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Abstract

:

Conversion efficiency, power production, and cost of PV panels’ energy are remarkably impacted by external factors including temperature, wind, humidity, dust aggregation, and induction characteristics of the PV system such as tilt angle, altitude, and orientation. One of the prominent elements affecting PV panel performance and capability is dust. Nonetheless, dust features including size, shape, type, etc. are geologically known. Several mitigation methods have been studied for the reduction of dust concentration on the exterior face of the PV modules. The outcomes have demonstrated that dust concentration and pollutants remarkably affect the PV panel energy production. This paper reviews the recently developed research on the outcomes of the dust effect on PV panels in different locations and meets the needs of future research on this subject. Moreover, different cleaning methods that could be advantageous for future researchers in opting for the most applicable technique for dust removal are reviewed.
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1. Introduction


One of the most promising renewable energy sources to address the world energy crisis and global warming is solar energy [1], which is a convenient alternative for generating electricity from sustainable sources instead of relying on fossil fuels. Solar energy is clean, free, durable, and widely available around the world [2]. Photovoltaic (PV) system technology stands out as one of the most sustainable sources of electrical energy, characterized by its cleanliness, versatility, and CO2-free operation. According to scientific surveys, PV systems have the potential to globally provide sufficient energy capacity and surpass all other energy sources in the coming decade [3]. Moreover, in response to the continuous increase in electricity prices and installation and maintenance costs, optimizing PV systems could reduce expenses and promote widespread domestic implementation [4,5].



Installing PV panels for home electricity generation can reduce annual carbon emissions, leading to a decrease in greenhouse gas production, a crucial issue according to the United Nations agenda [6,7]. Although equipment and installation costs are high, there has been a cost reduction trend [8,9,10] as scientists persistently search for higher PV conversion efficiency to generate more electricity from the same amount of solar energy [11]. However, photovoltaic electricity production has raised many issues, mainly associated with production, optimization, and maintenance problems [12]. It should be noted that the most important environmental parameter for solar electricity production is radiation. Additionally, temperature, dust, relative humidity, wind, shading, and others also influence PV conversion efficiency, therefore having a remarkable effect on PV current and voltage, and consequently on the harnessed PV energy [13,14]. Researchers have found that the performance of PV panels diminishes when the irradiance of solar cells increases, as the semiconducting materials used in solar cells have certain characteristics that, at higher irradiances, make them less efficient at converting sunlight into electricity. In a solar cell, light creates electron–hole pairs, which need to be separated at the interface of the semiconductor material. As irradiance increases, more electron–hole pairs are generated. However, at higher light intensities, there is also a higher probability of recombination, where electrons and holes recombine before they can be collected as current [15,16,17]. This results in a decrease in the overall efficiency of solar cells [18,19,20]. These materials may have reduced charge carrier mobility or increased recombination rates at higher light intensities [21,22,23]. Other studies have shown that low-speed winds assist in removing dust from the solar cell surface, leading to an increase in the productivity of the PV panel, while high-speed winds could damage the cells and break the base on which they are installed [24,25,26]. It is well known that dust deposition and pollutants cause a reduction in the productivity of solar cells, so periodic cleaning of PV panels is required to remove the accumulated dust [27,28,29]. There are two main factors affecting dust concentration: the dust properties and type, such as leaves, bird droppings, and dirt spots; and different climate circumstances enhanced by pollution. Additionally, PV efficiency is affected by the manufacturing and installation processes, such as surface irregularities, panel installation, height, or orientation. Moreover, the physical, artificial, biological, and electrostatic characteristics of the dust have a bulk impact on its efficiency. It is known that dust settlement induces more dust to concentrate, as the deposited dust ingredients cause more particles to settle, resulting in a higher dust collection on the surface of PV modules [30,31]. On the other hand, climate conditions play a key role in the efficiency of solar cells, as their impact varies from location to location. Therefore, there is no fixed rule to ascertain the dust effect [32,33]. External parameters such as ambient temperature, dust, humidity, precipitation, and installation features, including altitude, orientation, tilt angle, periodic tilt regulation, and installation location, are vital factors affecting the efficacy of PV panels. This paper reviews the effect of soiling on the power output and the dust-cleaning methods to enhance the efficiency of photovoltaic technology. As aggregated dust decreases the performance of photovoltaic systems, leading to a rise in cost and time, cleaning these systems is necessary [34]. Therefore, research on soiling properties and their influence on photovoltaic panel efficiency is a major concern for the expansion of this technology.




2. Dust Effect on the Efficiency of PV Panels


Research has shown that the parameters that most influence dust aggregation on PV surfaces are tilt angles, climate conditions, and dust composition [35]. One of the primary issues affecting the efficiency of photovoltaic panels is the aggregation of soiling on the top layer of PV modules, as it reflects and diffuses light, thereby reducing light transmission and power output [36,37]. Figure 1 illustrates dust aggregation on on-grid PV panel modules after a sandstorm day [38]. The various properties of dust elements, such as size, shape, and combination, are prominent characteristics that impact light transmission to photovoltaic modules [39,40,41].



Vivar et al. conducted experiments to assess the impact of dust on concentrated photovoltaic (CPV) systems, a type of solar energy technology that focuses sunlight onto a smaller area of solar cells. This technique, employing lenses, mirrors, or other optical devices, aims to increase electricity generation. The results were compared with the impact of dust on flat panels. The purpose of PV concentrators is to enhance the efficiency of solar cells by maximizing the amount of sunlight they receive. In contrast, traditional solar panels, also known as flat-plate solar panels, utilize a large surface area of solar cells to capture sunlight. PV concentrators concentrate sunlight onto a smaller area, reducing the size and number of solar cells required while maintaining or increasing overall energy output. The results indicated that CPV systems are highly likely to be more affected by soiling than horizontal panels. Losses of approximately 14% in short-circuit current were reported in three different tests conducted in the Madrid area. Furthermore, some concentrators experienced losses of up to 26% when the system was exposed to soiling for four months. Generally, linear reflective optics suffer greater losses due to soiling compared to refractive optics [42].



Asl-Soleimani et al. experimentally analyzed the performance of different types of solar modules and tilt angles, investigating their impact on the amount of energy collected by a PV module. They found that a tilt angle of 30° is optimal for a grid-connected system and identified contamination as the cause for a reduction of more than 60% in the output energy of solar modules [43].



Mustafa et al. studied the influence of various environmental parameters on PV panels, including dust accumulation, bird droppings, shading, etc., as illustrated in Figure 2. They demonstrated that these parameters have a significant impact on both PV current and voltage, and consequently, on the harvested PV energy. Indeed, due to accumulated dust, the power output decreased 8.80% and the efficiency dropped 11.86% for two PV modules [44].



The efficiency of photovoltaic modules and their power output can be dramatically reduced due to dust accumulation, according to recent scientific studies [45]. Aravind et al. [46] and Halbhavi et al. [47] demonstrated that if a solar panel remains dirty for 30 days, its power output could decrease by almost 50%. Kurokawa [48] found that dust settlement is responsible for a 15% reduction in the daily total energy of solar panels, and later, Mondal and Bansal [49] pointed out a 56% overall soiling loss.



The key parameter impacting the efficiency of PV modules is solar radiation, which is hindered by dust settlements [50]. In addition to temperature and irradiance, the power output depends on the type, glass, and electrical features of solar cells [51,52].



Katkar et al. [53] demonstrated that a temperature increase enhanced the conductivity of solar panels by up to 9.7% at 31 °C and up to 12.0% at 36 °C. However, further increases in temperature caused a reduction in performance. Primary surveys revealed that the effectiveness of solar cells depends on the cell temperature. It was observed that the efficiency of solar cells diminished by 69% at 64 °C compared to the measured efficiency at STC [54,55]. When radiation is at 1000 W/m2, in the absence of any cooling systems, the temperature rises to 56 °C, leading to a 3.13% drop in conductivity [56]. As the PV modules are installed directly under solar radiation, their temperature rises, causing a reduction in output voltage and power efficiency. Additionally, the band gap in the silicon film is reduced, and the dark saturation current increases [57].



Siyuan Fan et al. developed a new method based on a dust concentration and photoelectric conversion efficiency (DC-PCE) model that can be used under radiation conditions up to 1000 W/m2. This model examines the effect of dust concentration on energy loss in PV systems. They reported that at low radiation, the performance degradation rate grows with the increase in radiance, and after reaching a certain amount, it stabilizes. They demonstrated that the developed model offers a simple and accurate approach for evaluating dust settlement, with an accuracy of 83.12% [58].




3. Different Dust Properties


One of the principal features of PV power degradation is dust settlement over the PV panel surface, which significantly impacts energy output over an extended period of utilization and damages the panel’s film, resulting in reduced output and a shortened lifetime [59].



Ilse, Klemens, et al. explained that certain types of soiling elements, such as leaves, bird droppings, dirt spots, etc., as shown in Figure 3, can block some cells and thus create hot spots. Hot spots are localized areas on a solar photovoltaic module or panel where excessive heating occurs [60,61].



Abderrezek et al. studied the effect of dust on the electrical and thermal behavior of PV panels. They observed that hot spots can cause module overheating, depending on the nature and density of the dust [62].



The distribution and size of dust particles are key factors in shading and the reduction of PV efficiency. Smaller particles tend to occupy more surface area than coarse particles, thereby reducing radiation and leading to the deterioration of PV performance [63,64,65]. Fine particles are more stably concentrated than coarse ones [66,67], leading to higher light diffusion, especially at lower wavelengths, and more radiation loss [68]. The degradation may increase with high humidity when microscopic dust particles stick to the surface, forming adhesive films that are not easily removed by wind [69].



Khatib et al. studied the impact of five types of air pollutants (red soil, ash, sand, calcium carbonate, and silica) on the degradation of (multicrystalline) PV modules’ performance. The results showed that the reduction of PV voltage and power is directly related to the type and deposition level of the pollutant. They found that ash has the highest effect on the PV module voltage, with a 25% reduction, followed by red soil, calcium carbonate, silica, and sand [70].



Dust is a fine particle under 250 μm, and substances like bird droppings, sand, crops, etc. concentrated on PV modules have similar effects as dust. The proportion of distributed dust depends on characteristics such as artificial ingredients, size, shape, weight, and several external conditions: temperature, blizzard, humidity, dirtiness, and wind speed. Human activities, vehicle exhaust, and volcanic eruptions also lead to an increase in dust deposition [71,72,73]. Some dust types and other pollutants are shown in Table 1.



Ash refers to the powdery residue left after the combustion of certain materials, such as wood, coal, or other organic matter. It is primarily composed of inorganic minerals, and its color can vary from light grey to black. It is noteworthy that due to the tiny size and vast area coverage of ash over a PV surface, it can easily absorb detrimental materials from the atmosphere.



Laterite is a type of soil or rock formation packed with iron and aluminum oxides, which develops in tropical and subtropical regions, particularly in areas with high rainfall and warm temperatures. Furthermore, it is composed of a mixture of minerals, including iron and aluminum oxides, as well as clay minerals. It often contains significant amounts of iron and aluminum hydroxides.



Stone dust, also known as limestone, is a powdery substance formed when stone is crushed into smaller fragments. It consists of finely crushed particles, ranging from dust to small gravel-sized pieces. Stone dust is commonly used as a base material for various construction projects, such as roads, driveways, and walkways, providing stability and acting as a foundation for other materials.



Sandy soil is a type of soil with a high proportion of sand particles and is characterized by its gritty texture. It has larger particles compared to other soil types, such as clay or silt, giving sandy soil its distinct properties. Sandy soil is frequently encountered in deserts.



Coal powder refers to fine particles of coal that have been ground into a powdery form, commonly used in construction projects. It is created through the pulverization or grinding of coal, typically in a coal mill. The resulting powder consists of tiny coal particles with size ranging from 1 μm to 100 μm. It is interesting that they are combustible and have high energy content [58].



El-Shobokshy and Hussein simulated synthetic dust using cement, carbon, and limestone. They found that the coarser ingredients can be effortlessly eliminated with high wind speed. The measurements of the ingredients were 5, 10, and 50–80 μm for carbon, cement, and limestone, respectively. They also revealed that due to gravity, the dust settlement rate of fine elements (with a diameter lower than 5 μm) was 5%, while for larger ones, it was 75%. They demonstrated that carbon particles absorb more irradiance than cement or limestone. Consequently, carbon reduces the transmitted light and raises the PV module temperature. They found that fine elements have more dispersion losses and are more consistently concentrated when compared to coarser ones [74].



Guan et al. remarked on the significance of collected dust on the temperature, energy, and glass transmittance of photovoltaic modules. The results indicated that soiling aggregation not only reduced light transmission to the PV film but also lowered the temperature, influencing the energy field. Furthermore, the study revealed that, over 8 days, the transmission of a module dropped by 20% [75].



Mekhilef et al. stated that humidity affects both irradiance and dust concentration. Additionally, they deduced that an increase in wind velocity can remove heat from the PV cell surface. On the other hand, higher air velocity lowers the relative humidity of the atmospheric air in the surroundings, leading to better efficiency. They demonstrated that countries near the ocean experience high humidity, resulting in greater adherence of dust particles to PV surfaces due to increased stickiness. Furthermore, an 80% increase in adhesion was observed due to a rise in relative humidity from 40% to 80%. They also found that ambient temperature and PV module surface temperature influence the dust accumulation process [76].



One of the other dominant parameters in dust accumulation and its elimination is wind. High-speed winds can effectively clean the PV surface, while slower winds might lead to dust concentration due to their lower speed. The rate of soiling aggregation would be lower with less concentrated dust, and vice versa [77]. Additionally, wind velocity can impact the PV structure [78]. Darwish et al. estimated that the extent of this damage could reach up to 25% [79,80]. This results in power output generation irregularities and a decrease in the reliability of solar systems [81]. Consequently, to enhance reliability while reducing the likelihood of degradation and financial losses, appropriate and cost-effective cleaning solutions need to be developed [82,83].



Jiang and Lu demonstrated that the deposition and accumulation of dust on solar modules lead to a significant degradation of the short-circuit current. In contrast, the reduction of the open circuit voltage was insignificant. They also showed that with the rise in the temperature of the PV module’s surface, the dust accumulation densities are reduced. Therefore, a PV module with a higher surface temperature has lower dust settlement densities. This is due to the influence of a factor known as the thermophoresis force, which is generated by the temperature differences between the surrounding air and the PV module’s surface. This temperature difference arises from the absorption of photons and the subsequent conversion of light energy into electrical energy. This force can impact the performance and efficiency of solar cells, acting from regions of higher temperature to lower temperature. Furthermore, the surface material can affect dust deposition and accumulation. It is noteworthy that the polycrystalline silicon module packaged with epoxy degraded faster than other modules with a glass surface under the same dust concentration [84,85,86].



Kalogirou et al. discovered that dust and pollution intercept irradiation on the PV panel’s surface, leading to a decline in power output that can exceed 43% [87]. Boyle et al. assessed bulk settlement and reduced transmission by conducting a natural examination. The outcomes demonstrated that the distributed soiling ratio ranged between 1 and 50 mg/day, varying with time, angle, and location [88]. Laarabi et al. found a positive correlation between density and the loss of light transmission. Additionally, the type of soiling could further reduce light transmission [89].



Kazem et al. demonstrated that the efficiency of PV panels decreased due to dust, ranging from 16% to 8% in a 45-day period in desert areas. In Saudi Arabia, PV panels were placed at a tilt of 26° and, over 45 days, the dust concentration was measured at 5 g/m2, resulting in a reduction in conductivity of around 20% [90,91]. In Kathmandu, accumulated dust on PV panels over a 5-month period reached 9.67 g/m2, leading to a decline in productivity of approximately 29.76% [92]. As a consequence, with several studies focusing on dust concentration and its impact on PV power output, numerous studies have endeavored to develop models for soiling settlement and PV power distribution to enhance PV systems.




4. Dust Effects on Different Locations


The diameter of dirt particles is less than 10 μm [93,94], and this size depends on the location, climate conditions, and ecological features, which in turn influence the efficiency of PV panels [95,96,97]. Additionally, the accumulation of dust on PV systems is controlled by the combination of two main factors: the characteristics of the dust and the local environment [98,99]. For example, while carbon is primarily produced by automobile exhaust in urban areas [100,101], it is produced from bird droppings, soil, and organic pollen in agricultural areas [102]. In contrast, desert regions such as the Arabian Peninsula, Central Asia, North Africa, South Africa, western and eastern China, and North and South America are primarily composed of minerals like quartz, sand, silica, etc. [103,104,105]. As a result, dust deposition affects power generation performance differently [106,107,108]. The quality of the dust varies according to its geographical location worldwide. Moreover, the process of dust deposition is significantly influenced by the physical and chemical properties of the dust components [109].



Sayigh et al. are credited as some of the pioneering researchers in investigating the impact of dust on solar cells in the Middle East. They conducted research on Kuwaiti natural dust and its effects on solar cells’ power output. Furthermore, they also demonstrated the influence of the PV tilt angle on dust settlement [110].



According to Gostein et al., dust settles at high speed in semiarid and desert environments. Low temperatures near the sea may lead to high vapor condensing into water droplets on the surface, increasing stickiness and adhesion, which attracts more airborne dust particles [111].



These research insights provide an understanding of the impact of soiling on the behavior of PV panels in different locations [112,113,114,115]. Julius et al. assessed the impact of dust with various forms from Babuin and Perth, two geographically distinct locations, on the power output degradation of various PV technologies. According to their findings, dust with the same density from Babuin and Perth did not show a significant difference in the performance deterioration of each PV panel. This results in an approximately equal level of transmittance for the two categories of dust [116].



Ahmed et al. conducted a study on the types of dust present in the United Arab Emirates and investigated their impact on the behavior of PV panels. They demonstrated that the majority of particles are less than 25 μm, indicating that fine particles have a more pronounced effect on the efficiency of the PV panel. The researchers found a linear relationship between PV power output and dust deposition on the panel surface, resulting in a loss of 1.7% per g/m2, a phenomenon verified for both indoor and outdoor scenarios.



Furthermore, they concluded that the inclination angle and orientation of the PV panel also influence dust deposition. Increasing the inclination angle leads to the removal of dust through gravity. Additionally, they predicted that the dust density would increase by 5.44 g/m2, causing the power of the PV module to decrease by 12.7% after 5 months of exposure [117].



In another study conducted by Mohandes et al. [118], the performance of a 500 W copper indium diselenide (CIS) PV system in the United Arab Emirates was evaluated in relation to various environmental factors, including temperature, humidity, and dust. It is noteworthy that in desert regions, dew easily accumulates on the surfaces of solar systems at night, trapping even the smallest airborne dust particles. As the temperature increases during the day, the dew evaporates, leaving behind a layer of dust. As a result, increased humidity reduces the maximum power output, although it does not have an impact as significant as wind and dust on power output. They also observed a maximum power output loss of 10% over a 5-week period due to dust accumulation. Nevertheless, it has been demonstrated that the primary concern in these locations is dust accumulation, which can lead to a reduction of 50%, or more, in the power output within just six months if not cleaned [119,120].




5. Cleaning Methods


Al-Kouz et al. evaluated how dust and ambient temperature affect PV panels to recommend the optimal cleaning frequency. They employed optimized artificial neural network (ANN) and extreme learning machine (ELM) models to estimate PV conversion efficiency under varying conditions, accounting for actual dust accumulation and temperature. Their findings showed that the optimized ELM method provides more accurate estimates of PV performance than the optimized ANN method. They suggested a cleaning frequency of two weeks, taking into consideration cost loss and cleaning expenses [121]. They also revealed that the optimal cleaning interval, according to the optimized ELM model, is 14 days, while the ANN method indicates a period of 15 days.



In an experimental setup conducted in Egypt, it was demonstrated that dust significantly influences the short-circuit current, while its impact on the open-circuit voltage is insignificant. Furthermore, a suggested cleaning schedule of once every four days was proposed [122].



To reduce the effect of dust deposition on PV power generation, different cleaning methods were proposed such as manual, mechanical, chemical, electrostatic, or even natural cleaning with materials as shown in Table 2.



Figure 4 also shows some mitigation solutions that could be used in some regions to get rid of dust aggregation.



5.1. Manual Cleaning Method


A simple and cost-effective method for cleaning PV panels is water washing or manual wiping, which helps rinse off dust from PV surfaces. However, effectively removing dust settlement within the necessary timeframe to improve the performance of PV panels can be challenging. Striking a balance between boosting economic profit and managing cleaning expenses has become an important research topic. Additionally, several techniques can accelerate PV degradation due to their interactions with specific types of contaminants.



As shown in Figure 5, manpower is crucial for manual cleaning, involving the use of various types of cloth to wipe the surface of the PV panel. A significant concern is water usage, particularly in regions where water is scarce, coupled with the substantial energy consumption of the pumping mechanism [125]. Alvarez et al. studied cleaning methods and frequencies from an economic perspective. They proposed a cleaning approach that opts for an efficient strategy by correlating equipment effectiveness with cost and other factors. For PV panels covered with tempered borosilicate glass, water-based cleaning is a straightforward solution. However, for PV panels covered with glass that has minimal reflectivity and aids in light absorption, alternative effective cleaning methods are required. These panels are prone to the deposition and accumulation of tiny nanoparticles [126].



Modern cleaning approaches, including electrostatic power (Jadhao et al.) and novel water-free cleaning robots, have also been proposed (Fan et al.) [127,128]. This approach enhances efficiency through the implementation of a highly reflective water-based cleaning system [129,130,131].



Cleaning activities can be an effective solution to mitigate the decline in PV panel performance and efficiency [132,133,134]. Cleaning methodologies can be either manual or automatic, and they are applicable to both small and large panels [135]. Additionally, natural phenomena such as rain can help alleviate the impact of dust. However, relying solely on rain for cleaning can be a drawback, as it makes PV panels dependent on the frequency of rainfall for their cleanliness [136,137]. This can be a disadvantage, especially in areas with limited rainfall, such as desert regions [138,139,140].
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Figure 5. Manual cleaning (Reprinted with permission from Ref. [141]. 2020, Elsevier). 






Figure 5. Manual cleaning (Reprinted with permission from Ref. [141]. 2020, Elsevier).
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5.2. Natural Cleaning Method


Dust is not a significant concern in areas with minimal dust deposition and occasional precipitation, as rain can effectively clean dusty PV panels and enhance their efficiency. However, if the frequency and duration of rainfall decrease, the issue of dust deposition could worsen due to the lack of cleaning by rain [142].



Figure 6 depicts water cleaning using channeled flowing water on the PV panel surface to eliminate dust accumulation. This technique requires substantial water volumes and often involves pumping water to the required height. In some cases, pressurized water is combined with detergents to improve dust removal efficiency. However, the challenge of water scarcity in certain regions limits the feasibility of this approach [141].



Studies by Qasem et al. and Salamah et al. highlighted rainfall cleaning as an effective method to enhance the energy output of PV panels by approximately 1%, as the amount of dust decreases by about 4% [143,144].



Claudio et al. investigated the impact of rain on PV panel systems, revealing that rain can globally offer significant positive benefits to the output of PV systems, particularly during spring and summer. Considering the cleaning effect, it has been estimated that under specific monitoring conditions (30° tilted panels in a non-dusty environment), regular precipitation events prevent the accumulation of particles that could adversely affect PV panel performance. Moreover, rain can potentially lead to a performance improvement of up to 6% in dusty areas, particularly for tilted modules. Notably, heavy rain and melting snow can be effective in removing dust accumulation from panels, either partially or entirely [145].



Şevik and Aktaş studied the impacts of natural and manual cleaning methodologies on the efficiency of a PV panel. They estimated that the PV panel efficiency drops by up to 5.66% during a polluted period of about a year, and rainfall, following a prolonged drought, increases performance by roughly 1%. Simultaneously, snow removal enhances production and reduces stress. Moreover, they demonstrated that a six-month or annual cleaning cycle is sufficient for the studied plant, leading to decreased cleaning costs [146].



To assess the impact of rainfall on PV module cleaning, Haeberlin and Graf, as well as Appels et al., conducted experiments in Switzerland and Belgium, respectively. Based on the results, rainfall effectively restored the efficiency of PV panels, eliminating the need for manual cleaning [147,148]. In areas with low rainfall, dust adheres more firmly to the panel, causing it to transform into mud. Bethea et al. have demonstrated that low rainfall increases dust adhesion, making it challenging to remove, as mechanical methods are required [149].




5.3. Automatic Cleaning Method


Dust mitigation technologies reveal that the increase in total power output depends on seasonality and locations. Abdulsalam et al. conducted research on automatic cleaning of PV modules in Saudi Arabia. They found that soiling significantly affects the performance of PV modules across various areas. Multiple cleaning mechanisms were employed, including vibration, air, water, and combinations thereof. Despite their findings, they discovered that string power output increased by approximately 27% for the water-cleaning mode only. Module vibration and air jets had a lesser effect on dust settlement compared to other methods [150].



Alqatari et al. proposed dust mitigation techniques for a solar PV model using three different methods and compared their performance with a reference based on manual cleaning. The methods included hydrophobic nanocoatings, air-blowing mechanisms, and electrodynamic screens. They used meteorological data from six areas in Saudi Arabia and the results showed that annual power production increased by up to 17% in some locations, leading to a rise in annual energy production that offset the associated costs [151].



Tanesab et al. investigated the influence of dust on the degradation of PV modules in Perth, Western Australia. According to the results, the normalized power output of PV panels varied with the season. Additionally, economic analysis revealed that dust-induced production losses (AUD 5.47) were lower than the overall cleaning costs (AUD 78). They did not suggest a cleaning procedure for their grid-connected PV system simulation [152].



Guo et al. used outdoor soiling microscopy to evaluate the dust removal efficiency of two electrodynamic dust shield (EDS) prototypes in the field. These EDS prototypes were tested in an outdoor environment for two rounds, consistently accumulating dust over four successive days, with the EDS being activated daily. Photomicrography and image methods were employed during EDS activation to measure and estimate the dust removal efficiency over 96 h. They observed that EDS efficiency decreased from 40% to 14% as dust particles remained on EDS surfaces for longer periods, resulting in diminished removal efficiency [153].



Based on two identical monocrystalline PV modules, Ju and Fu et al. reported that robotic cleaning increases installation and maintenance costs while reducing water usage. One of the modules was equipped with an electrical motor and brush for cleaning using spray, while the other module had a natural cleaning system. In their study, the cleaned PV modules generated more power than the PV modules that were not cleaned [154], but the cost of operating the cleaning system over the same period was higher.




5.4. Mechanical Cleaning


Mechanical cleaning, which involves wiping, blowing, and brushing the surface and can be controlled electrically and electronically, represents the simplest dry-cleaning method. However, this process poses a risk to the surface integrity as it may cause scratching on reflective surfaces. An alternative approach involves utilizing air flow (“forced air”) directed at or across the surfaces and vibrations. High-pressure water systems with a water storage tank can also be employed for cleaning, either using robots or engines, as shown in Figure 7 by Mani and Pillai. In the case of high rates of dust settlement, the frequency of these cleaning activities may need to be increased to a daily schedule, whereas periodic PV cleaning is typically conducted once a week during dry days [155,156].



A mechanical device was developed by Anderson et al. that uses water to clean PV panels. An estimated 15% increase in efficiency was observed for the studied PV system [157].



The single-axis solar tracking system, designed by Tejwani and Solanki, uses a stepper motor, microcontroller, and gearbox to rotate 360° throughout the day. They used a sun-tracking and cleaning device, which not only tracks the sun but also cleans the modules automatically. They found that regarding daily energy generation, the tracking and cleaning scheme provides 30% and 15% more energy output when compared to the flat PV module and PV module with single-axis tracking, respectively [158].



Mohammed et al. studied different non-water-based cleaning methods for retrofitting into UAVs/drones for a large-scale PV system. As soiling can be more severe in desert areas, a thin-film PV-cleaning method was developed for winter and summer conditions with a frequency ranging between daily and monthly. Specifically in summer, the most suitable cleaning frequency was weekly. Based on weekly periodic comparisons between a control PV panel and microfiber-based-cloth-wiped panel, the microfiber and vacuum cleaner combination produced 7.7% performance gains over the control panel. The researchers discovered that microfiber-based cloth wipers and brushes are the best options for drone adaptation/retrofitting due to their small size, low weight, and ease of use [159].




5.5. Chemical Cleaning


Chemical cleaning, such as the use of detergents, despite its low cost and suitability for handling and automated mixing, results in a reduction of surface energy tension. This method is safe, non-toxic, and biodegradable. A popular method for producing coatings is dry etching, which employs plasma as an etchant. The desired chemicals are deposited on the substrate as layers through this technique. Laser and chemical etching are other etching methods. The controlled factors in these processes include processing conditions such as gas, power, and processing time [160,161].



According to Mozumder et al., a thin film layer is deposited within a gaseous medium surrounding the substrate at elevated temperatures through chemical reactions. The earthed coated film was then subjected to compressed air from a spray gun to electrostatically charge the dry powders. To achieve success, they carefully managed particle size, chemical composition, fluidity, and powder mass flow uniformity [162]. In a first-of-its-kind study, Firat et al. employed 3D printer technology to remove dust accumulation from solar PV panels under laboratory conditions. The results indicated that using the proposed solution 1 (2-propanol) led to a 15% increase in power output [163].





6. Conclusions


The concentration of lead, zinc, cadmium, nickel, and chromium in street and household dust is generally attributed to heavy metals resulting from automobile pollution, industrial pollution, and weathered materials. Various methods of cleaning PV panels were reviewed in this paper to identify potential solutions for mitigating the effects of dust deposition on PV panel performance. In summary, dust impacts PV performance in the following ways:




	
Environmental parameters, such as dust settlement, not only affect the operation of the PV modules but also reduce the lifespan of the PV panels.



	
There is no fixed schedule for removing surface PV dust, as it depends entirely on the occurrence of dust storms and rainfall.



	
Selecting an efficient mitigation method for cleaning PV modules is quite complex, as it relies on the environmental conditions of the installation site.



	
A heavy hailstorm can destroy the PV module as it may crack the front glass of a module, causing a substantial reduction of the PV power output.



	
Additional research is required on the issue of the influence of a dust concentration on the PV modules.
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Figure 1. Accumulated dust on PV module. (Adapted with permission from Ref. [38]. 2020, Elsevier). 
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Figure 2. Factors affecting dust aggregation. 
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Figure 3. Different types of soiling: (A) mineral dust in a desert; (B) bird droppings; (C) algae, lichen, mosses, or fungi; (D) pollen in wet and moderate climates; (E) engine exhaust from an industrial area; and (F) agricultural emissions (Reprinted with permission from Ref. [61]. 2019, Elsevier). 
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Figure 4. Various cleaning methods. 
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Figure 6. Automatic water cleaning system of a solar panel (Reprinted with permission from Ref. [141]. 2020, Elsevier). 
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Figure 7. Automatic cleaning. (Reprinted with permission from Ref. [141]. 2020, Elsevier). 
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Table 1. Different types of dust and some other pollutants [58].
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	Dust Types
	Other Pollutants





	Sand
	Airborne particulate matt