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Abstract:



This article presents an empirical review of research concerning the impact of dust accumulation on the performance of photovoltaic (PV) panels. After examining the articles published in international scientific journals, many differences between the studies were found within the context of the PV technologies used, the contribution to this type of study from different countries, and the variety in the representation of the results where each study has its unique parameters, testing equipment, and relevant standards. Due to those variations and differences, it has been found that it is very difficult and impractical to compare between results of the corresponding studies. Hence, in addition to the valuable reviews found in literature, this article demonstrates another new perspective that highlights the gaps in the studies related to the impact of dust accumulation on PV panels. The conclusions of this study are considered to be the seed for establishing a new initiative—The Photovoltaic Soiling Index (PVSI)—which would be an indicator for the performance of PV panels under exposure to dust at the Standard Test Conditions (STC), as well as at other operating conditions in different locations around the globe.
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1. Introduction


The exploitation of renewable energy resources for power generation has become a topic of global concern. The member states of the European Union, as well as a growing number of other countries, have placed high priority on renewable energy sources and created respective targets [1], for example, the European Union envisages a renewable energy share of 20% in final energy consumption by 2020. This reflects the importance and significance of renewable energy technologies that are penetrating the markets worldwide, and seeking positions in a growing world that is moving towards the diversity of the power resources and energy systems.



There has been tremendous growth in the utilization of renewable energy and specifically solar energy technologies [2], especially after the oil crisis during the late 1970s. Such a crisis has compelled scientists and policymakers around the world to find different ways of harnessing solar energy more effectively and efficiently. For terrestrial applications, solar energy can be exploited in two different ways; through solar thermal systems using solar collectors, heaters, dryers, etc. as well as through solar electrical systems using PV technologies.



The current status of solar energy is also of note, as it is the leading sector for investment, accounting for 55% of total new investment in non-hydro renewable energy. The major share of those investments within the solar sector is for PV technologies, resulting in a cumulative global PV installed capacity of 177 GW [3].



Much research has been conducted on the development of various types of PV devices. PV devices have been classified into three generations according to the materials and technologies used in the fabrication, starting with crystalline silicon PV cells, and progressing towards other materials and technologies such as organic and polymer materials, dye-sensitized PV cells, quantum dots, hot carriers, and carbon nanotubes [4,5,6,7,8]. Other studies regarding PV technologies exist in the literature as well. Such studies consider the engineering applications of PV systems, such as solar water heaters, solar air heater/dryers, solar desalination, solar home lighting, concentrated PV, and Building Integrated Photovoltaic (BIPV). Moreover, a wide range of related studies can be found concerning the feasibility and Life Cycle Assessment of PV systems [9,10,11,12,13,14,15]. The main essence of all these research projects is to examine the factors that affect the performance of PV devices and consequently look for potential improvements. In that same context, many research works in the literature compare the performance of PV devices within different operating conditions [16,17,18,19,20]. One of the most essential and critical factors in that sense is the impact of dust accumulation on the performance of PV panels, on which numerous studies have been published. In the present article, an empirical analysis based on a thorough review has been conducted. The surveyed articles have been carefully analyzed, and the objective of this paper is to present a review of the impact of dust accumulation on the performance of PV panels from an empirical viewpoint. Moreover, the conclusions and recommendations of this article can be considered as the starting point for encouraging the standardization of research that concerns the impact of dust accumulation on the performance of PV panels, through the development of a “dust coefficient” for PV devices (The Photovoltaic Soiling Index—PVSI). The creation of the PVSI would encourage deriving a common standard for future studies, so that the results of different studies in different locations could be compared to each other. The PVSI would also serve as an indicator for the performance of PV panels under the effect of accumulated dust for specific defined periods of time and under different operating conditions.




2. Materials and Methods


Based on the widely known and generic meaning of empirical research [21,22,23], we find that an empirical review is a way of presenting information and knowledge by means of direct and indirect observation of the reviewed subject. Empirical evidence in such a case (the record of one’s direct observations or experiences) can be analyzed quantitatively or qualitatively, through quantifying the evidence or making sense of it in qualitative form. Hence, in this article, we present the knowledge based on analyzing and observing published articles on the subject of dust accumulation on PV panels. Additionally, we present arguments and observations in the form of graphs and statistics, from which we build our conclusions in a qualitative form, exposing the findings of the study and suggesting new concepts and recommendations.



After conducting a comprehensive literature review that focused on the work published in international journals starting from the year 1990 and until the end of the year 2016, 73 studies were found to be directly related to analyzing the impact of dust accumulation on the performance of PV panels. As a result, those studies have been classified in this article into two categories: review articles [24,25,26,27,28,29,30,31,32,33,34], and original research articles [35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96] which contain practical case studies.



Regarding the review articles, it has been found that each study has approached the corresponding research subject from a distinct viewpoint. Mani and Pillai, 2010 [24] achieved an appraisal on the status of research in that specific area. Mekhilef et al., 2012 [25] reviewed the technical parameters of PV modules that are mostly affected by the accumulation of dust. Darwish et al., 2013 [26] reviewed the effect of some environmental variables on the performance of PV modules. Sarver et al., 2013 [27] presented a comprehensive overview of soiling problems, primarily those associated with dust and combined dust–moisture conditions. Ghazi et al., 2014 [28] assessed the patterns of dust distribution and accumulation in distinct parts of the world. Kazem et al., 2014 [29] achieved a review of the geographical and meteorological characteristics in Iraq to clarify dust causes, types, specifications, and the corresponding impact on PV panels. Sayyah et al., 2014 [30] conducted a review that comprised some of the major studies reported on energy-yield losses in different PV plants in several regions of the world. Darwish et al., 2015 [31] presented a review concerning the effects of different types of pollutants on the performance of PV devices, taking into consideration indoor and outdoor experimentations. Costa et al., 2016 [32] presented a literature review update concerning the dust and soiling issues related to solar energy systems during the time period from 2012 to 2015. Maghami et al., 2016 [33] reviewed the factors that affect the optimum yield generation of PV panels, where the authors divided the shading into two types caused by dust and soiling: soft shading and hard shading. Zaihidee et al., 2016 [34] reviewed and summarized the impacts of dust on the efficiency of PV panels and the factors that affect the dust deposition on their surfaces.



For original research articles/case studies, [35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96] they can be divided into two groups:

	
Electrical performance studies: Most of the studies surveyed covered electrical performance aspects and parameters, represented in measuring several parameters of dusty/polluted PV modules in comparison to clean PV modules, such as the short circuit current, the maximum current, the open circuit voltage, the maximum voltage, the output power, the energy output, and the other weather parameters (solar radiation, air humidity, wind speed, air temperature, and PV panel surface temperature).



	
Optical performance studies: Only a few studies were found regarding this aspect, where the optical transmittance of dusty/polluted PV panels were measured and presented according to the dust density on their surfaces [74]. Moreover, some of these studies demonstrated the transmittance results in correlation to other parameters, such as different tilt angles of PV modules [28], the number of days of exposure of PV panels to the outdoor dust/polluted environment [69], and the dust deposition density [41]. Numerical simulation and other theoretical analysis tools were rarely utilized [87].









3. Results and Discussion


Based on the previous analyses, some results can be derived as follows:

	
An increased interest has been spotted during the last six years regarding the field of studying the impact of dust accumulation on the performance of PV panels, specifically starting from the year 2011 (Figure 1). The largest number of studies were published during the year 2016. This reflects the growth in utilizing PV technology as a source of renewable energy worldwide, which motivates conducting further studies on the factors that affect its efficiency, such as the accumulation of dust, temperature variations, and other factors. Following that, a related trend of studies can be found in the literature concerning dust mitigation techniques as well [97,98]. The explanations presented in Figure 1 are compatible with the fact that the PV industry has been strengthened over the years 2015 and 2016 due to the continued emergence of new markets and the associated strong global demand, in addition to the reduction in the prices of PV technologies and corresponding system components [99].


Figure 1. Demonstration of the increasing interest in the field of studying the impact of dust accumulation on the performance of PV.
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Figure 2 shows the contribution of different continents to studies related to the impact of dust accumulation on PV modules. It is shown that almost half of the studies surveyed come from Asia, where the majority of studies are from the Kingdom of Saudi Arabia (KSA), Malaysia, and India. The KSA has been found to be the country that generates the largest number of studies not only in Asia but among the rest of the world as well. It is noted that although the Middle East, Africa, and Asia are well-known to contain more arid, windy, and dusty environments, most of the studies emerged from Asia only.


Figure 2. Contribution percentage of different continents to the studies of the impact of dust on PV panels.
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The dominance of Asia in this trend of studies can be attributed to two reasons. First, Asia had the greatest share of the world markets regarding added PV installations for the third consecutive year in 2015, accounting for about 60% of global additions [99]. Second, Asia is a major dust source in the world, that is, mineral dusts in the atmosphere and their interactions with clouds and precipitation have great impacts on the regional climate in Asia, where there are large arid and semiarid regions [100,101]. These could be considered significant motives for producing more research works related to dust accumulation on the surface of PV panels. On the other hand, it has been found that the share of Africa from the surveyed studies is only 12%, although Africa is one of the worst dust accumulation zones in the world, in addition to the fact that the there are many initiatives that support renewable energy cooperation between Europe and Africa [102]. Europe comes next after Asia in conducting studies on the impact of dust accumulation on PV panels, as 23% of the published studies came from Europe. This percentage is considered significant, as Europe does not suffer significantly from the dust accumulation problem compared to other parts of the world such as Asia, the Middle East, and Africa. This also reflects the significant interest in research on the factors that affect the performance of PV devices in the European continent. Regarding the types of PV technologies considered in the corresponding research works, multicrystalline silicon PV technology was found to be the most utilized type, followed by the monocrystalline PV modules (Figure 3). Moreover, it was found that around 19% of the surveyed studies did not clearly mention the type of the PV module technology tested. It was also noticed that thin film technology is considered in a very few number of studies compared to multicrystalline and monocrystalline technologies. This is because multicrystalline PV panels are the most utilized in different applications (residential, commercial, etc.) and in the research projects, as well due to their wide availability and reduced prices, despite the fact that their efficiency ranges are normally lower than those of monocrystalline PV panels. Nevertheless, monoscrystalline PV panels have also started to gain a larger share of production, especially during the year 2015 [99].


Figure 3. The types of PV device technologies found in the surveyed research articles.
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During the conducted experiments, most of the studies considered the natural dust accumulation over the surface of PV panels, while the dust/pollutant was deposited artificially in some other studies. Within the studies on natural dust accumulation, it was found that the exposure time periods differed from one study to another. Regarding the studies that deposited the dust artificially, it was found that different types of pollutants are considered other than natural dust, such as ash and lime (Figure 4). However, it is worth mentioning that the accumulation of dust (naturally or artificially) was not found to be related to the indoor and outdoor testing of dusty/polluted PV panels. That is, some authors in their corresponding research exposed PV panels in order to allow for the accumulation of dust naturally on the surface; however, electrical performance evaluations were conducted indoors, through exposing the panels to artificial sources of light rather than natural sunlight, and then the necessary measurements were recorded. Hence, in this way, the dust was accumulated “outdoors”, but the electrical testing took place “indoors”. Additionally, no studies were found to have considered the electrical performance evaluation of PV panels under the Standard Test Conditions (STC).


Figure 4. The dust accumulation method, varied between collecting the dust naturally and depositing it artificially.
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Referring to the electrical experimentation and testing parameters, it was noted that very few studies had taken into consideration an approved standard for testing, such as the IEC-6089 (Photovoltaic devices—Procedures for temperature and irradiance corrections to measured I-V characteristics) [45]. In addition, not all of the studies were found to have measured the same exact parameters, instead, several variations were found to be demonstrated in the results. For example, some studies demonstrated the typical graphic results of the I-V characteristics of a PV panel, while other studies presented the electrical performance parameters in terms of a P-V curve [73,80]. Moreover, some studies were found to be interested in examining the composition of the accumulated dust on the corresponding PV panels, as well as the distribution and particle size of the dust/pollutants, and their correlation to the solar irradiance, efficiency, and fill factor, among many other parameters [44,58,76].



The surveyed studies exhibited the utilization of different testing equipment without referring to any calibration procedures that took place before the experiments. A large variety of testing equipment was found in that sense, ranging from simple resistor circuits [50], I-V source meter devices [82], to even precise large-scale PV analyzers [58].




4. Conclusions and Recommendations


This article reviews published research regarding the impact of dust accumulation on the performance of PV panels from an empirical viewpoint. The article examined the similarities and differences between the studies regarding many aspects: The countries contributing to that field of study, the measured parameters, the standards considered, the pollutant types (dust, ash, lime, etc.), the pollutant deposition (natural or artificial), and the type of PV technologies utilized. It was found that Asia is the continent with the most published studies in this field, followed by Europe. Although Africa has been identified in previous research as one of the worst dust accumulation zones in the world, a significant lack of corresponding studies was noticed. Therefore, it is recommended that more studies should be directed towards the impact of dust accumulation on the performance PV modules in Africa, especially in view of the fact that the renewable energy sector is expected to grow significantly out there [101,103]. Regarding the tested PV technologies, multicrystalline technology was found to be the most utilized method in the corresponding experiments.



From another viewpoint, many differences were found between the studies, which made the comparison between their results inapplicable. First of all, the surveyed studies came from different locations around the world, where each location has its own unique geographical and meteorological characteristics. Moreover, some studies considered the electrical performance of PV panels, where others considered the optical transmittance parameters. Even within the electrical performance testing, the results were found to be widely varied, using different scales, values, equipment, measured parameters, correlations, and testing environments (indoors and outdoors). In addition to this, the corresponding tested PV modules were found to be different in the power ratings as well as the technology type. Regarding the dust accumulation process, it was found that the periods of exposure of the PV panels to dust (in the case of natural dust accumulation) were different and sometimes not specified. Some studies considered the deposition of the dust artificially on the surface of PV panels without exposing the panels to outdoor environments. No studies were found to be interested in testing the electrical performance of dust/polluted PV modules under Standard Test Conditions (STC).



Hence, based on the aforementioned differences, a common testing protocol for conducting the experiments to examine the impact of dust accumulation on PV panels could to be derived, so that researchers could employ a standard protocol whenever they need to produce articles that are comparable to those of their peers. Such a testing protocol would assist in the development of the Photovoltaic Soiling Index (PVSI), which is a suggested “dust coefficient” for PV devices used to correlate between the accumulation of dust on the surface of PV panels and their electrical performance in specific locations and within specific time periods. The PVSI concept could also be integrated as follows:

	
The PVSI could be developed as an essential parameter in the datasheets of PV modules, which is—by analogy—similar to the temperature coefficient parameters that demonstrate the rate of change of the output power from a PV panel due to the change in the PV cells temperature. Within the PVSI context, the percentage reduction in the output power of the PV panel due to the accumulation of dust particles of specific size, distribution, and density could be evaluated in different locations, at different operating conditions, and under Standard Test Conditions (STC) as well.



	
The PVSI could also be implemented through creating interactive online maps, based on the development of a database for calculating the average dust density and dust deposition rate during the four seasons of the year over different countries and continents. Such a database would be implemented taking into consideration the necessary spatial resolution as well as the suitable interpolation in order to estimate the dust density and deposition rates in correlation with other parameters, such as solar irradiance, ambient temperature, and PV module temperature. Such data could be obtained through standardized steps of continuous electrical field testing through corresponding PV technologies.
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