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Abstract: Soiling accumulated on a photovoltaic (PV) module can significantly reduce the transmittance of the 
cover glass, resulting in power losses and consequent economic losses. Natural atmospheric parameters 
influence the accumulation of soiling at the various geographic locations. In this paper, the approaches and 
outcomes of the research studies on either indoor (simulator-based) or outdoor (field-based) PV soiling have 
been thoroughly reviewed. Different parameters depicted for the power loss of PV modules are analyzed 
individually and presented. Moreover, this study delves into a detailed examination of the key factors 
influencing dust depositions on PV modules in various geographical regions, with a particular focus on their 
relationship with climatic conditions. This way, probable future research directions to quantify soiling losses 
are identified. In addition, different loss prevention and mitigation techniques are also reviewed. This makes 
it possible to highlight effective strategies and pinpoint potential future research lines in these areas. 

Keywords: photovoltaic power generation; soiling loss; dust mitigation; transmission of PV glass; 
properties of dust 

 

1. Introduction 

Solar photovoltaic (PV) systems are one of the most popular renewable energy conversion 
technologies due to the availability of solar energy resources on Earth. [1]. The conversion of energy 
in the PV system depends on the irradiance, and spectral content radiated from the sun, along with  
environmental and climatic variables, the integral system, and the balance of systems [2]. Soiling on 
PV modules is the third major concern for the  success of PV technology after irradiance and 
temperature [3,4]. Soiling intrinsically affects PV modules, gradually accumulating after the 
installation of the PV power plant. As a result, output power and efficiency may completely terminate 
in the long run [5,6]. Over the years, the impact of soiling has been investigated in several regions 
worldwide, especially in regions where such soiling is a major showstopper issue or solar energy is 
the only option to generate electricity [4,7–11]. 

Soiling particles (1µm to 500µm in size) can comprise dried cells of flora and fauna, 
microorganisms like fungi and bacteria, human or animal cells, fibers of textiles, and sand, clay, or 
eroded limestone from geomorphic fallout [12]. In addition, they can include aerosols or atmospheric 
dust due to soil elements lifted by the wind, volcanic eruptions, vehicle movement on the highway 
side, and pollution near industrial areas [13–15]. The size of dust particles, and their constituents, and 
their deposition behaviors vary due to a region's topography, climate, and urbanization. The 
characteristics of dust can be classified by size or distribution, density or shape, charge, and 
composition. Different ambient conditions that are related to dust characteristics are humidity and 
moisture gradients, wind velocity and directions, and season variations [16]. The fundamental 
characteristics of dust and its effects on power conversion, deposition behaviors, and mitigation 
techniques are not fully understood yet. Most importantly, the study and observation of post effects 
on the glass surface after dust deposition and then cleaning have not yet come to the forefront.  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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The most widely used technique for cleaning PV modules is washing with detergent water [4]. 
However, this cleaning technique may not be effective in regions with high annual solar insolation 
but limited water availability. This urges the need for a detailed study of dust deposition behaviors 
on solar PV modules. Globally, several studies and observations have been conducted for decades in 
the field of soiling PV modules. Also, many review papers have been published on soiling for 
different climatic zones, cell types, dust properties, and cleaning techniques. However, in this light, 
the novelty of this present study relies on the following key points: 

i. It critically analyzes the degraded outputs of soiled PV modules from most of the reported work 

for different environmental conditions.  

ii. It also discusses the effect of atmospheric parameters accounted for in soiling as well as on PV 

module output characteristics in different climatic conditions around the globe. 

iii. It presents a review of soiling loss investigations in outdoor (outdoor exposure) conditions. 

iv. It also presents the importance of soiling loss investigations in artificial environmental (emulator 

based) conditions. 

v. It compares mitigation approaches as developed so far with practicality. 

A first categorization of global regions is presented in Section 2 based on dust concentration. 
Different factors accountable for soiling on PV modules under various environmental conditions are 
analyzed in Section 3. Also, the effect of atmospheric parameters such as wind speed, humidity, 
rainfall, tilt angle, and the properties of dust particles accountable for dust deposition are discussed 
critically with reference to earlier research works. In Section 4, soiling loss investigations, both 
outdoor and emulator-based, are discussed with working models. Different technologies have been 
developed so far to reduce soiling, and their comparisons are depicted in Section 5. Section 6 forecasts 
future research paths to improve the conversion of solar energy to electricity using PV technology. 

2. Dust belt areas 

The amount and rate of dust deposition on the PV module surface depend on the weather 
conditions of a particular location [17]. The concentration of dust particles and pollutants are not the 
same for different parts of the world depending on the local conditions. The classification of   
different countries according to characteristics of dust concentration and climatic zones is mapped in 
Figure 1A.  The dust concentration is represented through PM10, a common metric that expresses 
the mass of liquid and solid particles of diameter < 10 µm suspended in 1 m3 of air [18]. The darker 
color in the map represents a higher PM10 concentration; this decreases as the color gets lighter.  

Four climatic zones are identified. Zone 1 covers humid and cold regions having the lowest 
levels of dust density. The humid climatic regions are classified as Zone 2. Many European and North 
American countries are in this zone, and soiling reduces PV power generation by 25% [19]. In Zone 
3, countries around the equator and/or having a humid climate, like India, Mexico, and China, are 
grouped [18]. These countries are among those that are investigating more photovoltaic capacities 
and together represent 60% of lower power generation due to soiling [19]. In this zone, annual losses 
can be as high as 10%. In Zone 4, most of the places fall dry climatic zone and have higher 
concentrations of PM10. This zone includes countries that have significant PV potential but that 
experience substantial soiling losses. For example, yearly soiling losses higher than 15% and 10% 
have been reported for Egypt and Saudi Arabia, respectively, which are both classified as Zone 4 
[18,19]. 
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Figure 1. (A) Dust intensity around the globe expressed as PM10 concentration  (µg/m3) [18]; (B) 
Geographical locations of seasonal dew incidence as a proportion of a day [20]. MAM (March, April, 
and May), DJF (December, January, and February), JJA (June, July, and August), and SON 
(September, October, and November). 

3. Physical factors influencing soiling on PV modules 

Dust and local atmospheric conditions determine PV module soiling [21]. The transmittance of 
a PV module will decrease gradually with time due to the increased soil density of glass surfaces. 
The soiling characteristics and impacts depend on environmental factors and local weather 
conditions [22,23]. For example, finer dust particles affect module performance more than coarser 
particles [21] [24]. Prime factors affecting dust deposition involve wind, relative humidity, rainfall, 
orientation, the elevation angle, and the surface characteristics of modules, which will be assessed in 
the following subsections. 

3.1. Effect of wind  

The velocity of wind and its direction are equally important factors in soiling on PV modules 
[25]. It is well known that wind enhances PV cell efficiency by reducing the  module temperature 
through dissipative convection [26]. In addition, wind may result in an increase in the module 
performance by detaching dust particles. On the other hand, dust-laden winds might increase soil 
accumulation.  

A previous study conducted in a wind tunnel reported that high-speed winds might result in 
more dust deposition on the module surface compared to low-speed winds [27]. However, the impact 
of wind velocity will also depend on the dust particles present in the local sites [27]. In addition, wind 
speed and air pressure are not constant over the surface of a PV module. In cases of lower wind 
speeds, there will be higher pressure over the module's surface, which may result in higher soil 
accumulation, and vice versa [23]. 

3.2. Effect of humidity and dew 

Many researchers have examined PV module surface soiling in relation to humidity fluctuations 
[8,26,28,29]. For example, Mekhilef et al. [26] found that dust, humidity, and air velocity affect each 
other. Increased humidity leads to dew formation on the module surface, which favors dust 
coagulation [24]. High humidity can also favor the growth of moss and fungus on the surface of PV 
modules [21]. Furthermore, at high humidity levels, there is a rise in the vertical adhesion of dust to 
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the glass cover owing to the generated capillary forces between the two. It was observed that due to 
humidity, capillary adhesion occurred, and dew settled on the surface of modules. For example, Said 
et al. observed an increase in adhesion to around 80% when the relative humidity level went from 
40% to 80% [28]. Also, cementation can occur when the dust particles mix with water and are later 
heated by the sunlight [28,30]. 

Vuollekoski et al. [20]  mapped the mean number of days for each season in which dew forms 
on the surface of the earth. In Figure 1B, these are expressed as percentages, ranging from 0% (no 
days with dew in the season) to 100% (dew present every day of the season). Dew forms in most 
continental places except hot and deserts, according to the authors. In those locations where more 
dew is present, there will be more attraction for dust particles. So, vigorous cleaning will be necessary 
for the coagulated dust from the PV module surface [31].  

Eylul et al. [32] observed that dew typically forms on PV module surfaces in semi-arid and 
tropical environments. The water droplets formed by the dew reduce the transmittance of light 
through the PV module glass surface. In San Francisco, California, the authors built a south-facing, 
30°-tilted solar cell to investigate the impact of dew formation on hour basis. They found that energy 
production dropped by 53% because of the presence of dew. Increased humidity leads to dew 
formation, which favors dust coagulation  [33].  

3.3. Effect of rainfall  

Rainfall is often regarded as the most prevalent natural cleaning agent.  [34]. However, cleaning 
effectiveness is known to be affected by rainfall intensity. Many studies have found cleaning 
thresholds (i.e., the minimum fall of rain needed to realize cleaning effect) ranging from 1 mm/day 
to 10 mm/day, even if in some cases they can go up to 20 mm/day [23,33].  

However, the cleaning mechanisms of rainfall have yet to be fully understood. For example, 
Pedersen et al. [35] presented a correlation between the amount of precipitation and the observed 
dust density in Norway. The authors found that a density of deposition 40 mg/m2, even heavy rainfall 
cannot clean the modules, and the cleaning efficiency saturates. 

Mejia et al. [36] analyzed the variation in PV module efficiency due to the events of rainfall in 
Santa Clara, California, and showed that efficiency drops during the summer drought. The results 
revealed that events of slight rainfall (< 0.508 mm/day) are not sufficient for cleaning the PV modules 
but rather maximize dust deposition. The observed efficiency for dust deposition over a 108-day dry 
spell in the summer was found to drop from 7.2% to 5.6%. As shown in Figure 2A, the first rainfall at 
the end of that dry period boosted the efficiency to 7.1%. The authors also observed that the first rain 
after a dry period is more effective at restoring the power output of PV modules than rainfall during 
a period with significant rain [37]. Rain improves PV performance by 6% in dusty environments. In 
tropical climates, rain may dramatically impact c-Si PV system performance. Future studies must 
evaluate the effects of rain on solar PV modules in rapidly changing weather. [38].  

A team from the University of Évora studied organic soiling during rainfall for each season in 
Alentejo, Portugal, and compared cleaned and uncleaned PV modules [39]. The researchers used the 
soiling ratio and the soiling rate to describe the measured soiling pattern. The first one describes the 
fractional part of energy left after soiling (1-loss). The Soiling Ratio (SR) on PV modules can be 
calculated using the short circuit current (Isc, denominated as SRIsc) or the maximum power output 
(Pmax, denominated as SRPmax), according to the following mathematical equations: (1), (2) & (3). 

   𝑆𝑅ூ௦௖    = ூೄ಴ೄೀ಺ಽூೄ಴,బೄೀ಺ಽൣଵା∝൫்ೄೀ಺ಽି బ்൯൧(ீ/ீబ)/   (1) 

𝑆𝑅𝑃𝑚𝑎𝑥    = 𝑃𝑚𝑎𝑥𝑆𝑂𝐼𝐿𝑃𝑚𝑎𝑥,0𝑆𝑂𝐼𝐿 ሾ1+𝛾(𝑇𝑆𝑂𝐼𝐿−𝑇0)ሿ(𝐺/𝐺0)/  (2) 
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      𝐺   = 𝐺଴ ூೞ೎೎೗೐ೌ೙ൣଵି∝൫்೎೗೐ೌ೙ି బ்൯൧ூೞ೎,బ೎೗೐ೌ೙   (3) 

The authors of [39] found soiling rates of 4.1%/day, 1.9%/day & 1.6%/day in the spring, summer, 
and fall seasons in Alentejo. They correlated soiling loss with the rain, recording the soiling ratios 
and rates for one full year, as reported in Figure 2A. The same figure also shows the soiling rates in 
periods without rainy days, marked in red dashed lines. In Figure 2A, two long-distance desert dust 
transport occurrences are highlighted, one in February (F, Event) and the other in March (M, Event). 
In addition, there are three times when there was no rain, marked as SPR (spring seasons S1 and S2), 
has led to severe soiling rates and, consequently, a drop in soiling ratio. According to the authors, 
rain plays a vital role not only as a natural cleaning agent but also for aerosol optical depth (AOD), 
whose pattern is shown in Figure 2B,C. The soiling ratio is close to 1 during the fall and winter due 
to frequent rain. The F Event in Figure 2D indicates high soiling due to the transportation of dust 
from the Sahara to South Europe, which caused losses as high as 8%. The M Event, although its lower 
intensity, resulted in a decline approximately 3% in SR in March. In spring season (SPR) minimum 
rainfall occurred, leading to a 4.1% drop in both SRIsc & SRPmax. After the heavy rainfall from May to 
June, the SR indices were restored to unity. But, in the month of July, dust particles settled on the PV 
glass and decreased the SR to 1.9% because of the less frequent rainfall. As it rained more in August, 
PV modules were naturally cleaned, improving the soiling ratio. September saw less rain and more 
soil accumulation. Heavy October rainfall improved soiling, leading to SR~1.    

Souza et al. [40]  suggest a statistical prediction for PV power generation based on ambient data 
and PV system soiling. A log-logistic function was used to fit a nonlinear mixed-effects model. 
Environmental variables may affect model accuracy. The authors measured the suspended particle 
content and rainfall precipitation for a 10.45 kWp PV plant in Mato Grosso do Sul, Brazil, for 105 days 
(Figure 2E). The higher rainfall precipitation level had a direct impact on the airborne particle 
concentrations at observed site. The authors correlate this effect to soiling on the PV modules during 
the natural cleaning process. The fitted model's greatest MSE is 0.0032, and a linear correlation of 
0.9997 exists between predicted and observed values. 1.4% of the regular soiling loss was estimated. 

 

Figure 2. (A) In 2010, a time series of daily solar conversion efficiency and daily rainfall was recorded 
at an 86.4 kWdc PV facility in Santa Clara, California. [36];  (B) Soiling ratios and rates for different 
seasons, (C) Rain frequency [39]; (D) AOD variations [39]; (E) Concentration of suspended particles 
due to rainfall precipitation [40].   
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3.4. Effect of tilt on dust deposition 

It can be anticipated that steeper tilt angles would impede the deposition of soiling and facilitate 
its natural removal, consequently leading to reduced losses compared to surfaces that are closer to 
horizontal. Negash et al. [41] conducted observations for tilt angles, namely 0°, 5°, 11.6°, 15°, 21.5°, 25°, 
30°, and 35°, to quantify this correlation. It was found that the highest PV energy loss (33.5%) occurred 
at a 0° tilt angle, and that it decreased progressively up to a 25° tilt (14.5%). Afterwards, the energy 
loss increased to 17.8% at the 30° tilt angle and then decreased to 14.9% at the 35° tilt angle. The 
unpredicted variation in power loss due to soiling was not clearly justified in the paper. The reason 
may be due to the non-uniform dust deposition distribution over the glass surface of the PV modules, 
a phenomenon studied by Qasem et al. [42]. Indeed, the authors observed higher non-uniformity in 
the dust distribution at a 30° tilt angle compared to 15° tilt angle [42,43]. 

Hagazy [44] studied the effect of dust deposition on  glass plates exposed for one year by 
changing tilt angles in the Minia region of Egypt. The experiment was carried out with nine glass 
slides of 3 mm thickness each, keeping one slide constantly clean for reference. The eight glass slides 
were kept on wooden casings with inclinations β of 0°, 10°, 20°, 30°, 40°, 50°, 60°, and 90°. It was observed 
that with the increase in the number of days of exposure, the transmittance decreased due to soiling. 
In the tested glass samples, soiling decreased with an increase in tilt angles. Xu et al. [45] also 
observed that tilt angles should be optimized to reduce dust depositions, considering the solar 
position at each geographical location. In general, higher tilt angles should be preferred to reduce 
soiling.  

3.5. Effect of properties of dust  

Fine particles tend to deteriorate PV performance more than coarser particles [24]. This is 
possibly due to two reasons. First, the fine dust elements scatter on the whole PV module plane, 
leaving very narrow interparticle gaps. Second, high wind blowing removes more coarse particles 
than fine particles deposited on the module surface. However, larger dust particles settled faster due 
to gravity [25].  

The deposition of soiling, however, also depends on the characteristics of dust and on its 
interaction with the modules’ surface. For example, once a first dust layer is deposited, it facilitates 
the deposition of new layers that overlapped [24]. Therefore, the minimization or elimination of the 
soiling layer is a very critical challenge. Several studies in the literature focused on the impact of 
various forms of dust and their deposition on solar modules [21,22,46]. A study in Athens, Greece, 
used two pairs of Poly-Si PV modules (102 Wp) and three dust samples, i.e., ash, red soil, and 
limestone [22]. The power generation loss was found to vary depending on the various dust types 
and deposition patterns. The authors calculated the deposition density (∂M) by measuring the weight 
of the dust collected (∆m), and by dividing it by the active area of the module surface (Ac), as in 
equation (4): 𝜕𝑀 = ∆m / Ac (4) 

The authors observed that, as the deposition density of reddish soil fragments increased from 0.12 to 
0.35 g/m2, the power output decreased by 4%. Correspondingly, when the observed deposition 
density of limestone increased from 0.28 to 1.51 g/m2, the power output dropped by 11%. For ash, 
when deposition density increased from 0.63 to 3.71 g/m2, the power decreased by 2.3%. According 
to the findings, 0.35 g/m2 of red soil deposition over PV modules reduces energy by 7.5%, whereas 
the same density for limestone reduces energy by 4%. Even if ash pollutant mass is practically 
doubled, produced energy is just 2.3% lower. Red soil's color, composition, and diameter range may 
hinder the PV module performance [22]. 

Adinoyi et al. [47] used scanning electron microscope (SEM) micrographs to show that dust 
particles have diverse asymmetrical structures, which impact the PV module surface as a shading 
effect in the Eastern Province of Saudi Arabia. The authors analyzed different dust spectra and 
showed that oxygen (58% by weight) made the largest content of dust followed by calcium (13%), 
carbon (10%), and sulfur (6%) respectively. Yilbas et al. [48] also performed characterized 
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environmental dust in Dammam, Saudi Arabia, which is a high-humidity area during spring, 
summer, and autumn. The average particle size of dust was found to be 1.2 µm (varied from the 
nanometer range to 30µm).  The elemental compositions present were Fe, Si, Ca, Mg, Na, K, O, and 
S. The elements with the highest concentrations were Na, K, Ca, and O. Among these, Cl was found 
more frequently in the small particles (≤ 2 µm). This might be because the smaller particles remain 
suspended in the air for longer periods and interact more with the solar radiation, leading to the 
attachment of ionic compounds in that area. Also, Mishra et al. [49] in Rajasthan, India, on regional 
atmospheric dust observed the presence of C, N, O, and Si, including rich in NaCl and CaCO3.   

Appels et al. [50] examined the physical properties of dust in Belgium with soil samples collected 
from glass coupons littered with pollen (approx. 60 µm in size). Power losses as high as 4% were 
registered due to soiling at the experimental site during the five-week of outdoor exposure period 
only. After regular intervals of rainfall, a little cleaning effect was found for smaller dust particles 
having 2-10µm of diameter. The authors compared SEM images taken from coupons that were and 
were not shielded from rain. The SEM images shielded from rain are shown in Figure 3A. Likewise, 
unshielded SEM images are shown in Figure 3B. The pollens were completely washed away by rain 
in the unshielded SEM image, but PM2.5 to PM10 seems to have remained after the rainfall. Mahfaud 
et al. [51] estimated the distribution of particle sizes of different soil samples using a digital 
microscope (Dino-lite AM4113). The authors compared the observed particle sizes with those 
reported in the literature, as shown in Table 1. The variation shown in measured grain sizes may be 
due to the unalike particles present in the dust types of divergent sites. The authors observed PV 
power losses of up to 16% when dust deposited on the bottom edges of module surfaces.  

Table 1.Comparison of particle sizes with dust types, as measured and reported in [51]. 

Dust Types Measured particle sizes (in µm) Reference particle sizes (in µm) References 

Cement 10 10 [50] 

Soil 128.466 100-300 [52] 

Sand 230.50 250 [52] 

Salt (NaCl) 3191 >210 [50] 

Gypsum 18.332 <60 [52] 

Ash 9.696 <10 [52] 

Conceição et. al., [53] analyzed the PM present in deposited dust in Évora, southern Portugal, 
through SEM and Energy Dispersive X-ray Spectroscopy. The experiment was performed during a 
Saharan dust transportation event in Portugal. Figure 3C,D represents the SEM and EDS images for 
exposed glass samples. Figure 3A shows agglomerated dust particles, which were mostly mixed with 
aluminosilicates (AS) and halite (NaCl). The other observed particles present in accumulated dust 
were aluminum, sulfur and chlorine, marked in the color codes of blue, green, and red, 
correspondingly as shown in Figure 3B. It has been observed there was a ≈3% decrease in both SRIsc 
and SRPmax for dry deposition of dust for their experimental setup during the period of March 14th to 
16th, 2017. 
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Figure 3. (A) SEM images of glass sample (300 tilt angle), Identification pollen: (a, b & c are pine, maple 
& oak) [50]; (B) SEM image for surface of a glass sample after rain fall (300 tilt angle) [50]; (C) SEM 
image of agglomerated dust particles [53];  (D) EDS images for exposed glass samples [53]. 

4. Power loss of PV modules due to soiling 

Soiling limits the light transmittance of the PV modules, resulting in a loss in energy conversion. 
In humid environments, different substances, including alkaline metals (e.g., K, Na) and chemicals 
that are not soluble (e.g., calcite, silica), can form sticky patches on the module surface that (i) reduce 
the optical transmittance of a glass surface and (ii) affect surface texture and microhardness [23,48]. 
In addition, dried leaves, bird droppings, etc. may completely block the sunlight if the modules are 
left unclean  [23]. Soiling can also induce partial shading, which might create hot spots. These make 
up cells act as a resistance to the flow of current generated by the other cells. Hot spots reduce energy 
efficiency and shorten the module's lifespan. Also, some additional adverse effects of hotspot 
formation on the PV cells are cracking of glass, melting of solders, etc. [23]. A bypass diode can be 
connected in parallel with the opposite polarity of the cell to solve the problem of hot spot creation 
due to partial shading in solar modules [22].  

The studies available in the literature have investigated the effects of soiling on PV modules 
from two different perspectives. In one case, natural soiling has been collected on PV modules or 
glass coupons. In the other case, the soiling deposition has been realized indoors, in a controlled 
environment. These two different categories of studies have been reviewed individually in the two 
following subsections: 

4.1. Study of soiling in outdoors  

In general, dust deposition is more observed in tropical regions due to PV modules installed 
with a lower tilt [54]. In various regions of Spain, soiling loss ranging from 1 to 7% was observed, 
whereas for dry climatic regions like Kuwait, Cyprus, and Egypt, it was found to be more than 10% 
[30,35]. It is necessary to formulate the relationship between power drops due to soiling and 
accumulated dust over a PV module at installation sites. Since  dust accumulation per unit area 
depends on local environment [55], the dust deposition rate can be formulated from the data obtained 
from PV performance parameters such as Voc, Isc, and FF compared with environmental parameters. 
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Furthermore, analysis can be performed by advanced electronic monitoring tools and sensors present 
in the market for emerging PV technology [56]. 

Said [13] observed the performance of a PV module long time outdoor exposure oriented to the 
south with a tilt angle of 26° in the Dhahran desert, Saudi Arabia. The efficiency of clean and soiled 
photovoltaic modules were compared. The authors found that the average degradation rate of 
efficiency was 7% per month due to dust deposition. Numerous pieces of research untill 2021 
reported that soiling loss per unit area of PV modules occurred in the vicinity of 2 to 3.7% gm-2 [57]. 
As previously stated, dust impact degradation is site- and system-dependent; natural cleaning does 
not eradicate all degradation, and irreversible decrease in maximum power may attain a constant 
value after a long period of time. [58,59]. Oh et al. [60] have reported a 14.3% reduction in the average 
power of modules after two months of outdoor exposure in Middle Eastern deserts in Asia. Massi 
Pavan et al. [61] studied two 1-MW PV systems in the southern Italian countryside and found that 
the system on sandy soil lost 6.9% of its power in seven weeks while the system on compacted soil 
lost 1.1%. 

Previous research suggests that dust deposition is linked to solar collector tilt angle, period of 
installation, site geography, wind movement, and dust characteristics. Few studies have examined 
how PV module features, like  cell types and surface materials, affect dust deposition and efficiency 
deterioration [62]. Likewise, in 2014, Rao et al. [54] conducted a simulated experiment to study 
the impact of dust on PV modules in Bangalore, India. They found a power loss of 5-6% of the 
Pmax with a deposition density of 1.4 g/m2 at a cell temperature of 30°C with 800w/m2 radiation.  

Lopez et al. [63] carried out a study on the long-term soiling loss of silicon PV modules in 
Ispra, Northern Italy. They analyzed 28 modules installed from 1981 to 1985, kept unclean, and 
dismantled in 2014. After cleaning, the value of Pmax improved in the range of 3.5% to 19.4%, 
averaging 9.8%, indicating a reduction of 0.20% and 0.31% in Isc and Pmax, respectively.  

The correlations between deposition density and glass transmittance losses have also been 
investigated to foster an understanding of the detrimental effects of soiling [49,50]. Pederson et 
al. [35] used clean glass pieces to study the reduction in transmittance due to soiling for two 
months of exposure in Kalkbult, South Africa. They used uncoated and anti-soiling coated glass 
coupons placed on the rooftop at an elevation angle of 45°. There was a finding that the 
transmittance decreased by 0.09% and 0.11%, respectively, with 10 mg/m2 of dust density. Shehri 
et al. [64] plotted seven days of observation results by exposing glass samples in the outdoor 
environment of Thuwal, Saudi Arabia. It was found that the maximum drop in transmittance 
occurred on the first day (i.e., a 2% reduction in transmittance with respect to clean glass slides). 
Likewise, Tanesab et al. [65] observed the seasonal effect of dust on the degradation of PV module 
performance at all inclinations in NTT, Indonesia and Perth, Australia. They found the lowest drop 
in transmittance at the end of the wet season and the maximum in the summer season.  

As can be seen, the soiling losses strongly depend on the local conditions, which vary both 
geographically and seasonally. In addition, the geometry of the system does impact the soiling 
accumulation as well. To provide a comprehensive overview of the current knowledge, a list of 
studies where the impact of natural soiling was assessed in various locations worldwide is reported 
in Table 2. 

4.2. Study of soiling in an artificial environment 

In this emerging time of need and optimistic demand for energy, solar PV indoor-based studies 
are a prerequisite to understanding the soiling phenomenon to optimize power generation as well as 
economy [66]. Indeed, indoor investigations make it possible to assess PV performance in a controlled 
environment. In 1993, El–Shobokshy et al. [55] designed a solar simulator with three 1000 W tungsten 
halogen lamps maintaining constant radiation and surface temperature on PV modules. 
Experimental dusts (i.e., ground, dried, and sieved), containing materials like calcite and silica, were 
uniformly spread in the simulator on pre-cleaned modules. The investigation showed that when dust 
deposition density rose, there was a nonlinear drop in normalized short circuit current and 
normalized power. At a deposition density of 250 g/m2, the particles with a mean diameter of 80 µm 
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were found to reduce the Isc by 82%, leading to power degradation of about 84%. The fill factor was 
also affected by dust deposition density. In 1999, Goossens et al. [27]  designed a simulator with a 
wind tunnel and observed that the drop in short circuit current due to soiling in high wind speed 
conditions was higher compared to low wind speed. It was observed that the voltage and power 
dropped as the speed of the dust-laden artificial wind increased, whereas no systematic variation 
was observed for the fill factor of the module. Jiang et al. [62] constructed a test chamber with ESD 
acrylic plates to simulate the natural dust deposition process virtually, as shown in Figure 4A. A 
dust generator and a particle counter were utilized to generate dust and measure its 
concentration within the simulator. Industries, laboratories, and studies of the environment all 
make use of dust generators to simulate or evaluate dust-related conditions. A small fan was 
used to spread the dust particles inside the test space. A solar simulator created artificial solar 
radiation in the range of 0 to 1000W/m2, and a pyranometer was used to measure radiation at 
various points inside the chamber. The temperature and relative humidity inside the chamber 
were monitored. The η of the tested module rose linearly from 0 to 26% with a soiling density of 
0 to 22 g/m2. The authors also found that surface material can considerably affect dust deposition 
and accumulation. 

Naveed et al. [66] assembled an indoor soiling chamber to investigate dust deposition patterns 
and losses on PV modules. The overall working system concept with electrical connections and 
components used is shown in Figure 4B. A PV module was subjected to a daily cycle of outdoor 
circumstances, and it was observed that after seven days, the module lost 33.54% of its Isc. The 
suggested soiling station was to investigate optimum soiling loss on PV modules by altering 
elevation angle and atmospheric conditions. 

Rao et al. [54] used a solar simulator made of halogen lamps to study soiling losses on PV 
modules in a dark room. Power loss from 45% to 55% was observed for a soil density of 7.155 
g/m2. Sulaiman et al. [21] investigated the effect of different types of dust particles on cleaned 
and soiled solar PV modules under different solar insolations. The authors used spotlights to 
simulate natural radiation conditions by applying varieties of dust, which included moss, 
talcum, sand, etc. on modules exposed to radiations of 310 W/ m2 and 250 W/m2. Maximum 
power was found to be lowered by 86% due to moss accumulation on PV modules. Because of 
their small size, dust particles impede transmission.  

Many writers have focused on indoor optical soiling detection approaches that have been 
validated in real-world soiling situations. [67].  Rahman et al. [68]  studied the PV cell 
performance parameters, including dust on power and efficiency. The authors compared the 
efficiency degradation caused by increasing the solar cell temperature with and without dust 
conditions. It was found that efficiency dropped by 1.47% for a soiling rate of 0.012 g/cm2 and a 
cell temperature at 72.57°C under 800 W/m2 irradiation.   

As previously shown in Table 2, the dust deposition patterns and losses vary with different 
geographic locations, climatic conditions, and types of dust presence. In simulator-type 
observations, it is not possible to reproduce all the variables that interact with and influence 
soiling. Despite that, they are equally important as outdoor studies, as they make it possible to 
analyze and evaluate the impact of specific factors on losses while keeping other variables 
controlled.  
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Figure 4. (A) Schematic of the simulator designed by Jiang et al.[62]; (B) Assembled an indoor soiling 
chamber [66]. 

Table 2.List of outdoor soiling assessments available in literature. The exposure time (in days) 
and the observed loss are reported. 

Experiment Sites (Latitude & 

Longitude) 

Climate Mounting 

configuration 

Experiment 

Period (days) 

Observed 

Parameter 

Observed loss (%) References 

Jordan, (32.1029° N, 36.1811° E) Subtropical 

arid 

26° South 179  ηav/day 0.768 [69] 

Spain, (36.8°N, 2.4°W) Mild oceanic 22° South 230  Isc 15 [70] 

Saudi Arabia (24.71°°N, 

46.72°E) 

Desert Solar tracking 30 Isc 35 [71] 

Pakistan (33.766°N, 72.8232°E) Continental 15° South 30  T 60(Coal dust) 

31(Module dust) 

[72] 

Kuwait (29.36°N, 47.97°E) Desert 30° South 420 Pout 55 [73] 

Arequipa (16.40°S, 71.53°W) Subtropical 

desert 

16° South 730 E ≈8 [74] 

Nigeria (12.5°N,4.3°E) Tropical semi-

arid 

12.5° South 120 Pmax 60 [75] 

Jeddah (21.4933°N, 39.2391°E) Desert 10° South 20 E 27 [76] 

Saudi Arabia(26.28°N,50.11°E) Desert 26° South 180 η 60 [13] 

Nigeria (12.5°N,4.3°E) Tropical semi-

arid 

13° South 14  Isc 4.7 [77] 

Thailand (16.8211° N, 

100.2659° E) 

Semi-arid 17° East 60 Isc 2.83-6.03 [78] 

Bahrain (26.17°N, 50.54°E) Desert 0° 60 Isc 41.4 [79] 

Northern Poland (54.37°N, 

18.62°E) 

Moderate 34° 365 η 10 [80] 

Atacama Desert (23.8634°S, 

69.1328°W) 

Desert 20° South 365 Isc 15-55 [81] 

Spain (36.8296°N, 2.4048° W) Mediterranean 22° South >30 E 10 [82] 
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India (22.57°N, 88.36°E) Tropical wet-

and-dry 

20° South 30 η 43.3 [83] 

Iran (35.69° N, 51.42°E) Cold semi-arid 45° South 8  Pout 43 [17] 

Egypt (28.07°N, 30.76°E) Subtropical 20°,40°,60°, 

South 

30  T 11-21 [44] 

Egypt (29.84°N, 31.33°E) Arid 15° Northeast 210 T 20.9 [84] 

Palestine (32.370°N, 35.108° E) Mediterranean 29° South 365 Pout 13.1 [85] 

Cairo (30.0444°N, 31.2357°E) Desert 20° South 21 Isc 

Voc 

26 

8 

[86] 

UAE (24.9°N and 55.5°E) Desert 22° South 90 Pout 13 [87] 

Greece (37.98°N, 23.72°E) Hot summer 

Mediterranean 

30° South 60 E 6.5 [88] 

Kuwait (29.3117° N, 47.4818° E) Desert 30° North 365 T 5 [89] 

Mexico (29.09 °-110.96°) Desert Sun tracker 20  Pout 8.5 [2] 

Santiago, Chile (33.4489° S, 

70.6693° W) 

Mild 32°South 365 Pout 1.29-2.77 [90] 

Saudi Arabia (30.98°N ,41°E) Continental 31° North 10 Isc 27.8 [91] 

UAE (24.46°N, 54.36°E) Desert 25° South 18  Pout 13 [92] 

Italy (40.79°N, 17.10°E) Mediterranean 25° South 240 Pout 6.9 [61] 

Qatar (27.92°N,15.54°W) Desert 28° South 180 Pout 43 [93] 

China (49.7448°N and 116° 21' 

49.0500'' E) 

Simulator 50° tilt On 22 g/m2 

dust 

η 26 [62] 

Northern Nigeria (11° 59' 

02.1''N, 8° 28' 52.5''E) 

Tropical semi-

arid 

12° South 365 η 78 [94] 

Libya (26.33°N, 17.22°E) Desert 40° North 120 Pout 2.5 [95] 

Bangladesh (23.70°N, 90.40°E) Tropical 23.5° South 30 Isc 33 [96] 

Arabia (26.28° N,50.11°E) Desert 30° South 30 Pout 5.9 [97] 

Nigeria (8.13°N, 4.25°E) Tropical 0° 70  Pout 25 [98] 

Spain (36.72°N, 4.42°W) Hot summer 

Mediterranean 

30° South 365 E 20 [99] 

China (37.87°N,112.56° E) Semi-arid 45° South 14 Pout 18.2 [100] 

Cyprus (34.70°N, 33.02°E) Mediterranean 31° South 70  Pout 8 [101] 

USA (37.42° N, 120.59°W) Desert 25° South 480 Isc 8.6 [102] 

Saudi Arabia (26.28°N, 50.11°E) Desert 26° South 240 Pmax 45.4 [47] 

Spain (36.72°N, 4.42°W) Hot summer 

Mediterranean 

21° South 300 Isc 12.5 [103] 

Egypt (26.8206° N, 30.8025° E) Hot summer 

 

27° South 120 η 50 [104] 

Toluca, México (19° 21’ 54.36” 

N ; 99° 9’ 24.84W) 

Cold, Mild 20.3° South 60, 365 η 15,3.6 [105] 

 

India, latitude 12.97°N, 

longitude 77.56°E). 

Semi-arid 13° South 30 Isc 4-5 [54] 
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UK (55.3781° N, 3.4360° W) Mediterranean 55° North 30 T 5-6 [18] 

Senegal, (12.5°& 16.5° 

North latitude and 12°and 

17°West longitude) 

Tropical 4.43° North 365 Pmax 2.6 [106] 

Algeria (28.0339° N, 1.6596° E) Desert 32° South 210 T 8 [107] 

Northern Poland Indoor  37° tilt 365 Pmax 3 [108] 

 

Gurgaon, India (28° 

37’N,77°14’ E) 

Composite 

climate 

28° South 365 Voc & FF, 

Isc &Pmax 

1.4 & 2.6, 1.8 & 4.1 [109] 

Kathmandu, Nepal (27° 

40’51’’N,85° 14’29’’E) 

Composite 

climate, Dry 

winter 

27° North 150 η 29.76 [110] 

Perth, Western Australia 

(31.95°S & 115.85°E) 

Temperate 

climate 

32° South 365 Pmax 2.3-2.7 [111] 

Oman (Northern) (16°40’, 

26°20’) N, (51°50’, 59°40’) E 

Tropical 

Desert  

16° North 90 Pmax 40 [112] 

Dhahran (Saudi Arabia) 

(26.2361° N, 50.0393° E) 

Desert 26° North 7 η 7.34 [64] 

Doha, Qatar (25.2854° N, 

51.5310° E) 

Semi-Arid 25° North 150 Pmax 30 [113] 

Ispra, Northern Italy (45° 48' 

43.4' N - 8° 37' 37.4' E) 

Moderate 

Subtropical 

45° North 10950 Pmax, Isc 19.4, 6.7 [63] 

Surabaya, Indonesia (7.2575° S, 

112.7521° E) 

Tropical 

Savannah 

7° &23°, South 14  Pmax 10.8; in dry season. [29] 

Baghdad, Iraq (33.3152° N, 

44.3661° E) 

Desert  30˚North 7 Isc  6.9- 16.4 

 

[114] 

Atacama Desert (23.8634° S, 

69.1328° W) 

 

Desert 

 

24° South 120 T 55 [115] 

 

China (49.7448'' N and 116° 21' 

49.0500'' E) 

Semi-arid 45° South 8 T 20 [116] 

Minas Gerais, Brazil 

(18.5122°S, 44.5550°W) 

Tropical 8° South 43  Pmax 6.5-13.7 [117] 

 

Tehran, Iran (35.6892°N, 

51.3890° E) 

Cold semi-arid 35° North 70  Pmax 21.47 [118] 

Doha Qatar (25.2854° N, 

51.5310° E) 

Desert 22° North 01  Pmax 0.5 [119] 

5. Prevention and restoration from soiling of PV modules 

5.1. Manual cleaning  

PV modules output degrades in high-soiling areas [64,120]. However, low soiling conditions or 
recurrent precipitation that naturally cleans the surfaces pose a risk for long-term exposure to dust. 
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Differently from other performance issues, soiling can be artificially removed from PV modules, 
either manually or using cleaning robots. Cleanings, however, have a cost that must be lower than 
the profits made from the recovered energy to make them viable. So, understanding the magnitude 
of the losses is an essential step to correctly planning an effective cleaning schedule. 

The study by Mani et al. [24] may be consulted for a first estimate of the most favorable cleaning 
cycle at a given location. The authors categorized three different climatic zones based on the study of 
dust deposition on field-based samples. The authors identified low-, medium-, and high-latitude 
regions and different dust deposition behaviors, and for each category, they reported recommended 
mitigation tools and cleaning cycles.  

Yu Jiang et al. [121] estimated the cleaning rate of PV modules in a desert area (located at low 
latitudes; the chosen elevation angle was equal to 0°) based on dust  deposition rate and the 
relationship between deposited dust concentration. The authors found that a 20-day cleaning 
frequency at the investigated site restored a power output reduction of 5% for a 100 µg/m3 particle 
concentration of dust. The authors of [121] also proposed a method to assess the most effective 
cleaning interval for different particle sizes and tilt angles. Indeed, gravity impacts glass dust 
deposition. Due to Brownian and turbulent diffusion, frequent cleaning is required for areas with 
high-diameter dust particles. Brownian and turbulent diffusion both contribute to the overall soiling 
process, but their relative impact is determined by particle size and atmospheric conditions.  The 
authors estimated cleaning interval time (Ti) using equation (4). Md represents the particle 
accumulation density for certain energy losses, Cd represents the particle mass concentration in the 
ambient air at a particular location, and Vd, represents the particle deposition velocity.  

Ti = Md / (Cd × Vd.) (4) 

Figure 5A shows that cleaning times increased with particle accumulation density. In Figure 5B, 
the authors tested tilt angle effects on cleaning time. The inclined angle increases cleaning time, which 
also relies on particle concentration and diameter. The authors used a novel method to compute 
cleaning time that excludes rainfall to present site-based results. Therefore, the approach works in 
dry environments. The cleaning time for 5 µm, 10 µm, and 20 µm dust particulates with wind speeds 
ranging from 1 to 10 m/s was determined to be 287, 76, and 20 days, respectively.  The authors 
determined the cleaning time to be 287, 76, and 20 days for 5 µm, 10 µm, and 20 µm dust particulates 
at wind speeds ranging from 1 to 10 m/s. 

 

Figure 5. (A) Cleaning time with respect to dust accumulation density[121]; (B) Cleaning time with 
respect for varied inclined angles [121]; (C) The transmittance of each sample with respect to tilt angles 
for coated and uncoated samples [126]; (D) Electrostatic cleaning mechanism [137]; (E) Electrostatic 
cleaning device in cross sectional view [122];  (F) For dust samples, cleaning rate vs. applied voltage. 
(Cover glass is 0.1 mm thick, 1 Hz is the applied frequency, and 100 g/m2 is the starting load of dust) 
[122].   
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5.2. Natural cleaning  

Soiling on PV modules can also be cleaned at no cost by natural processes like rainfall, wind, 
gravitational forces, and melting snow. As aforementioned, among these cleaning mechanisms, 
rainfall is the most effective and common one. Snowmelt and enough rain may restore a PV module's 
power output. Furthermore, smart tracking solutions can be incorporated to enhance the cleaning 
process through rain [121]. However, it has been observed that slick mud puddles can form on the 
surface of solar modules just after light rainfall [120]. Also, in arid and semi-arid zones, rainfall effects 
are irregular and low. Likewise, occasional rainfall events in desert lands, including semi-arid zones, 
cannot clean PV modules [121]. High wind speed is another natural cleaning process that can remove 
larger dust particles from solar PV modules, but it is restricted to seasonal durations and high tilt 
angles [120]. Moreover, the cleaning effectiveness depends on the dust particle diameter and 
microstructure of the dust layer. Indeed, the force to remove dirt from module surfaces is restricted 
by the air velocity in the boundary-layer and ineffective for particles under 50 mm diameter at free 
stream velocities less than 50 m/s [109,121].   

5.3. Passive cleaning 

As an alternative to manual cleanings, operators can try to prevent soil deposition, facilitate its 
removal, or adopt automated cleaning technologies. Various solutions have been proposed over the 
years, reaching different stages of development. Their status, limitations, and potential are assessed 
in the following subsections: 

5.3.1. Anti-soiling coatings 

Anti-soiling coatings may be used as passive measures to reduce dust adherence on PV module 
surfaces[123–125]. To protect the PV system from dust deposition, hydrophobic and hydrophilic self-
cleaning coatings may be used [1].  Magnum et al. [126] performed a study on the feasibility of anti-
soiling coatings for solar cell glass covers in Brazil, Italy, and Spain. They developed and tested super 
hydrophilic sol-gel films composed of TiO2/SiO2, super hydrophilic e-beam evaporation films 
composed of TiO2, and hydrophobic sol-gel films composed of functionalized SiO2. The TiO2/SiO2 
layers had a superhydrophilic character with water contact angles about 0°, whereas the 
functionalized SiO2 presented hydrophobic properties. The comparative soiling testing emphasized 
the importance of developing anti-soiling techniques in a drier climate region. The authors observed 
that in the driest periods, the transmittance losses were halved when the TiO2/SiO2 coating was 
employed. Gholami et al. [127] observed transmittance losses of up to 22% affected by the 
accumulation of dust on a PV module surface over a 70 day test period. They also proposed a 
nanospray coating with titanium dioxide to reduce dust deposition and tested it at the facilities of the 
Isfahan University of Technology (Isfahan, Iran). The hydrophobic film was created by nano spray 
on the sample surface, and TiO2 was coated in three different thicknesses to create a hydrophilic film. 
The transmittance of each sample was measured after 70 days for different tilt angles, as illustrated 
in Figure 5C. The samples installed at 0° to 90° tilt angles show the best performance when surface 
modifications are done in no-rain conditions. The authors found that the amount of dust that settled 
on the sample surface decreased by 41%, with a 24% loss in transmission efficiency. A TiO2 layer 
with a thickness of 50 nm worked the best after 70 days. It was also found that, in addition to having 
a better self-cleaning property, the TiO2 nanofilms are more permanent, while nano-spray coatings 
should be reinstated after two years. The findings have not optimized the thickness of the coatings, 
the durability of anti-soiling behaviors in the long run, or cost-effectiveness.   

Anti-soiling coatings are an effective approach to make the module's surface either highly 
hydrophobic or very hydrophilic [16,123,125]. However, this method has proven to have a short 
lifespan and to be site-dependent in terms of both effectiveness and durability [128,129]. Another 
disadvantage of these approaches is that re-application of coatings may reduce the transmittance of 
PV glass, and dust adhesion is heavily reliant on the electrostatic characteristics of the coating. Also, 
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the market segment has yet to produce acceptable coatings with multifunctional properties such as 
anti-reflection and anti-soiling [130,131]. 

5.3.2. Electrodynamics screens (EDS) 

Cleaning dust off solar PV modules is a difficult process since it requires labor, the use of natural 
resources such as water, the expense of the technology utilized, and its dependability [132,133]. The 
use of integrated EDS is a recent breakthrough for self-cleaning solar modules. The EDS technique 
does not require mechanical movement, water, or labor for cleaning [134]. In EDS, an electrodynamic 
field is generated to repel the particles from the PV surface with minimum power consumption. The 
EDS is a thin layer of electrodes, either straight or complicated, produced on a substrate. Electrodes 
are isolated from the air by a transparent, dielectric thin sheet. Standing or traveling waves can be 
used on EDS. Dust is moved horizontally by traveling waves, whereas standing waves move it 
upward and downward. The traveling-waves system needs a voltage booster circuit to produce 
alternating high voltages [1]. Jennifer et al. [135] proposed a computational model to simulate micro-
scale particle interactions to optimize an electrodynamic dust shield for desert area applications. The 
authors computationally simulated the transit, collision, and adhesion of the charged particles, which 
were a representation of the soiling in Doha, Qatar, using the discrete element approach. Two-phase 
waves were modeled on an inclined EDS.  The simulation showed the optimal distance between 
electrodes, voltage, and dust transport distance per cycle, as well as different ways dust particles 
were repelled and attracted by electrodes under different conditions that produced different 
transport patterns to minimize dust deposition on solar modules. The present limitations of the use 
of EDS consist of their early development stage and the limited conditions in which they can operate 
(i.e., RH < 50%). Furthermore, the durability of this technique has not yet been demonstrated and 
requires further investigation [136]. Extensive research aims to identify and characterize key 
parameters that influence EDS cleansing efficiency, increase electrode optical transmission and 
conductivity, and develop scalable electrode coatings. Fine dust particle removal efficiency must be 
enhanced while optimizing power consumption; theoretical models constructed to compute cleaning 
efficiency for simulated EDS must be experimentally validated further; and new materials must be 
explored for electrode production on a large scale [137].  

5.3.3. Electrostatic cleaning 

Hiroyuki et al. [122] suggested an electrostatic cleaning method that delivered a two-phase high 
voltage to parallel wire electrodes implanted in the glass plate of a PV module to remove dust from 
the surfaces of solar modules. The process of high voltage source applied in the experimental set is 
shown in Figure 5D,E shows a cross-sectional drawing of the cleaning equipment with cover glass 
plate thickness. They conducted the experiment in an air-conditioned laboratory, maintaining a 
temperature of 20–27°C and a relative humidity of 40–60%, using dust samples from Namib and 
Doha. The sample diameter of the Namib dust was 200–300 µm and the Doha dust was about 6 to 10 
µm. The system enhances performance by applying high voltage, reducing the adhesion force, and 
operating it frequently. The authors assessed the high-voltage source's frequency response and actual 
power consumption in order to provide data for system design and efficiency evaluation. As shown 
in Figure 5F, 15% of Namib dust particles slipped down from the slanted glass plate without voltage, 
but applying a high voltage increased performance to 90%. Doha dust samples did not fall until high 
voltages were applied. Even at high voltage, the adhesive force hindered small cleanings of Doha 
dust particles. This supports the previous finding that tiny particles have a larger adhesion force than 
the Coulomb driving force. Thus, minute particles stick to the glass plate, reducing the cleaning 
system's efficiency. The electrostatic force applied to the particle was outweighed by the adhesion 
force between the particle and the glass plate; hence, the plate could not be cleaned with a low applied 
voltage (2 kVp-p). A large-scale solar PV plant's technology must be tested in desert, dry, and semi-
arid regions. 

5.3.4. Robotics-based cleaning 
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Robotics-based cleaning technology can automate both cleaning and scrubbing [138,139]. Robots 
are currently commercially available and are already in use in large solar power plant facilities in the 
Middle East [34,140]. A dry-cleaning robotic device was designed for use in the UAE. This robot had 
its own battery, charged by solar panels. This device had soft microfiber brushes as a cleaning tool. 
The robot was equipped with four wheels, a rain detection sensor, a controller, and three stepper 
motors [1]. Parrott et al. [141]  developed a robotic dry cleaner and conducted a study of its 
effectiveness using a silicone rubber brush to clean solar PV modules in Thuwal, Saudi Arabia. The 
authors claimed the effectiveness of cleaning module surfaces using a silicone rubber foam brush in 
the automated cleaning technology compared to monthly or weekly cleaning, but might not consider 
the power consumption for the said design.  

Ahmed et al. [142] created a dry-cleaning robot for Egypt to remove soiling from PV modules. 
A machine vision camera actuated a microcontroller, which ran the robot. A cleaning hold head was 
linked to a microfiber bush for cleaning operations. Color differences for various densities of dust 
deposition were used to create the control mechanism. The cleaning robot was put through three 
levels of dust density testing: basic (43.69 g/m2), moderate (61.19 g/m2), and intensive (75.23 g/m2). 
The authors discovered efficiency enhancements of 1.09%, 7.31%, and 37.89% for simple, moderate, 
and strong dust concentrations, respectively. 

Al Shehri et al. [64]  mentioned that choosing an optimal brush type is important to meet the 
required level of cleaning while preventing abrasion, which can lead to the degradation of the 
transmittance. To address the issues of severe climatic conditions, tough roadways, and incomplete 
dust particle cleaning on solar module surfaces, an improved robotic cleaning system might be a 
solution [143].Furthermore, robotic devices consume power, resulting in high operation and 
maintenance costs, which may not be cost-effective in some applications [144].   

5.3.5. High-pressure water jet 

A commonly used method for cleaning solar PV modules nowadays is high-pressure water jets 
and controlled water sprays [145]. In these processes, cleaning is performed by automatically or 
manually activating a well-designed pump. Water washing improves module performance in two 
ways: it lowers cell operating temperature and gets rid of soiling.  Moharram et al. [104] observed 
the influence of cleaning using liquid (water containing surfactants) on dust-deposited solar PV 
modules. The cell efficiency was preserved at a constant level after the application of water spray and 
surfactants made of a mixture of anionic and cationic surfactants. The main drawbacks of these 
processes are the need for water resources and surfactants and the not yet cost-effective scalability of 
the process. Desert regions have a very limited supply of water, and the surfactants used for cleaning 
are bad for the environment and might eventually degrade the transmittance of the solar module's 
glass cover. Organic salts may form sticky-like coatings on the surface of PV modules if they are not 
removed. So, the water spraying process does not necessarily provide uniform cleaning and requires 
trained labor to avoid scratches when scrubbing with a brush. Also, the power required to drive the 
high-pressure pumps is also a determinant factor for the PV power plant applied by these processes 
[104]. In Figure 6 the different cleaning techniques and systems for PV systems are showcased with 
their advantages and disadvantages [146].  
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Figure 6. Comparison of cleaning technologies for solar PV modules [146]. 

6. Recommendation for the future direction of research 

To create efficient soiling mitigation and prevention strategies, it is difficult to understand the 
connections between dust particle physical characteristics, deposition patterns, and PV module 
performance. So, research and development are still fundamental to addressing needs and challenges 
related to dust issues in solar PV systems. Additionally, there are several issues that need more 
research, including the use of natural resources for cleaning, the deterioration of PV glass surfaces 
caused by dust, the site-specificity of dust particle composition and size distribution, and the effects 
of cleaning on PV module glass surfaces. 

From numerous studies, we can observe that the current cleaning tools and technologies are not 
properly utilized in PV power plants because of technological, technical, or economic constraints 
[138,139,141,145,146]. It has been observed that the electrostatic cleaning system and the water-free 
automated solar cleaning system are the most effective in cleaning [146]. If a new method is 
developed that combines both (an electrostatic cleaning system and water-free automated solar 
cleaning system), it will be more efficient [139,141]. More research should be conducted on it to build 
the most economically acceptable and efficient one. Novel anti-soiling and cleaning technologies can 
still be developed and need further research to improve their techno-economic viability and 
reliability.  

7. Conclusion 

Soiling (i.e., dust deposition) is a major concern for PV power systems, as it affects their efficiency 
and their economics. Soiling does not only reduce the transmittance of the glass but may also cause 
permanent degradation as it can lead to the formation of hot spots and abrasion. In this work, the 
factors that govern soiling on PV modules are discussed based on earlier studies’ findings, and the 
losses reported in the literature for various locations are assessed. Some indoor studies have been 
carried out to understand the effect of environmental circumstances on soiling, but these are not 
sufficient yet to identify long-term dust deposition patterns for a given location. The advantages and 
disadvantages of different mitigation techniques and tools have been discussed in earlier 
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observations and designs. Overall, it is found that the effects of soiling and mitigation activities on 
the glass surface of PV modules still require some more in-depth analyses. 

Data availability statement Data sharing is not applicable to this article as no new data was created or analyzed 
in this study. 
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Nomenclature 

∂M Deposition density (g/m2) 

∆m Weight of dust collected (gm) 

Ac Area of module surface (m2) 

AOD Aerosol optical depth 

Cd Particle mass concentration 

E Energy (J) 

FF Fill factor 

G Irradiance over PV module surface 

G0 Irradiance at Standard Test Conditions (STC)  

Isc Short circuit current (A) 𝐼ௌ஼ௌைூ௅  Isc at STC of the dusty module (A)  𝐼௦௖,଴௖௟௘௔௡ Isc at STC of the clean module (A) 𝐼௦௖௖௟௘௔௡ Isc of the clean PV module (A) 

Md 

MSE  

Dust accumulation density (g/m2) 

Maximum mean squared error 

PM Particulate Matter (PMx) 

Pmax  Maximum power (W) 𝑃௠௔௫,଴ௌைூ௅  Maximum power at clean condition (W) 𝑃௠௔௫ௌைூ௅ Maximum power of the soiled PV module (W) 

Pout Output power (W) 

RM Relative humidity  

SEM Scanning Electron Microscope 

SR Soiling Ratio 

SRIsc Short circuit current on soiling (A) 

SRPmax Maximum power output on soiling (W) 

T Transmission of light 𝑇  ௖௟௘௔௡ cleaned module temperature (°C) 𝑇ௌைூ௅ soiled module temperature (°C) 

T0 Temperature at   25°C 

Ti Cleaning interval time (Day) 

Vd Dust deposition velocity (m/s) 

Voc Open circuit voltage  

α Short-circuit temperature correction coefficient 

γ Maximum power temperature correction coefficient 

η Efficiency PV module (%) 
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