  
• Borax 

– 

[16] • A2 Test dust (ISO 12103-1), Powder Tech
nology Inc, USA  

• 1–125 

[72]  • – – 
[73–77]  • – – 
[78]  • – – 
[46]  • SiO2 particles manufactured by Sigma Aldrich 

Ltd.  
• 170 ± 20 

[49]  • Calcium carbonate  • – 
[79]  • Epoxy powder  • – 
[80]  • Ash  

• Laterite  
• Stone dust  
• Sandy  
• Coal powder  
• Cement  

• 12.22  
• 343.56  
• 1.56  
• 6.54  
• 8.69  
• 5.82 

[81]  • Red soil  
• Sand  
• White soil  

• – 

[82,83]  • Construction site dust  • – 
[84]  • Absorbing mineral dust  

• Non-absorbing mineral dust  
• – 

[85]  • Dust  
• Sand  

• 62–128 

[37]  • Plaster soil  • – 
[18]  • iron ore dust  • 600 - 850  

• 300 - 600  
• 150 - 300  
• 75 - 150  
• <75 

[86] – – 
[50]  • JSC Mars-1A simulant dust  • ≥1000 [87] 
[88]  • Dried mud  

• Talcum powder  
• –  

Table 3 
Electrical performance degradation in response to dust presence.  

Reference Deposition density (g/ 
m2) 

Performance loss (%) 

Output power Conversion 
efficiency 

[47] – – >25.8 
[16] 0–22 – 0–26 
[52] <1 – 0.05 
[54] 5 1–12 – 
[55] 0–10 – 7 
[57] 1 1.7 (normalized 

power) 
– 

[61] 1 μm (layer thickness) – 25.5 
[62] – – 10 
[63] – 96.1 – 
[17] 250 84 – 
[40] 330 – 98.2 
[27] – 98 – 
[68] 0–164.38 – 98.92 
[8] 0.35 7.5 – 
[88] – 86 –  

Fig. 6. SEM image of natural dust sample [68].  

Table 4 
SEM models used in the reviewed studies.  

Reference SEM model Manufacturer Secondary Electron 
Resolution 

[61] S–3400 N Variable 
Pressure 

HITACHI  • 3.0 nm High Vacuum 
Mode  

• 4.0 nm Variable Pressure 
Mode [93] 

[83] S–3700 N  • 3 nm at 30 kV  
• 10 nm at 3 kV [94] 

[64] SU8000  • 1 nm at 15 kV  
• 1.3 nm at 1 kV [95] 

[82] SU8010  • 1 nm at 15 kV  
• 1.3 nm at 1 kV [96] 

[73,77] S-8820 5 nm [97] 
[41] JCM-6000 NeoScope 

Benchtop 
JEOL – 

[40] MIRA 3 TESCAN  • 1.2 nm at 30 kV  
• 2.3 nm at 3 kV [98] 

[57] VEGA3 XM Variable 
Pressure  

• 2 nm at 30 kV  
• 2.5 nm at 30 kV [99] 

[27] Quanta 650 FEG FEI  • 3.0 nm at 1 kV  
• 1.0 nm at 30 kV [100] 

[63] SEM-EDX BRUKER  
[59] Supra 40VP Field 

Emission 
ZEISS 1 nm at 30 kV [101]  

Fig. 7. A digital microscope image of a salt particle suspended on a glass 
coupon [48]. 
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relevant studies [30]. In the literature, there are frequent types of dust 
material that were widely used in related experimental work, which are 
ash, carbon, calcium carbonate (CaCO3), cement, clay, mud, red soil, 
ISO 12103-1 A2 test dust, limestone, sand, sand soil, silica gel, talcum, 
fine and coarser mode of air born dust, and coal dust [16,27,42]. 
Speaking of indoor or laboratory-based experiments only, Adıgüzel et al. 
investigated the effect of coal dust on the performance of mono
crystalline silicon (mono-Si) and poly-Si modules utilizing different 
particle sizes. They quantified the impact in terms of loss percentage. 
Fig. 32 shows the sieving technique by which the various coal dust 
samples were prepared or separated size-wise [43]. Also, Chaichan and 
Kazem experimentally examined the effect of ash, sand, red sand, and 

brown soil on mono-Si, poly-Si, and a-Si PV panels, and they obtained 
typical results that indicate a decrease in the PV performance by a 
percentage varies according to the type and amount of accumulated dust 
[44]. Different research by Chaichan and Kazem analyzed the effect of 
natural dust joined composition compared with its constituents on PV 
performance. They selected agricultural soil, soot, and CaCO3 as the 
most prominent components in dust makeup in Baghdad, the city of the 
study, and accordingly carried out their analysis [45]. Table 1 lists 
natural dust samples used in the reviewed studies and their corre
sponding locations. 

On the artificial dust side, Beattie et al. depended on manufactured 
SiO2 sand particles of size 170 ± 20 μm to simulate the dust gathering on 
top of a glass slide, eventually deriving an exponential function that 
describes the relationship between the dust deposition density and the 
performance decline [46]. Emphasizing more, Abass et al. used aerosol 
particles of common construction materials available in Iraq: cement, 
plaster, and borax [47]. Moreover, Abderrezek and Fathi explored the 
effect of cement, soil, sand, salt, Gypsum, and ash on the electrical and 
thermal performance of PV panels, depending on indoor and outdoor 
experiments [48]. A study that focused on the effect of CaCO3, which 
Darwish et al. did, reached a significant impact of these material parti
cles on the Isc [49]. Additionally, Chanchangi et al. evaluated the in
fluence of thirteen different artificial and natural dust samples on the PV 
performance, always based on indoor experiments. Fig. 5 displays the 
samples’ powders prepared for testing [27]. Also, Sayyah et al. used the 
JSC Mars-1A simulant dust, with particle diameter ranging up to 1000 
μm, but with the assistance of a sieving process, 88 μm particles were 
separated and deposited on top of the targeted surface [50]. Table 2 
provides an inventory of artificial dust samples used in the research 
reviewed within this article. It can be observed from the studies 
reviewed here that for the dust of natural origin, the more opaque the 
color of the dust, the greater the loss of performance, evidenced by 
Adiguzel et al. results, who obtained 62 % losses in power produced 
from poly-Si module covered by coal dust [43], at the same time Chichan 
et al. work revealed that red soil caused the most significant losses 
among different tested dust materials [44]. This preliminary conclusion 
makes sense, given that increasing color intensity means a more 
considerable decrease in passing light and vice versa. 

4. Dust physio-chemical characterization 

It has been identified by the researchers that dust has three funda
mental characteristics; because of them, a decline in the PV performance 
occurs when it sets down on top of the module or any relevant assembly, 
which are the dust’s chemical composition, particle size (or morphology 
or physical structure), and deposition density [89,90]. Of course, dust 
deposition density is the most influential factor that controls the degree 
of degradation [20]. Table 3 lists the percentage degradation in the 

Fig. 8. CCD image before and after processing [67].  

Fig. 9. XRF analysis of a natural dust sample [57].  

Fig. 10. XRD spectrum for natural dust collected from Perth and Babuin cit
ies [41]. 
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output power and conversion efficiency related to dust deposition den
sity and material. As a quick reminder, the conversion efficiency of a 
solar cell is the ratio of the output electrical energy to the incident light 
energy [91]. Therefore, the numbers in the earlier table refer to the 
losses in this efficiency, although they are calculated in percentages. It 
can be briefly discussed here that these figures prove the strong rela
tionship between the deposition density and performance losses of the 
PV devices, as densities greater than 100 g/m2 resulted in more than 80 
% losses. Hence, studies with a transparent research methodology 
depend on the physio-chemical characterization of dust particles using 
well-established techniques to deliver more solid and scientific di
agnostics of the dust interactions with PV surfaces or electrical 
performance. 

4.1. Morphological characterization 

Scanning electron microscope (SEM) imaging is most frequently used 
to determine the morphology of dust particles, as the research proves 
that the shape and size of the dust particle influence the PV performance 
degradation [17]. In other words, the main characteristics that could be 
extracted from the SEM image, using software like ImageJ, that suffi
ciently describe the physical nature of the dust are the particle mean 
diameter (i.e., size) and its standard deviation [17]. For the indoor 
evaluation of PV devices under dust-soiling conditions, many re
searchers started their work by analyzing the SEM images they obtained 
for their natural or artificial dust samples to determine their appropriate 
particle sizes, usually in micrometers [27,41,53–55,57,59,61,63,65,68, 
69,80,82]. Darwish et al. examined a selection of natural dust samples 
using SEM imaging and noticed non-homogenous shapes with a diam
eter range between 0.37 and 0.68 μm. Fig. 6 shows the obtained SEM 
scan [68]. Also, Hussain et al. analyzed the SEM images obtained for 
different artificial and natural dust samples and concluded that the finer 
the particles, the greater the PV power loss, with rice husk powder 
causing the most significant decrease [69]. 

Moreover, Huang et al. used the SEM to discover that the dust par
ticles under study were irregular in shape and size [82]. Emphasizing the 
irregularity, Hachicha et al. depended on SEM imaging to disclose that 
dust particles under investigation had an uneven size distribution, 
ranging between 1.61 and 38.4 μm [57]. Table 4 lists the SEM models 
used in the relevant experiments to inspect dust particle topography. It is 
worth mentioning that some researchers relied on digital [48,78,85], 
electron [45], optical [17,46], and regular [92] microscopes to conduct 
the same morphology and particle size analysis. Fig. 7 demonstrates a 
digital microscope image of a salt particle deposited on a glass slide 
[48]. Yuan et al. depended on a different approach, in which they took 
images with a charge-coupled device (CCD) camera and then processed 
the images to prepare them for ImageJ software, which enables 

Table 5 
Summary of mineralogical characterization executed in reviewed studies.  

Reference X-ray 
technology 

Chemical composition 

XRD XRF Component Main contributor (weight 
%) 

[55] ✓ ✓  • Na(AlSi3O8)  
• KAl2((Si3Al)O10(OH) 

2)  
• SiO2  

• Ca5 (SiO4)2 (OH) 2  

• Fe3 ((FeSi)O4 (OH)5)  
• Ca(SiO3)  
• NaCl  
• ZnO  

• Na(AlSi3O8) 

[52] ✓ ✓  • Al2O3  

• MgO  
• SiO3  

• SiO2  

• CaO  
• K2O  
• Cr2O3  

• TiO2  

• Fe2O3  

• MnO2  

• SrO  
• NiO  
• P2O3  

• Cl  

• SiO2 (55.79 %)  
• CaO (30 %) 

[68] ✓ ✓  • SiO2  

• CaO  
• Al2O3  

• Fe2O3  

• K2O  
• MgO  
• TiO2  

• SiO3  

• Cr2O3  

• MnO2  

• SrO  
• NiO  

• SiO2 (45.53 %)  
• CaO (24.62 %)  
• Al2O3 (10.83 %)  
• Fe2O3 (10.46 %) 

[57] × ✓ –  • SiO2 (37.51 %)  
• CaO (30.92 %)  
• Fe2O3 (9.65 %) 

[82] × ✓  • SiO2  

• Al2O3  

• Fe2O3  

• MgO  
• CaO  
• Na2O  
• K2O  
• TiO2  

• BaO  
• P2O5  

• SiO2 (80.54 %)  
• Al2O3 (7.97 %)  
• Fe2O3 (1.49 %) 

[83] × ✓  • SiO2  

• CaO  
• Fe2O3  

• Na2O  
• K2O  
• Al2O3  

• SO3  

• P2O5  

• MgO  
• Other  

• SiO2 (77.63 %)  
• CaO (3.44 %)  
• Fe2O3 (2 %) 

[67] × ✓  • SiO2  

• Al2O3  

• K2O  
• Na2O  
• Fe2O3  

• CaO  
• MgO  

• SiO2 (73.94 %)  
• Al2O3 (16.42 %)  
• K2O (3.01 %) 

[41] ✓ × –  • SiO2  

• CaO 
[63] ✓ × • SiO2  

• AlPO4  

• CaAl2Si2O8  

• CaCO3  

• SiO2 (38 %)  
• AlPO4 (26 %)  

Table 5 (continued ) 

Reference X-ray 
technology 

Chemical composition 

XRD XRF Component Main contributor (weight 
%) 

[40] × ✓  • SiO2  

• CaO  
• Al2O3  

• Fe2O3  

• MgO  
• K2O  
• Na2O  
• TiO2  

• P2O5  

• MnO  

• SiO2 (44 %)  
• CaO (14.28 %)  
• Al2O3 (9.95 %) 

[61] – –  • SiO2  

• Al2O3  

• MgO  
• Fe2O3  

• SiO2  
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obtaining the morphological characteristics of dust particles. Fig. 8 
shows a CCD image before and after processing, made ready for use by 
the software [67]. It is necessary to mention here that a common finding 
in most of the research that considers the morphological characteriza
tion in its analysis is that the smaller the dust particle, the more the 
performance loss and vice versa. 

4.2. Mineralogical characterization 

Dust chemical composition supports the existence of adhesion forces 
between the particles and the relevant surface. The availability of such 
information helps pick a suitable cleaning method, determine dust’s 
optical properties, and sort out its source [40]. X-ray diffraction (XRD) 
and X-ray fluorescence (XRF) are the most used techniques by re
searchers in the reviewed literature to conduct mineralogical analysis or 
study the chemical composition of the natural dust accumulating on PV 
devices. For these methods, Bruker D8 Advance and Horiba XGT-7200 
models are examples of popular XRD and XRF instruments used in 
relevant dust-soiling studies, respectively [52,68]. Of course, there are 
incidences where researchers used the same devices to analyze artificial 
dust, like the works of Huang et al. [82] and Quan and Zhang [83], in 
which they deposited particulates obtained from construction sites on 
top of PV modules. Still, they traced Silicon dioxide (SiO2), which was 
dominating, similar to natural dust composition. Fig. 9 represents the 
XRF results of natural dust analysis [57], while Fig. 10 shows the XRD 
spectrum graph, a different format of the results. Meanwhile, Table 5 
summarizes the mineralogical characterization results of dust samples 
mentioned in the relevant literature, listing them in descending order 
according to the weight percentage of each component. To sum up, 
employing the mineralogical analysis tools, mainly XRF and XRD de
vices, SiO2 was the dominant natural dust constituent available in 
abundance in every sample. 

4.3. Elemental characterization 

Energy-dispersive X-ray spectroscopy (EDS or EDX) is another widely 
spread X-ray technique for the elemental characterization of natural and 
artificial dust samples used in the relevant research. The benefit of this 
method is that it can determine the chemical composition of the sample 
element-wise. An example of an EDS machine model is the Oxford In
struments X-Max 50 EDS detector [57]. Huang et al. and Quan and 
Zhang analyzed artificial dust samples collected from construction sites 
to know their constituent elements depending on the same EDS tech
nology [82,83]. Similarly, Chanchangi et al. relied on the EDX to 
determine the components for a spectrum of natural and artificial pol
lutants listed in Tables 2 and in which they unveiled the presence of 
Fairchildite, Manganese, Amphibole, Richterite, Silica, Xenotime, 
Olivine, Monticellite, Calcite, Hatrurite, Brownmillerite, Ankerite, 
Charcoal, Beryl, and many others [27]. Table 6 summarizes the 
elemental composition of some dust samples, delivering them in 
descending order according to the weight percentage. A noticeable 
observation is that the EDS detector, responsible for the elemental 

Table 6 
Summary of elemental characterization executed in reviewed studies.  

Reference Chemical composition 

Element Main contributor (weight%) 

[82]  • Si  
• O  
• Al  
• P  
• Ca  
• Na  
• Mg  
• S  

• Si (48.86 %)  
• O (46.18 %) 

[57]  • O  
• C  
• Ca  
• Si  
• Mg  
• Fe  
• Al  
• Cu  
• Na  
• K  
• S  
• Cl  

• O (46.1 %)  
• C (20.3 %) 

[83]  • O  
• Si  
• C  
• Ca  
• Al  
• Na  
• Fe  
• K  
• Mg  
• P  
• S  

• Si (40.92 %)  
• O (45.06 %) 

[41]  • O  
• Si  
• Ca  
• Al  
• Fe  
• K  

• O (34 %)  
• Si (29.14 %)  

• Ca  
• O  
• Fe  
• Si  
• Al  
• Mg  
• K  

• Ca (32.42 %)  
• O (24.59 %) 

[53]  • Si  
• Al  
• K  
• Fe  
• Ca  
• Mg  
• Others  

• Si (76 %)  
• Al (9 %)  

• Ca  
• Si  
• Fe  
• Mg  
• Al  
• K  
• Others  

• Ca (64 %)  
• O (14 %) 

[63]  • O  
• Si  
• Al  
• C  
• Ca  
• Fe  
• K  
• Mg  
• Na  

• O (62.25 %)  
• Si (19.61 %) 

[40]  • Si  
• O  
• Al  
• C  
• Ca  
• Mg  

• Si  
• O  

Table 6 (continued ) 

Reference Chemical composition 

Element Main contributor (weight%)  

• K  
• Fe 

[61]  • Si  
• Al  
• Mg  
• Fe  
• K  
• Ca  
• P  
• S  

• Si  
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analysis, presented oxygen (O) and silicon (Si) interchangeably as the 
most available elements in most samples (see Fig. 11) 

5. Deposition surface characterization 

In the literature, the researchers mainly depended on PV modules 
[17,18,37,63–65,71,85,86,88,102], glass coupons [48,67,70,73,76,77, 

103], both [41,66], or acrylic board [104] to represent the deposition 
surfaces needed for their indoor experiments. Accordingly, the charac
teristics that change with surface type are the surface adhesion or 
dust-removal and the optical properties. 

5.1. Dust removal characterization 

In this subsection, studies on characterizing dust removal properties 
of the deposition surface based on laboratory tests were targeted. Many 

Fig. 11. EDS graph for natural dust sample [62].  

Fig. 12. Dust deposition density rate on a coated surface with different dust 
materials: A) Artificial dust (A2 Test, ISO 12103-1) B) Henan province dust C) 
Guangzhou city dust D) Construction site sand [70]. 

Fig. 13. Dust deposition density rate with different coatings: A) Without 
coating B) Hydrophobic silica solution C) Ethanol solution with SiO2 nano
particles D) Silica solution with SiO2 nanoparticles [77]. 

Fig. 14. Effect of self-cleaning coating on the adhesion forces of glass 
plate [53]. 

Fig. 15. Transmittance reduction Vs. Dust deposition density for the trans
parent hydrophobic coated glass slide [83]. 
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indoor experiments were designed to examine and evaluate the reduc
tion of the accumulated dust on a coated glass cover or PV surface. The 
pivotal characteristics of these deposited transparent coatings hover 
around, accelerating the sliding of dust particles out of the inclined PV 
façades. These dust removal techniques can be categorized into passive 
and active [105]. It is the customary practice among the reviewed 
literature here to have a variable tilt angle along with an airstream 
within an enclosed test rig to simulate the dust agglomeration on the 
deposition surface and then facilitate studying the anti-soiling properties 

of a specific coat [64,70,73,76,77,82,83]. Fig. 23 shows a typical test 
chamber with a fan and an adjustable stand or tray [70,73,77]. Starting 
with the passive removal group, self-cleaning coatings that ease the 
dropping of dust particles are the most common method. Lu et al. 
investigated the anti-soiling capacity of super-hydrophobic coatings 
employing natural and artificial dust. They found that construction site 
sand was repelled the most from the coated surface, represented by 
deposition density equivalent to 36.77 % of the uncoated PV glass sheet 
density. Fig. 12 displays the interaction between the coated glass and 
dust materials utilizing the dust deposition density rate. For the tests 
conducted in this study, the researchers employed the same setting 
illustrated by the earlier figure (i.e., Fig. 23) [70]. Zhang et al. explored 
the reduction in dust gathering on a PV module enveloped with a 
transparent super-hydrophobic coating utilizing indoor tests, which 
showed significantly few amounts left due to low surface adhesion forces 
at large tilt angles, quantified by deposition density of 11.2 % of the 
uncoated glass plate density for tilt angle 60◦. Also, the spectral trans
mittance and conversion efficiency were higher than the uncoated 
glass’s. Considering the PV technology, the super coating performed 
better with poly-Si modules [52], not forgetting that artificial or natural 
dust has the same effect. As accustomed, the research team in this study 
used a test setting similar to the one illustrated in the earliest figure [52]. 
Pan et al. utilized numerous self-cleaning coatings (i.e., hydrophobic 
silica solution, ethanol solution with SiO2 nano-particles, silica solution 
with SiO2 nanoparticles), the standard test chamber of the earliest 
figure, and 30◦ inclined glass samples to find that the super-hydrophobic 
silica coating with micro-nano SiO2 structures has the best dust removal 
characteristics resulting in 36.1 % deposition density of the uncoated 
glass piece. Fig. 13 illustrates the coatings’ effects on the dust deposition 
density rate [77]. Lu et al., who depended on indoor wind tunnel tests, 
studied the effects of tilt angle, wind speed, and wind direction on the 
dust removal quality of the super-hydrophobic film. The wind tunnel 
was well-equipped with features that enabled it to control the 
mentioned three parameters. Then, through the experiments, the re
searchers noticed that the self-cleaning coating had 94.43 % dust pre
vention efficiency at a 75◦ tilt angle, 25 % at low wind speeds, and 65.85 
% facing the wind direction. Fig. 27 shows the wind tunnel platform 
used in this study [76]. Wang et al. tested PV modules coated with 
silicon-based and fluorine-based super-hydrophobic films and covered 
with dust to find that these coatings effectively removed the dust with 
extra advantage to the fluorine film, as the drop in the maximum pro
duced power was (0.92 ± 0.08)%, while for the silicon film was (1.36 ±
0.07)% [64]. Kawamoto and Guo integrated two-phase high-voltage 
electrodes and anti-soiling coating within an inclined glass plate to 
develop a cleaning system. For that, the researchers tested the dust 
removal characteristics of the hydrophobic anti-soiling coatings, namely 
A and B, which were silicon-based and fluorine-based, by scattering a 
uniform layer of natural dust and measuring its drop rate, which is the 
weight of the falling dust amount divided by the initial accumulating 
weight. The team revealed that the investigated coatings reduced the 
adhesion forces by a great deal, as shown in Fig. 14 [53].Yuan et al. 
controlled the temperature and humidity of a unique indoor setup, 
illustrated in Fig. 28, to investigate the super-hydrophobic layer’s dust 
removal effectiveness if condensation is present. The researchers found 
that 95 % of the dust particles were carried away within 90 min when 
the air temperature was 26 ± 0.5 ◦C and the humidity was 60 ± 5 % 
[67]. Quan and Zhang executed four experiments regarding the dust 
interaction with glass slides coated by a cost-effective layer: dust colli
sion, employing the setup in the earliest figure, and dust removal ex
periments. For dust deposition and impinging investigation, a 
high-speed camera was used to capture the process, and the decrease 
in the transmittance was used to quantify the accumulating amounts. 
Fig. 15 shows the transmittance reduction against the dust deposition 
density for the glass slides coated by silica solution with SiO2 nano
particles. On the dust removal experimentation side, the researchers 
concluded that the low energy and rough coating surface lessened the 

Fig. 16. Q/M measurements for eight transparent EDSs at different applied 
voltages [50]. 

Fig. 17. Reduction in low-iron glass transmittance due to dust accumula
tion [108]. 

Fig. 18. Effect of dust particle morphology on the glass transmittance at a 
variable deposition density [104]. 
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adhesion forces regardless of the degree of hydrophobicity [83]. Here, 
we must look at a point of great importance: the effect of the super
hydrophobic coatings on the optical properties of the glass cover or the 
deposition surface. It must be mentioned that the principle of these 
coatings depends on the surface roughness, a characteristic that is 
difficult to coexist with the optical transmittance if the optical perfor
mance of that surface needs to be maintained. Therefore, optimizing the 
surface roughness while fabricating these transparent self-cleaning 
coatings is a requisite [106]. 

On the second end of the passive dust removal techniques spectrum, 
some studies solely relied on the mechanical discharge of the unwanted 
dust by using indoor setups with adjustable features that control the tilt 
angle and the airstream like what we have already unveiled in the 
earliest figure [58]. 

Regarding the active or automatic dust removal process, the trans
parent electrodynamic screen (EDS) technology, which charges the dust 
particles with electrostatic force to facilitate their direct removal by the 
traveling electric field, is the most popular in this group but still 
immature enough to be deployed on a large scale [107]. A second 
shortcoming is that the electrostatic-based see-through films require a 
dry atmosphere to function, making them, at the moment, only suitable 
for semi-arid and desert climates [105]. Guo et al. investigated the dust 
removal efficiency of an EDS taped to a thin glass plate to find that the 
efficiency relevant to the dust deposited by the aerosol deposition sys
tem, illustrated in Fig. 42, is lower than that of the dust deposited by the 
sieve deposition mechanism [107]. Sayyah et al., in their work, aimed to 
test and measure the dust removal properties of different EDS prototypes 
employing the dust charge-to-mass ratio (Q/M), as illustrated in Fig. 16. 
The researchers used a humidity-controlled test chamber fixed in their 
laboratory, in which a vibratory sieve was installed to scatter the dust 
particles on top of the EDS samples [50]. It should be mentioned here 
that there are many other methods for removing dust from PV surfaces, 
whether active or passive, such as hydrophilic coatings and ultrasonic 
self-cleaning [21]. However, some techniques are not included in this 
comprehensive review because no significant analysis results were 
found in the relevant studies regarding the effect of these methods on the 
adhesion properties of the solar panel surface. 

5.2. Optical characterization 

For the optical characterization, the emphasis is always on 
describing the transmittance and reflectance of surface material facing 
the dust presence, as dust can reduce the transmittance by more than 50 
% [84]. This material is commonly acrylic plastic [7,104] or low iron 

glass [46,48,58,66,103,108], bearing in mind that Chanchangi et al. 
concluded that acrylic plastic gathers more dust than glass [27]. 
Regarding the equipment used, most reviewed studies relied on different 
spectrophotometer technologies and models to measure the surface 
material’s optical qualities after dust accumulation [64,70,73,77,83,92, 
104]. Al Shehri et al. used a UV–VIS spectrophotometer to discover a 
decline in the transmittance due to one-week exposure of the glass 
coupon to outdoor dust accumulation, as demonstrated in Fig. 17 [108]. 
Also, Piedra et al. employed a UV/VIS/NIR spectrophotometer with an 
integrating sphere to obtain a linear degradation of optical trans
mittance with deposited dust mass per unit area depending on glass 
slides for their indoor tests [84]. Interesting results obtained by Wu et al. 
using a UV spectrophotometer showed that cubic dust particles reduced 
the transmittance of the acrylic board more than spherical ones, all 
illustrated in Fig. 18 [104]. Table 7 lists the instruments widely used in 
the reviewed literature to measure the optical response of PV surfaces 
after applying dust layers. 

6. PV module characterization 

Solar PV generators are currently the most mature clean energy 
technology, considered a compelling power source in many countries. 
The PV cell performance has been continuously studied against envi
ronmental conditions to help the electricity-generating device operate at 
its maximum capacity [17]. The interest in PV effectiveness facing dust 
deposition has been going on since the forties of the last century [113]. 
Most of the related works focused on examining the impact of dust on 
the electrical and thermal characteristics of PV panels [18,60,74,75,80, 
86,114–116], which are, in their turn, mostly either mono-Si, poly-Si, or 
a-Si technologies [43,44,54,66,68,117]. Table 8 inventories the PV 
technologies mentioned in the reviewed literature concerned with lab
oratory experiments of the dust deposition effect. 

6.1. Electrical characterization 

It is well-documented that PV performance deteriorates propor
tionally with the dust deposition density [27], regardless of the particle 
size or shape [43], while dust agglomeration on PV panels significantly 
affects the Isc, whether indoors or outdoors [20]. In the relevant litera
ture, many researchers focused on measuring the electrical character
istics of PV panels in response to dust soiling. Of course, they depended 
on indoor experiments that created controlled environments using the 
appropriate equipment. Abass et al. studied the effect of artificial dust on 
the efficiency and output power of PV panels, utilizing a test bench 

Table 7 
Summary of instruments used in optical characterization by the reviewed literature.  

Reference Equipment Model Manufacturer Resolution Measured parameter 

[78] UV-VIS Spectrophotometer UV-2600 Shimadzu 0.1 nm [109] Transmittance 
[73,77, 

83] 
UV spectrometer U-3010 – – 

[64,104] UV-VIS-NIR Spectrophotometer UV-3600 Shimadzu 0.1 nm [110] 
[108] UV–VIS spectrophotometer Thermo Scientific Evolution 600 – – 
[27] UV/VIS/NIR Spectrophotometer Lambda 1050 PerkinElmer <0.05 nm [111] 
[58] spectrophotometer KONTRON UVIKON 860 – – 
[41,66] HP spectrophotometer – – – 
[92] Spectrophotometer – – – 
[70] UV spectrometer – – – 
[55]  • Optical fiber spectrometer  

• reflectance and transmittance integrating 
sphere  

• USB2000 fiber optic spectrometer  
• INT-38R reflectance integrating 

sphere  
• INT-36T-2 transmittance integrating 

sphere  

• Ocean 
Insight  

• 0.3–10 nm 
[112] 

Reflectance and 
transmittance 

[84] UV/VIS/NIR spectrophotometer with integrating 
sphere 

Lambda 1050 PerkinElmer <0.05 nm [111] 

[58] Spectrophotometer with integrating sphere Beckman ACTA MIV – – Reflectance 
[48] spectrophotometer CL 500A Konica 

Minolta 
–  • Transmission coefficient  

• light spectrum  
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equipped with a fixed irradiance light source and a multimeter for 
current and voltage determination, concluding a performance loss of up 
to 25.8 % [47]. Also, Jiang et al. examined the natural dust accumula
tion effect on PV panels using a test chamber that contains a solar 
simulator, and for the electrical parameters, they used an I – V tracer to 
obtain the I – V and P – V curves [16]. Moreover, Chanchangi et al. 
investigated thirteen different dust samples to conclude that charcoal 
resulted in a 98 % loss of the Isc depending on the built-in features of a 
solar simulator to take the measurements [27]. Chaichan and Kazem 
dispersed natural dust on top of a PV module within an indoor testing 
setup and evaluated the electrical response using a digital voltmeter to 
notice that current and voltage decline occurred, for the first time, at low 
dust deposition density [45]. It is essential to highlight the role of 
external resistance or load (variable or fixed) in measuring the electrical 
features of the PV module under the test in the absence of competent 
equipment (i.e., I – V curve tracer), as variable load helps obtain the I – V 
curve characteristics while the fixed load finds the current and voltage of 
the PV panel. For example, some researchers used voltage and current 
sensors connected to fixed and variable loads to quantify the 

degradation in the panel’s performance due to dust presence [49,68]. 
Table 9 delivers a summary of the pieces of equipment needed to 
conduct the electrical appraisal of PV modules under dust-gathering 
conditions. 

6.2. Thermal characterization 

The PV module efficiency is strongly associated with the operating 
temperature [102]. The typical conclusion in many relevant studies is 
that the PV device’s temperature rises because of the blocked heat 
dissipation caused by the dust cover at the top [33,131–134]. Conse
quently, many researchers were concerned about the thermal response 
of the dust-soiled PV panels based on indoor tests. In these studies, a 
heating source and a dark room or space were needed to create a tem
perature gradient while maintaining a controlled environment to assess 
the impact of dust deposition on the temperature of the PV module [74, 
75]. The investigators revealed that a higher temperature gradient be
tween the PV surface and the surroundings lowers, to some extent, the 
dust deposition density due to the Thermophoresis, leading to relatively 
increased performance, prominently for temperature gradient less than 
40C◦, as illustrated in Fig. 19 [74,75]. It is briefly recalled here that 
Thermophoresis is the phenomenon that occurs when tiny particles in a 
temperature gradient travel from hot to cold regions [135]. Xu et al. 
focused on the thermal characterization of the glass cover of the PV 
module by testing a glass slide within an indoor setup similar to the one 
always referred to as the earliest figure (i.e., Fig. 23) to evaluate its 
response following temperature rise and dust deposition to find that the 
upper temperature of the plate increased by 64.7 % and the lower by 
33.3 %, compared to the clean glass sheet, resulting in 1.106 ◦C differ
ence between ambient and dusty glass temperatures. Fig. 20 shows more 
detailed results, emphasizing the upper and lower surface temperatures 
[103]. Tripathi et al. obtained a 12.32 % increase in the surface tem
perature of the dusty PV panel compared to the clean one. Fig. 21 il
lustrates the significant findings regarding the surface temperature of 
the PV module covered by different dust amounts [86]. Table 10 lists the 
instruments used for the thermal assessment and their corresponding 
measured parameters. 

7. Experimental equipment and techniques 

7.1. Indoor setup 

In this section, the standard types of equipment present in every 
indoor testing setup were addressed, summarized later in Table 16 in the 
conclusion section. It is vital to maintain a controlled indoor environ
ment by manipulating the room temperature and humidity, primarily to 
exclude any undesirable effects of these factors on the dust deposition 
process or to study the effect of each factor in isolation from the rest. 
Many studies resorted to air-conditioning units to achieve this goal by 
controlling in-house conditions [16,43,52,67,82,115]. For instance, 
Huang et al. used an air-conditioning unit to keep a relative humidity 
between 40 and 50 % [82]. Also, Adıgüzel et al. utilized the same unit to 
set the temperature to 25 C◦ [43]. In addition, Sayyah et al. employed a 
humidity-control system with a sensor, humidifier, and dehumidifier to 
adjust the moisture content inside the test chamber [50]. Basically and 
effectively, Katoch et al. used a typical fan to cool down the PV cell 
exposed to the solar simulator’s light [59]. Fig. 22 illustrates an indoor 
setup schematic design with the necessary test equipment [55]. 

7.1.1. Test chamber 
The majority of reviewed studies endorsed the environmentally 

controlled enclosure approach for simulating the natural dust deposition 
on PV panels [16,50,55,58,61,64,70,72–75,77,80,82–84,103,118], in 
which a test chamber is equipped with a generator or launcher that 
supplies the rig with the dust that will settle on the assigned deposition 
surface assisted by artificial airflow or make do with the natural 

Table 8 
Specifications of PV modules used in the indoor experiments in the reviewed 
studies.  

Reference PV 
technology 

Module dimensions (cm x 
cm) 

Module capacity 
(Wp) 

[68] Mono-Si 133.5 × 5.47 100 
[48] 65.6 × 30.6 20 
[102] 25 × 18.5 5 
[80] 44.5 × 54 30 
[65] 67.5 × 34.5 30 

38.3 × 29.9 10 
[88] 63.5 × 53.5 50 
[61] – 70 

– 75 
– 100 

[37] – 50 
[75] 13.5 × 13.5 – 
[74] 15.6 × 15.6 – 
[118] 51 × 53.5 – 
[40] 6 × 4 0.75 
[55] 12.5 × 12.5 – 
[71] 100.4 × 44.8 50 
[117] Poly-Si 67.5 × 45.8 37 
[60] 44 × 28.2 10 
[49] 99.8 × 67.6 100 
[18] – 20 
[86] – 20 
[81] 41.5 × 26.8 10 
[57] 26.5 × 16 5 
[69] – 60 
[56] 10 × 10 – 
[79] a-Si  • 28 × 70  

• 15 × 5.5  
• 1.25 × 1.65 

– 

[43]  • Mono-Si  
• Poly-Si  

• 66 × 53  
• 66 × 60  

• 50  
• 50 

[54]  • 101 × 66  
• 101.2 × 66  

• 100  
• 100 

[62]  • 121 × 52.6  
• 68 × 35.3 & 119.5 × 54.1  

• 75  
• 30 & 85 

[44]  • Mono-Si  
• Poly-Si  
• a-Si  

• 44 × 28.2  
• 44 × 28.2  
• –  

• 10  
• 10  
• 10 

[16]  • 12.5 × 12.5  
• 12.5 × 12.5  
• 12.5 × 18 

– 

[66] –  • 119.35  
• 76  
• 29.21 

[41] – – 
[72]  • 10.2 × 10.2  

• 10.2 × 10.2  
• 10.2 × 10.2 

–  

A. Younis et al.                                                                                                                                                                                                                                  



Energy Strategy Reviews 51 (2024) 101310

13

Table 9 
Summary of electrical characterization instruments mentioned in the reviewed literature.  

Reference Equipment Manufacturer Model Accuracy Measured parameters 

[47]  • Multimeter  
• Electric load 

– – – Current and voltage 

[54]  • Digital voltmeter  
• Digital ammeter 

– – – 

[69]  • Multimeter  
• Rheostat load 

MASTECH M3900 0.5 % [119] 

[68]  • Variable thermal resistance  
• Current and voltage sensors 

– – – 

[49]  • Constant resistance  
• Current and voltage sensors 

– – – 

[27] Continuous solar simulator Wacom – – 
[45]  • Digital voltmeter HAILANGNIAO – – 
[61]  • variable resistance  

• Universal digital multimeter 
– – – 

[85]  • Digital multimeter – – – 
[81]  • Digital multimeter – – – 
[65]  • Aluminium-housed fixed resistor  

• Ammeter  
• Voltmeter 

– – – 

[71]  • Analog multimeter Sanwa YX360TRF ±3–5 % [120] 
[17]  • Digital multivoltmeter – – – 
[88]  • Digital multimeter Proskit MT-1210 1 % [121] 
[18,86]  • Ammeter  

• Voltmeter 
– – – 

[16]  • I – V curve tracer EKO MP-160 ±0.5 [122] I – V curve characteristics  
PROVA – – 

[40] Ivium IviumStat.h 
standard 

±5A, ±10V [123] 

[117] MECO 9009 Solar Module 
Analyzer 

±1 % [124] 

[80,114] PROVA PROVA 1011 ±1 % [125] 
[63] – PROVA 210 ±1 % [125] 
[48] – – – 
[59]  • data logger – – – 
[62]  • Solar module measurements Gunt Hamburg ET 250 [126] – 
[41,66]  • Solar simulator Eternalsunspire SPI-SUN 5600SLP 

BLUE 
Class A [127] 

[68]  • DC electronic load  
• Current and voltage sensors 

Circuit 
Specialists 

Array 3711A 0.2 % [128] 

[49]  • Electric variable resistance  
• Current and voltage sensors 

– – – 

[57]  • Source measure unit Tektronix Keithley SMU ±0.015 % 
[56]  • Oscilloscope  

• Variable resistor 
Hameg HM203-5 – 

[55]  • Source measure unit Tektronix Keithley2460 ±0.015–0.025 % 
[129] 

[64]  • I–V curve tracer PROVA Prova 200A ±1 % [125] I – V and P – V curve characteristics 
[102]  • Ammeter  

• Voltmeter  
• Variable load Rheostat 

– – – 

[55]  • Source measure unit Tektronix Keithley 2460 ±0.015–0.025 % 
[129] 

maximum current, maximum voltage, maximum 
power, open-circuit voltage, and short-circuit current 

[60]  • Digital multimeter – – – Voltage and power 
[79]  • A custom-made instrument with static 

Faraday Cups on an FR4-PCB 
– – – voltage 

[116]  • Multimeter  
• Variable resistor 

– – – Short-circuit current, open-circuit voltage, I – V curve 
characteristics 

[37]  • Digital Multimeter Proskit MT-1280 0.5–3 % [130] Short-circuit current  
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airstream. Fig. 23 displays a typical test chamber deployed in many 
relevant studies [70,73,77]. An example of a standard dust generation 
unit is the RBG 1000, manufactured by PALAS GmbH [16,74,75], shown 
in Fig. 24 [20]. The chamber developed by the National Solar Energy 
Institute (CEA- INES) is an excellent example of an environmentally 
controlled enclosure for dust-soiling experiments, as presented in Fig. 25 
[78]. In some designs of the test chambers, researchers used different 
auxiliary equipment like a blower [55], a stirrer [82], or a particle 
counter that helps detect dust concentration and distribution [73]. Also, 
a necessary structure inside this test compartment is the adjustable tray, 
stand, or holder where the solar PV module or the glass coupon rests, 
like the one used by Al-Hasan, who deployed a 300 × 200 mm2 metallic 
stand to place glass slides on it with varying grades of tilt, all fitted inside 
a box for indoor dust accumulation simulation [58]. The test bench is a 
similar arrangement but with a more straightforward structure, in which 
the experiments take place without any special equipment other than a 
table, solar simulator, and some measurement devices, and usually dust 
is deposited manually [43,48,65,102,116,136]. For example, Tripathi 
et al. depended on a flat test bench to maintain a horizontal PV module 
position and a controlled indoor environment while scattering the dust 
with different particle sizes and fixed deposition density [18]. Fig. 26 
shows a group of indoor test benches [43,48,69]. As usual, there are 
exceptional cases in which the researchers used different compartments 
rather than the test chamber or table to execute the dust accumulation 
simulation experiment compatible with their research needs. For 
example, Goossens and Van Kerschaever used a wind tunnel to examine 
the effect of wind speed coupled with dust soiling on the performance of 
PV structures [56]. A similar setup was used by Lu et al., as shown in 
Fig. 27 [76]. Yuan et al. were interested in investigating the effect of 
condensation as a replacement to water droplets on the performance of 
the super-hydrophobic coating, employing for that their unique test 
setting as demonstrated by Fig. 28 [67]. 

7.1.2. Solar simulator 
Using an artificial light source or standard solar simulator is critical 

to characterize the PV modules under the effect of dust soiling, a 

Fig. 19. Output power ratio between clean and dusty module Vs. Difference 
between ambient and PV module surface temperature Vs. Dust deposition 
density [75]. 

Fig. 20. Dust effect on glass plate temperature resulting from indoor experi
ments [103]. 

Fig. 21. Dust effect on PV module surface temperature resulting from indoor 
experiments [86]. 

Table 10 
Summary of equipment used for thermal characterization in the reviewed 
literature.  

Reference Equipment Measured parameter 

[118]  • HT-9815 thermocouple  
• Thermometer 

Surface temperature 

[62]  • Pyrometer 
[85]  • Digital thermometer 
[103]  • Infrared thermometer 
[86]  • Pyrometer 
[17]  • Copper-constantan 

thermocouple 
[55]  • Thermocouple  

• Temperature controller 
Backside temperature 

[115]  • K-type thermocouple 
[59]  • PT100 Thermocouple 
[45]  • Temperature sensor 
[117]  • Infrared thermometer 
[37]  • Class B PT100 temperature 

sensors 
[68]  • Temperature sensor Front frame and backside 

temperatures [49]  • IC temperature sensors 
[16]  • T-type thermocouple Module temperature 
[54]  • Digital thermometer 
[81]  • Temperature sensor 
[114]  • Temperature sensor 
[60]  • AR922 Infrared Thermometer 
[74,75]  • Heating plate  

• Temperature sensor  
• Dark environment 

Temperature gradient 

[116]  • Platinum resistance 
thermometer 

Cell temperature  
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common practice that relies on an indoor experimental setup. Whether 
standard or not, a sun or solar simulator is a vital component of the in- 
house setup that secures the illumination needed for the experiment. 
Always Halogen, Tungsten, or Xenon lamps were deployed in the rele
vant studies. Fig. 29, Fig. 30, and Fig. 31 demonstrate different solar 
simulator types. Table 11 summarizes the different light-source solar 
simulators used in the relevant experimental work, while Table 12 
brings the same list except for standard simulators. For light intensity 
measurements, pyranometers were the first choice in many studies. 
Table 13 lists the instruments used to measure the light intensity. 

7.1.3. Sieve and particle sizer 
The primary use of the sieve is to separate the dust particles ac

cording to their sizes, which is second nature among many researchers, 
to facilitate dispersing the targeted dust sizes on top of the PV structure 
or surface substrate [8,18,27,43,45,46,52,56,102]. Goossens and Van 
Kerschaever sieved natural aeolian dust through a 63 μm strainer [56]. 
Also, Yuan et al. screened artificial dust particles using a mesh with a 
diameter of 106 μm [67]. Fig. 32 demonstrates the sieving process 
dedicated to particle size analysis. Additionally, the same piece of 
equipment, on many occasions, was used to put down the dust layer, 
which dramatically helps achieve a uniform or homogenous distribution 
without paying much attention to the straining size or diameter [37,40, 
57,62,63,68,69], even though no scientific background exists to support 
this uniformity or homogeneity as it is randomly occurring in the natural 
world. An exciting presence of sieves was the vibratory type used by 
Sayyah et al. to obtain a smooth layer of artificial dust [50]. The particle 
sizer or granulometer is another standard equipment widely used in 
related research to help verify the different dust particle sizes [61,104, 
146], like the Coulter Multisizer [58] and the X-ray Malvern Mastersizer 
2000 [55,67]. Fig. 33 shows a laser particle sizer manufactured by 
Fritsch similar to the one used by Klugmann-Radziemska in her study 
[61,147]. 

7.1.4. Glass sheet for dust collection 
Several laboratory-based research depended on glass coupons 

seeking practicality to gather dust indoors or outdoors, determine the 
deposition density or concentration, or perform other relevant in
vestigations. Menemmeche et al. used a glass piece (10 cm × 10 cm) as a 
simulator for the PV module to quantify dust deposition density on the 
PV surface after blowing the dust using compressed air from a 2-m 
distance [102]. The same was done by Fan et al. to find the dust con
centration after depositing it on a glass sheet while having a PV module 
inside the same test chamber [80]. Lu et al. used tilted glass pieces 
within a test chamber setup displayed in Fig. 34 first to collect dust and 
then measure its deposition density with the assistance of weighing 
balance [76]. Also, the research teams compared a clear glass coupon 
with another coated by a super-hydrophobic coating to assess its effect 
on dust deposition density, which obviously decreased [70,76]. Fig. 35 
pictures a clean glass plate coated by super-hydrophobic film [73], while 
Fig. 36 shows a couple of glass slides covered by artificial dust, part of 
the indoor experiment to evaluate the effect of the mentioned coating on 
the dust deposition density [70]. Liu et al. employed an ultra-white 
patterned steel glass to check the quality and examine the optical per
formance of this PV glass responding to the deposition density [55]. 

Similarly, some studies relied on the naturally gathered dust on top 
of PV panels or surface material slides for their indoor experimental 

Fig. 22. Indoor experimental setup block diagram [55].  

Fig. 23. Schematic design of a typical test chamber equipped with a fan for 
dust suspension [70,73,77]. 

Fig. 24. RBG 1000 dust generator manufactured by PALAS GmbH [20].  
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work and analysis [41]. For instance, Kazem et al. used the glass sheet to 
collect outdoor dust necessary for indoor experiments and, as always, to 
evaluate the deposition density [54]. Also, relevant researchers used a 1 
m2 glass plate to collect natural dust that will later be used in the indoor 
experimental work [52,115]. In contrast, Sadat et al. used a typical 
brush to collect their sample of natural dust that accumulated on top of 
panels of a small-scale PV power plant [40]. The interested scientists 
used heat-treated cotton to collect the dust from the PV module surface. 
The same cotton piece was wetted with water to collect all the dust [41, 
66]. An innovative method was followed by Qasem et al., in which they 

used a collecting vessel to gather dust after being left outdoors for 
several days. Then, a glass plate was present for picking dust particles 
[92]. 

7.1.5. Weighing balance 
The weighing balance is always related to quantifying the collected 

dust amounts, leading to calculating the dust deposition density [41,43, 
66]. The researchers used various models, including precision, elec
tronic, and digital weighing scales [57,69,74,75]. While Fig. 37 provides 
a photograph of an electronic balance, Table 14 lists the balance tech
nologies and their relevant models used again within the studies covered 
by this article. Of course, there were cases in which the scientists 
depended on unconventional techniques to evaluate the deposition 
density, like the work of Al-Maghalseh, who used a dust sensor to obtain 
the relevant density [81]. 

Fig. 25. CEA- INES test chamber: right) outer sight, left) inner view [78].  

Fig. 26. Collection of Indoor test benches [43,48,69].  

Fig. 27. Wind tunnel for dust removal characterization [76].  

Fig. 28. Condensation visualization platform to test the dust removal charac
teristics of the super-hydrophobic coating [67]. 

Fig. 29. Solar simulator [16].  
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7.1.6. Particle counter 
Usually attached to the test chamber, the particle counter identifies a 

specific dust particle size’s concentration, distribution, and deposition 
density [152]. Of course, dust concentration is vital because it affects the 
transmittance of the PV glazing [153] and helps assess the quality of the 
self-cleaning coating, but few studies used it [16,64,70,73,76,77]. 
Fig. 38 shows the OLS4031 optical particle counter manufactured by 
PAMAS [154], while Fig. 39 illustrates some results obtained by another 
particle counter, as provided by Zhang et al. [73]. 

7.2. Dust deposition techniques 

Researchers used different approaches to dispense dust particles and 
manage a uniform distribution on top of the designated surfaces [48,68]. 
In contrast, others did not pay attention to the uniformity of dust 
dispersal, either by not practically laying a uniform film of dust or 
simply not discussing uniformity in their work [18,59]. In principle, two 
dust deposition mechanisms are there: dry and wet deposition. Piedra 
et al. used a deposition chamber, where pressurized air injected dust 
from a flask. Fig. 40 displays a schematic of that test chamber [84], 
while Fig. 41 shows a realistic photograph of a similar dust deposition 
chamber [72]. Also, many researchers used blowers integrated with dust 
vessels to fill the test chamber with dust particles. For instance, Al-Hasan 
used a blower fixed on the front side of a box to scatter dust particles on 
an inclined glass coupon [58]. The research conducted by Abderrezek 
and Fathi used an air compressor to disperse soil particles on top of a 
glass coupon with a particle size of 100–300 μm [51]. Menemmeche 
et al. made a 2-m distance between the air compressor and the PV 
module, guaranteeing a uniform settlement of dust on top of the module 
[102]. Guo et al. called the dust scattering mechanism followed by their 
illustrated system in Fig. 42 “aerosol deposition,” which employed an 
aerosol generator and air compressor to inject the test chamber with the 
flying dust. The team of Sisodia and Mathur applied uniform layers of 
dust samples on top of the PV module inside the test chamber using a 
strainer with a sieve identical to the particle size [63]. Again, Sadat et al. 
relied on the manual sieving process to homogeneously scatter the dust 
particles on top of the test PV panel, this time with a strainer having a 
bigger diameter (i.e., 10 cm) [40]. Fig. 43 shows a PV module covered 
by a homogenous layer of carbon dust applied using the manual sieving 
technique as part of the indoor testing-based study done by Darwish 
et al. [68]. Garcia et al. used an innovative test chamber in which pre
mixed dust with pressurized air enters the space from a diffuser with a 
built-in deflector in the form of a homogenous cloud [78]. Also, Goos
sens and Van Kerschaever used a dust-cloud producer developed by the 
Engelhardt laboratory to inject dust inside a wind tunnel as part of their 
experimentation [56]. Adversely, Sayyah et al. used a vibratory sieve to 
deposit their artificial dust on the surface substrate prototype [50]. 

Another approach followed by many researchers is that they depend 
on outdoor exposure of PV modules or glass substrates for natural dust 
deposition. Afterward, a group of tests would be applied over the surface 
after moving it indoors without further dust agglomeration [108,115]. 
In confirmation of this, Klugmann-Radziemska and Rudnicka put four 
PV panels outdoors to collect dust and evaluated their monthly perfor
mance by moving them inside a test chamber [62]. Considering the 
wettability of the deposition process, some researchers sprayed dust and 
water mixture on their PV module before placing the panel inside the 

Fig. 30. Wacom solar simulator [27].  

Fig. 31. Xenon lamp solar simulator [16].  

Fig. 32. Coal dust samples preparation [43].  
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indoor setup [41,66]. Liu et al. prepared an anhydrous ethanol and dust 
mixture, which was later sprayed on the PV surface because of ethanol’s 
volatility to ensure no humidity left [55]. Table 15 lists the primary dust 
deposition techniques followed by the scientists in the reviewed litera
ture. Subsequently, the mentioned dust deposition techniques can be 
categorized into automatic, manual, and outdoor exposure categories 
according to the particle launching mechanisms. The flowchart deliv
ered in Fig. 44 lists the different machinery in each category. 

8. Systematic method 

In this section, we analyze and interpret the comprehensive catego
rized information provided in the previous sections to develop or extract 
a generic workflow that guides all future work interested in studying 
dust’s effect on PV performance based on laboratory experiments. 

Therefore, Fig. 45 shows a flowchart of the systematic technique or 
pattern we devised for indoor dust deposition experiments based on our 
observations while writing this review paper. The flowchart starts with 
identifying and gathering the dust samples. These samples’ physical and 
chemical properties are then ascertained using the proper tools (e.g., 

Table 11 
A summary of artificial light sources used in the reviewed literature.  

Reference Artificial light source Experimental light 
intensity (W/m2) 

Power (W 
per lamp) 

[117] halogen lamp 200–800 – 
[114] 987 – 
[62] 1000 1000 
[56] 1000  • 1000  

• 500 
[63] – 650 
[43] 1000 500 
[103] high-power halogen lamp – – 
[85] Tungsten lamp – 100 
[49]  • 276.6  

• 553.3  
• 830  
• 1106 

0–500 

[116]  • 211  
• 384  
• 576  
• 893 

1000 

[17] Tungsten–halogen  • 400  
• 195 

1000 

[52] 850 1600 
[58] – 1200 
[68] 600 500 
[16] Xenon lamp – – 
[61] – – 
[72] high-voltage xenon lamp 500 per lamp – 
[18] incandescent bulb 449–920  • 100  

• 200 
[86]  • 567  

• 1024  
[137]  • – – 
[71] Spotlight  • 340  

• 301  
• 255  

• 500 

[88] 340 100 
[48]  • LED  

• Halogen lamps   
• 15  
• 500 

[57] Heliocentris solar lamp 1000 – 
[80] adjustable light 

source 
0–350 1000 

[47] Constant light 
source 

– – 

[65] White flood light  • –  • – 
[102] Light bulb  • – 500 
[59]  • 500  • – 
[74,75] Solar lamp  • –  • – 
[57] 1000 – 
[69] lightning setup  • 650  

• 750  
• 850 

100 

[45] MINI-EESTC thermal solar 
energy basic unit  

• 200  
• 400  
• 600  
• 800  
• 1000 

50  

Table 12 
A list of standard solar simulators used in the reviewed literature.  

Reference Solar simulator Manufacturer Class Experimental light 
intensity (W/m2) 

[41,66] SPI-SUN 
5600SLP BLUE 

Eternalsunspire A +
[127]  

[37] SEC 1100 Atlas – 1000 
[55] LASI-1 Sciencetech C 

[138] 
300–1300 

[27] Wacom 
Continuous 

Wacom Electric – – 

[40] SolSim 2 Luzchem – – 
[78] Pasan – A – 
[16] Solar simulator – – 0–1000 
[54] – – 600 
[81] – – 1000 
[64] – – 950 
[115] – – 0–800 
[44] – –   

Table 13 
List of instruments for light-intensity measurements used in the reviewed 
studies.  

Reference equipment model Manufacturer Uncertainty 

[68] Pyranometer – – – 
[49] – – – 
[116] – – – 
[55] CMP 10 Kipp & Zonen 2 % [139] 
[60] CMP 6 6 % [140] 
[8] Li-Cor – 
[61] SP Lite2 – 
[37] CMP 6 6 % [140] 
[17] SPP Eppley 1–2 % [141] 
[45] WE300 YSI 1 % [142] 
[63] Solar power meter – – – 
[18] – – – 
[115] TM-206 TENMARS > ±5 % 

[143] 
[117]  3–5 % [143] 
[58] HAENNI 

Solar 118 
– – 

[54] MT-4617 Pro’sKit ±0.3 % 
[69] DT-1307 CEM ±5 % [144] 
[72] – – – 
[62] METEON Kipp & Zonen 0.1 % 
[56] Laser Power- 

Energy Monitor 
Ophir Nova Ophir Nova ±3 % [145] 

[57] Solar irradiance 
sensor 

– – – 
[114] – – – 
[71] Photo-radiometer HD2302 Delta OHM – 
[88] dHD 9221 Delta OHM –  

Fig. 33. Next Nano ANALYSETTE 22 laser particle sizer by Fritsch [147].  
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SEM, EDX). The PV module’s dust removal, optical, electrical, and 
thermal properties are then determined through laboratory tests, mainly 
using solar simulators and test chambers to imitate the natural dust 
formation mechanism. It is worth noting that this deduced framework 
matches a tangible model or pattern detected in every laboratory-based 
work reviewed in the current effort. It is also essential that we list the 
necessary tools and apparatus that were used to perform all the different 
types of experimental activities mentioned throughout the article. 
Hence, Table 16 brings this list, which represents part of the practical 
added value of the article, as specialized researchers can directly resort 
to it while searching for a specific testing process and its corresponding 
piece of equipment. 

9. Conclusion 

Many recent studies tackled and quantified the impact of dust soiling 
based on outdoor exposure on PV panels [156–158]. Accordingly, 
different results were produced depending on the location, the tilt angle, 
and the PV technology used. Still, all agreed upon the deteriorating 

Fig. 34. Tilted dusty glass coupon inside a test chamber [76].  

Fig. 35. Super-hydrophobic coated glass sheet [73].  

Fig. 36. Coated (right) and Uncoated (left) glass slides covered by A2 Test dust 
(ISO 12103-1) [70]. 

Fig. 37. Electronic balance [8].  

Table 14 
List of balances used in the reviewed literature.  

Reference Balance type Balance 
model 

Readability Uncertainty 

[50] Analytical Balance Cole-Parmer 
Symmetry 

– – 

[27] Mettler 
Toledo 
ME204 

0.1 mg 
[148] 

– 

[69] Balance – – – 
[37] – 1 g – 
[43] – – – 
[56] Mettler 

Toledo 
PJ3000 

0.01 [149] 0.001 g 

[92] – – 0.1 mg 
[104] Sartorius 

BSA2245-CW 
– 0.0001 g 

[41,66] Digital analytical 
balance 

– – – 

[102] Digital balance – – – 
[115] Digital balance AGROMER – 0.01 % 
[55] Electronic balance – – – 
[57] Scientech – ±0.0001 g 
[80] Sartorius BT 

125D 
– ±0.00001g 

[150] 
[40] Sartorius 

Entris 
0.1 mg – 

[54] Sensitive weight 
type Delicate 
balance 

EJ6I0-E – 0.36 % 

[48] Precision 
electronic 
balance 

Ohaus Scout 
Pro SPU602 

0.01 g – 

[63] High-precision 
digital balance 

Amici tools, 
8068 series 

0.001 mg – 

[46] Precision balance Sartorius MC- 
210S 

0.01 mg – 

[8] – – 0.1 mg 
[72] – – 0.0001 mg 

– [77] FX-2001IWP 
[76] 
[73] 
[70] – – – 
[78] – – – 
[75] Precision 

microbalance 
Precisa 4SM- 
200A 

0.01 mg 
[151] 

±0.1 mg 
[151] [74] 

[17] – 1 μg –  
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effect of dust buildup on the PV performance. From an opposite angle, 
the present study thoroughly categorized, reported, and explained the 
different laboratory-based experimental practices that the investigators 
relied on to examine the effects of dust deposition on PV electrical, 
optical, thermal, and surface-adhesion characteristics. A flowchart of a 

systematic technique, or pattern, for dust deposition indoor experiments 
was developed. Also, a list of the most typically used equipment was 
provided. The importance of this effort lies in the fact that it collected all 
possible indoor methods in one place, thus enabling future researchers 
to have a holistic view of how to conduct this type of experiment inside 
the laboratory. Of course, the literature is rich in relevant content, but it 
is scattered and has not yet been composed in this manner as far as it 
comes to our knowledge. The main challenge facing the PV dust depo
sition research based on indoor practices, which was observed during 
the construction of this work, is that many laboratories have limited 
access to high-precision equipment intended for scientific experimen
tation, resulting in subsequent detectable differences in the obtained 
results. Finally, the following concluding remarks exhibit the milestones 
of this study:  

1. It has been noticed that researchers tend to use artificial dust 
more in indoor experiments than naturally sourced, which was 
mainly collected from the local environment. The most 
commonly used synthetic dust was ISO 12103-1 A2 Test dust, 
manufactured by Powder Technology Inc, USA, with a 1–125 μm 
particle size.  

2. SEM imaging technique was widely used in systematic indoor 
experimental work to examine the topography of dust particles.  

3. The indoor testing setups, like the test chamber and test bench, 
were used to help investigate the effect of dust deposition on the 
designated characteristics of the PV devices and deposition sur
faces. The earlier setup is usually equipped with a dust generator, 
while the latter, a primitive version of the same arrangement, 
depends on manual methods for dust deposition.  

4. A glass slide was usually placed inside a test chamber with 
different inclinations or horizontally on a test bench to identify its 

Fig. 38. PAMAS OLS4031 optical particle counter [154].  

Fig. 39. Dust concentration per particle size during the deposition pro
cess [73]. 

Fig. 40. A schematic of a dust generator and test chamber [84].  

Fig. 41. Photographic view of a dust deposition chamber [72].  
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optical and dust removal characteristics and quantify the dust 
deposition density.  

5. For the electrical description of PV modules under the known 
indoor testing conditions here, the researchers usually sought to 
measure either the current and voltage or the I–V curve charac
teristics. It is critical in many cases to use external resistance 
(variable or fixed) in the measuring system. The rule of thumb is 
that variable loads accompany the I–V characteristics measure
ments, while the fixed loads are assigned to voltage and current 
readings.  

6. The thermal characterization of PV modules was also considered 
in many studies depending on temperature sensors (e.g., ther
mocouples and RTD) to measure surface, backside, and ambient 
temperatures.  

7. In many studies, the indoor conditions were controlled through 
an air conditioning system to ensure no undesirable influence of 
temperature and humidity was present.  

8. Different solar simulator types were used to stand for the light 
source needed for the indoor experiments. The Halogen and 
Xenon lamps solar simulators were the most commonly used, 
along with the standard types produced by manufacturers. Pyr
anometers and solar power meters were used the most for light 
intensity measurements.  

9. The sieve was commonly used to separate the different dust 
particle sizes. The same equipment was often used to help uni
formly disperse dust on top of a particular surface. In a more 
advanced fashion, a particle sizer was used to accomplish the 
same function of size analysis.  

10. On some occasions, the researchers resorted to the particle 
counter to specify the concentration, distribution, and deposition 
density of specific particle sizes. 

10. Recommendations for future work 

1. It is recommended that the investigators use different PV technolo
gies from the silicon-based ones in laboratory-based experiments to 
study their reaction to the presence of dust.  

2. It is recommended that the research teams use more sophisticated 
and high-precision equipment to reinforce the reliability of their 
research outcomes. 

3. It is recommended that the researchers follow the suggested sys
tematic framework here as a guideline to sequentially employ the 
needed characterizations for their future work regardless of the 
available equipment or measuring devices because this necessarily 
varies from one laboratory to another. 

4. It is recommended to conduct research combining indoor and out
door experiments to facilitate more comparison between relevant 

Fig. 42. Aerosol deposition system [107].  

Fig. 43. Uniformly distributed carbon dust on a PV module [68].  

Table 15 
Summary of the leading dust deposition techniques used in the reviewed 
literature.  

Reference Dust deposition mechanism 

[17,44,54,55,80] Blower 
[92] Collecting vessel 
[84,102] Compressed air 
[56] Dust cloud producer 
[16,64,70,72,73,77] Dust generator and fan 
[58,67,74–76,78,84,85] Dust Generator 
[81–83,155] Fan 
[27,46,92] Manual free fall through a dispenser 
[18,43,45,47,48,53,59,65,71,88,114] Manual scattering 
[52,115] Manual scattering and vibration 
[61,62,117] Outdoor deposition 
[79] Powder gun 
[37,40,57,63,68,69,86] Sieve or Strainer 
[8,41,60,66] Spraying procedure 
[50,105] Vibratory sieve  
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Table 16 
List of the leading experimental activities and their corresponding equipment.  

Experimental Activity Equipment Description Function 

All indoor dust investigation 
activities 

PV module Crystalline silicon technology Study material 
Deposition surface Low-iron glass or acrylic plastic sheet 
Dust material Artificial or Natural 

Morphological 
characterization 

SEM  Identify the shape of dust particles and their 
sizes. Microscope Digital, electron, optical, regular 

CCD camera – 
Particle sizer Laser Identify dust particle size 

Mineralogical 
characterization 

XRF Natural dust Identify the chemical composition of dust 
XRD 

Elemental characterization EDS or EDX Natural or artificial dust Identify dust chemical composition elementwise 
Dust deposition Test chamber Standard or custom-made Artificially deposit dust on the PV module or the 

deposition surface Dust generator 
Test bench – 

Artificial illumination Solar simulator Standard or custom-made (Halogen, Tungsten, Xenon, LED, 
Spotlight, Tungsten-Halogen, etc.) 

Light source 

Dust removal Adjustable tray Generally placed inside the test chamber Controls the tilt angle to remove the dust 
Self-cleaning coating Hydrophobic and super hydrophobic Passive dust removal 
EDS coating Under test Active dust removal 
Wind tunnel chamber – Blowing away dust using airstreams 

Optical characterization Spectrophotometer UV, UV-VIS, UV/VIS/NIR Identify the transmittance of the PV or 
deposition surface 

Electrical characterization Multimeter Analog, digital, universal digital Current and voltage 
Voltmeter Digital 
External resistance 
(load) 

Fixed load 

Current and voltage 
sensors 

– 

Ammeter Digital 
Multivoltmeter – 
I–V tracer – I–V and P–V curves 

. External resistance 
(load) 

Variable load 

Current and voltage 
sensors 

– 

Source measure unit – 
Oscilloscope – 

Thermal characterization Temperature sensor  - Thermocouple (K-type, T-type)  
- RTD (PT100) 

Surface, backside, and ambient temperatures 

Thermometer Digital, infrared 
Light intensity Pyranometer – Solar irradiance 

Solar power meter – 
Solar irradiance sensor – 
Photo-radiometer – 
Laser power-energy 
monitor 

– 

Dust accumulation Sieve Manual, vibratory Dust scattering 
Dust deposition density Weighing balance Analytical, digital, precision Weighing of dust and collection surface pre and 

post-deposition 
Particle counter Optical Deposition density and dust particle size 

concentration  
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results to strengthen the laboratory experimental practices based on 
the real-world scenario. 

5. It is recommended that the researchers work on deriving an empir
ical mathematical term to be added to the solar cell equivalent circuit 
models to represent the dust accumulation effect, which, from an 
initial perspective, can be done given that the layer of dust directly 
affects the cell’s electrical current, which is always the dependent 
variable in the mentioned equations. 
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