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Abstract

:

Photovoltaic (PV) modules are generally considered to be the most reliable components of PV systems. The PV module has a high probability of being able to perform adequately for 30 years under typical operating conditions. In order to evaluate the long-term performance of a PV module under diversified terrestrial conditions, outdoor-performance data should be used. However, this requires a wait of 25 years to determine the module reliability, which is highly undesirable. Thus, accelerated-stress tests performed in the laboratory by mimicking different field conditions are important for understanding the performance of a PV module. In this paper, we discuss PV-module degradation types and different accelerated-stress types that are used to evaluate the PV-module reliability and durability for life expectancy before using them in the real field. Finally, prevention and correction measures are described to minimize economic losses.
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1. Introduction


Renewable energy accounts for a significant and growing share of energy generation worldwide. Photovoltaic (PV) and wind technologies are expected to become the world’s largest source of energy by 2025, with photovoltaic modules representing 60% of the capacity additions [1]. PV-module reliability is becoming a major concern in a scenario where most PV-module manufacturers establish a 25 year or 30 year warranty contract with their customers [2]. PV-module manufacturers guarantee a power drop of less than 20% within the warranty period [3].



With such a long warranty time period, the degradation rates of the solar panels must be well defined and be below 0.8% per year. Recent studies have reported degradation rates of approximately 0.6–0.7% a year [3,4]. This degradation rate is still high, owing to the variability of the studied samples and considering that the degradation might increase over time. In addition, insufficient failure data are currently available for statistical analyses as most operating PV modules have not yet reached 25 years of operation [5]. Therefore, the degradation rate of many modules may exceed 0.7% a year, resulting in losses to manufacturers since they must comply with the warranty by providing a new module. Depending on the mechanism involved, the degradation of solar panels in the field can be long-term or short-term.



The dependability and lifespan of PV systems rely mostly on the efficiency of the PV system and its various degradation patterns [4,5]. PV-module failure information has been available since the early 1970s. According to data reported by the National Renewable Energy Laboratory (NREL) in 2017, as shown in Figure 1, the most common degradation modes in modules for the last 10 years were hot spots (33%) followed by ribbon discoloration (20%), glass breakage (12%), encapsulant discoloration (10%), cell breakage (9%), and potential-induced degradation (PID, 8%) [6].



Table 1 shows several modes and degradation rates reported in various countries in which most of the degradation is caused by environmental conditions, such as high humidity, extreme ambient temperatures, and exposure times of more than 10 years.



These modes are caused by stress along with humidity, ultraviolet (UV) radiation, temperature, wind, hail, and high system voltages as well as other factors such as broken interconnects, hot spots, corrosion, encapsulant discoloration, and delamination [20,21]. Research on the failure mode of the PV module that occurs frequently and the factors that affect it is being actively conducted in order to improve the reliability of the PV module [22,23,24,25,26]. If any of the PV-module components are replaced or removed from the field environment before its warranty period because of any type of failure and the power drops, those types of failures are called hard failures. Degradation losses are those that occur when the performance of the PV module degrades but still meets the warranty requirements [27]. The failure and degradation mechanisms in the PV module are mainly related to the construction/packaging/design and the operating environment.



In order to predict the lifetime of a solar module, it is necessary to analyze the major failure modes of the PV module. However, it is difficult for the manufacturer and stockholders to wait and observe failure and degradation losses before introducing new PV cells into the outdoor environment. Hence, a predictive model for the lifetime expectancy and a model for the performance of a new photovoltaic module are extremely significant for the producers as well as for the customers.



For PV modules, the accelerated aging test is one of the major analyses that the predictive model is based on [28]. The basic concept involves several accelerated-stress tests using pre-characterization and post-characterization techniques. In accelerated-testing (AT) programs, the PV modules undergo different types of stress tests at higher levels than the field-stress levels, in addition to the pre-characterization and post-characterization of materials and modules from durability, reliability, and safety perspectives.



Figure 2 shows the conceptual representation of the AT program on the modules. The developed PV modules should undergo the standard qualification test programs established by the International Electrotechnical Commission (IEC) standards (IEC 61215 for terrestrial photovoltaic modules) and must be developed for comparative and lifetime test programs. In order to understand the testing sequence, the IEC 61215 qualification standard is shown in Figure 3 [29]. In this paper, we discuss different types of degradation, accelerated-stress tests, levels, and prioritization to expand the life expectancy of the PV module by means of IEC 61215.




2. Degradation of a PV Module


Degradation refers to a steady decline in the performance of a constituent [30]. A degraded PV module continues to perform its most important function. It can still produce electricity from sunlight if it is not extensively utilized. Moreover, when the degradation exceeds the critical threshold, the degradation state may cause more problems [31].



As stated by Wohlgemuth et al., industrialists believe that the quality of PV modules will decrease when the energy is less than 80% of the original capacity [32]. The performance of PV modules will reduce as a result of various factors, such as humidity, radiation, temperature, and external impact [33,34]. These factors can cause one or more types of degradation, for example, corrosion, discoloration, delamination, cracking, and breakage [35,36,37]. It is expected that the life expectancy can be predicted by analyzing the degradation modes. The following subsections describe the main degradation modes of silicon solar modules.



2.1. Hot Spots


Hot spots are areas of a photovoltaic module with high temperatures that may damage the cells or other parts of the unit, as shown in Figure 4 [38]. The causes of hot spots may be a variety of cellular interferences comprising fractional shadows, cell mismatches, or interrupted connections between cells [39]. In the event of a short circuit, if the PV cell fails, the voltage will reverse and become equal to and opposite to that of the other cells in the series. This faulty solar cell places a burden on the other cells and creates relatively high heat-dissipation positions, thereby forming hot spots [40,41].




2.2. Corrosion of a PV Module


The corrosion of photovoltaic modules is one of the most frequent problems in the field and causes ribbon discoloration [6,42]. Detecting the cause of a PV module’s corrosion might not be straightforward because corrosion mechanisms can be related to other degradation modes [43,44,45,46]. For corrosion to occur in a PV module, an electrolyte, an oxidizing agent, and a metal are required [42].



The deterioration of any PV-module component can facilitate corrosion, permitting the penetration of water and oxygen into the solar cell in the PV module. A recent study revealed that the deterioration of the backsheet and encapsulant are the most influential factors related to corrosion [47]. Ethylene vinyl acetate (EVA) deteriorates when the PV module operates under outdoor conditions with UV light, heat, and relative humidity. In the case of a faulty module, the laminated EVA forms acetic acid, which accelerates metal corrosion.



Corrosion in photovoltaic modules is initiated and accelerated by several factors simultaneously and has a reciprocal cause-and-effect relationship [43]. Figure 5 shows a summary of the corrosion mechanisms in PV modules reported in previous studies. They are in agreement regarding the corrosion effect, which is a result of the deterioration of the EVA encapsulant [43,48,49,50]. Some studies have focused on EVA delamination problems caused by insufficient lamination parameters and environmental conditions [43,48]. Others have focused on the formation of acetic acid by using pyrolysis and hydrolysis after moisture and high-temperature exposure [49,50].



Figure 6 shows the corrosion stages and interactions among the galvanic pairs. Corrosion in PV modules results in a gradual increase in series resistance and power loss. The oxidation potentials of Al/Al(III), Pb/Pb(II), Sn/Sn(II), Cu/Cu(II), and Ag/Ag(I) were −1.662, −0.358, −0.136, 0.337, and 0.799 V, respectively [42,51].



Higher corrosion rates occur in metals with lower oxidation potentials because they act as sacrificial anodes in galvanic couples. On the front side of the solar cell, corrosion begins to occur at the edges of a solder joint upon contact with water. Then, the corrosion will slowly move toward the center, resulting in a decrease in the Ag-solder contact, thus increasing the series resistance [51]. At the rear side, the aluminum contact and solder joint corrode first. As the corrosion progresses and metal is consumed, other metals will also begin to corrode.




2.3. Discoloration of a PV Module


Color changes are typically caused by deprivation in the packaging unit, EVA, or the glue sandwiched between the photovoltaic cells and glass. The EVA changes color from light yellow to dark brown as the discoloration progresses. When solar radiation falls onto a module with a changed cell color, the output power is reduced. Oreski and Wallner pointed out that the chief cause of EVA deprivation is the UV radiation produced by water at temperatures higher than 50 °C [52].



The color change may occur in a different area, rather than next to the PV module. This may mean that the discoloration originates from the polymer of the encapsulation, such as EVA. Moreover, the EVA fails to disseminate in the same method in all cell parts in the same manner [53]. The discolored photovoltaic cells are shown in Figure 7.



Kojima and Yanagisawa studied the yellowness of EVA [54]. In their study, the PV modules were exposed to artificial radiation to evaluate the color of the photovoltaic cells to check the influence of UV light (wavelength range from 280 nm to 380 nm). When an irradiance of 4000 W/m2 was applied, the photovoltaic cell degraded rapidly and decreases in the photosensitivity and transmittance were simultaneously observed.



However, in the UV region from 280 nm to 380 nm, the photosensitivity and transmittance increased after 400 h of exposure. This is mostly due to the reduced UV-radiation absorption that can defend solar cells from color transformation. It accelerates the degradation of the solar module by increasing the absorption of UV light, which is the main cause of degradation. In addition, the browning of the EVA film results in power losses in the PV modules [55]. Osterwald et al. suggested that the less effective and long-lasting deprivation of PV modules possess a linear relationship with the exposure of PV modules to UV radiation [56].



In recent years, most studies on the degradation of crystalline silicon photovoltaic modules have focused on the degradation of EVA [50,57,58]. Realini conducted research between 1982 and 2003, which enabled him to show a relationship between the electric features of the device and the color of the housing [59]. The color change causing partial changes to the surface of the PV module will cause the short-circuit current (Isc) of the PV module to deteriorate. The Isc decomposition range can be lower than the nominal value by 6% to 8% and for complete discoloration, it can range from 10% to 13%. The maximum power (Pmax) of the PV module is correspondingly reduced, owing to the color change of the module, as shown in Figure 8 [59].




2.4. Delamination of a PV Module


Adhesion loss (termed delamination) occurs between the encapsulation polymer and the solar cell or between the solar cell and the windshield. This is a key problem because it has dual properties: increased sunlit consideration and the diffusion of water into the equipment housing [35,60]. When the discharge occurs at the edge of the device, it will be more serious because it not only reduces the energy consumption but also causes electrical hazards to the device and the entire module.



Spills are more common in warm and humid climates. They allow moisture to enter the equipment and often cause extensive physical and chemical damage, for example, corrosion of metal for the equipment assembly. Figure 9 shows photovoltaic module delamination with a drain flange. Delamination occurs when the EVA loses its adhesive strength under high-humidity and high-temperature conditions, especially around the ribbon [48].




2.5. Cracks and Breakage of PV Modules


Broken glass significantly degrades photovoltaic modules. Most of the time, this occurs when installing or maintaining the PV module, specifically when transporting the equipment to the installation site [61]. Damaged or broken equipment can still operate normally. A cracked polycrystalline PV module may run for several years while producing significantly less energy, as shown in Figure 10. However, this increases the risk of electric shock and moisture penetration. Fractures and flaws are typically accompanied by different types of degradation, such as wear, color changes, and cracks [33].



In recent years, manufacturers have changed the thickness and area of cells to reduce the amount of silicon and decrease the production cost of solar PV power generation. The thickness of silicon PV cells has been reduced from 300 µm to less than 200 µm and sometimes less than 100 µm. Furthermore, in order to reduce the thickness of the photovoltaic cell, the cell area was also improved to 210 × 210 mm2 [62]. This renders the photovoltaic device more fragile and it breaks faster during management (storing and rolling). In a PV module that is already in operation, it is generally difficult to identify a crack with the naked eye. Such cracks can be detected using optical methods [63].




2.6. PID


In PV systems, PV modules are usually connected in series to increase the voltage of the system output. Therefore, the output voltage of this series circuit can sometimes reach hundreds of volts [64]. In order to protect people from electric shock, the all-metal structures of the equipment are usually grounded. Due to the potential between the photovoltaic module and its structure, when the protection between the structure and the high-voltage layer deteriorates and a leakage current flows, the electrons in the PV module material may escape through the soil structure [65].



Due to this phenomenon, polarization affects the electrical performance of the PV cells. This occurrence is called PID and it is characterized by the gradual degradation of the performance of the crystalline silicon PV module [66,67]. Hack et al. reported that PID is more likely to occur in moist weather than in warm and dry climates [68]. Schütze et al. confirmed this view by proving that the leakage current increases with moisture [64]. In their research, a voltage was applied to the structure of the metal and the contacts of the 60 cell PV module. The applied voltage changed from −600 V at sunrise to 0 V at sunset.




2.7. Bubbles


The bubbles in this type of deprivation are comparable to delaminating; nevertheless, in this situation, the detriment of EVA sticking affects only a minor part and joins with the external part of an expansion that affects the grip. The bubbles are usually the result of a chemical reaction that releases the gas stuck in the PV module. Once this occurs on the rear side of the unit, mobbing occurs in the encapsulated polymer there and causes air bubbles. This renders it harder for solar cells to dissipate heat, resulting in increased temperatures and a shortened life span [67].



Figure 11 shows a photovoltaic module with many bubbles on the back and front. They typically appear at the midpoint or corner of the solar cell and this is possibly because of the poor cell bonds due to the high temperature. Placing a photovoltaic cell in front of the device can reduce the radiation entering the device that separates light and increases its reflection [35].




2.8. Junction Box Failure


Reliability of the junction box is one of the most important issues for PV modules during a verification testing and operation. In general, about 85% of junction box failures originate from system installation and mostly occur within the first three months of PV system installation [69].



Figure 12 shows the failure of junction boxes. Major failure modes include burned bypass diodes and junction boxes, which in extreme cases increases the risk of fire. Major causes include excessive stress in the system, poor fixing of the junction box to the backsheet, badly closed lid, moisture, and improper wiring [70]. Junction boxes typically contain bypass diodes to protect the cells in case of shadowing or cell problems. However, Zhao Wu et al. confirmed that separating the diode from the junction box can prevent the temperature rise and failure [71].





3. Life Expectancy


3.1. Effect of Different Weather Conditions on the Degradation Rate


It should be noted that the rate of decline of PV power systems in different climatic regions is mainly influenced by cold and hot weather conditions. The results showed that the deprivation rate per year was low in cold places. Larger damage was observed for solar power plants installed in areas with warmer climates, where the deprivation rate per year was high.



Moreover, owing to the rapid changes in ambient temperature and the uneven solar radiation affecting the PV module, it was found that PV systems in hot climates have many defective bypass diodes. However, in cold climates the bypass diodes were not damaged during longer exposure periods. In addition, several cell hot spots were observed in cold-zone areas. Fewer PV modules with hot-spotted PV panels were found in the cold-zone area than compared in the PV systems installed in the hot zone [19,37,72,73].




3.2. Accelerated-Stress Test Types


A reliability test can be accelerated by multiple methods by increasing the level of the experimental variables, such as UV light, humidity, temperature, or voltage. Reliability tests result in certain failure mechanisms in the chemical processes, such as the degradation of chemicals in adhesive bonds or polymeric matrix additives. One or multiple parameters must be measured to better monitor the failure modes. The chosen parameters help to evaluate and identify the constituents of a failure. Accelerated tests are used to induce various types of failure modes in PV modules [61]. Few methods exist for understanding the accelerated indoor aging test for photovoltaic cells and modules by mimicking real field conditions. The following sections briefly discuss these AT methods.



3.2.1. Thermal Cycling


Thermal cycling (TC) is an extensively used profile for determining the evolution of degradation. TC enables the analysis of the PV module’s reliability in manufacturing, construction processes, and estimated field performance. The TC method uses the variation of the temperature between −40 °C and 85 °C and the injected current to imitate constant illumination. The number of cycles varies as a function of the upper limit of the temperature: 500 cycles for 110 °C, 1000 cycles for 85 °C, or 2000 cycles for 65 °C. The injected current in the solar cell is calculated as 1.25 × Isc × the number of suns, where Isc represents the short-circuit current [74]. Although many reports have been presented on the degradation of PV modules caused by temperature and corrosion [75,76,77], the phenomenon requires more attention and further work to understand and explain these aging factors.



A study by Khan et al. [78] explains the failure and degradation behavior of a c-Si PV module installed over a concrete slab that occurred during a TC stress test. A connection between the TC duration and the device was established. In this study, the authors used monocrystalline PV modules with an area of 1540 cm2 and a rigid module (fixed on a concrete slab) consisted of 36 cells with an Al frame (cell area = 31.2 cm2). The ability of the module to withstand fatigue, thermal mismatch, and other stresses caused by temperature fluctuations was evaluated for 200 thermal cycles in a climate chamber. Figure 13 depicts the measurement of the I-V characteristics for both PV modules before and after TC (100 and 200) and a clear sign of an increase in the series resistance. The power losses after 200 thermal cycles were approximately 3% and 4% in the cases without and with concrete, respectively. This is mainly related to the thermal exhaustion of the PV module.




3.2.2. Damp Heat


The reliability and long-term durability of a PV module are associated with the durability of the encapsulant and its interface with the glass and back sheet [47,79]. Humidity has the potential to degrade many electronic products, along with the PV module. Therefore, moisture penetration into the PV-module package can possibly generate corrosion and adhesion loss between the layers. The acceleration of the moisture ingress can be simulated by a damp-heat test with an elevated temperature and high humidity. According to the IEC 61215 standard, 1000 h of damp heat, 10 cycles of humidity freezing, and 200 cycles of TC are the common specifications used to screen PV modules in the industry [80,81].



The degradation of the adhesion strength of the glass-encapsulant interface after damp-heat tests is shown in Figure 14 with variations in temperature and relative humidity [82,83,84]. When comparing Figure 14a,b, which possess the same conditions of 85 °C/85% relative humidity (RH), the difference in the degradation rate is due to the difference in the initial adhesive strength. The adhesive strength shown in Figure 14a, which is initially low and decreases rapidly, even in a small amount of time. The adhesive strength shown in Figure 14b, which is initially large, decreases relatively slowly. It can be observed that the degradation is affected by both temperature and humidity, as the degradation is accelerated both when only the temperature is high and when only the humidity is high.




3.2.3. Ultraviolet (UV) Light Exposure


Another important variable in the accelerated-stress test for the PV module is UV-light exposure because it degrades some of the polymers and adhesives. The backsheet and encapsulant of the PV module degrade in UV light with discoloration to yellow, called yellowing or browning. During the accelerated UV test, it is important to consider that the selection of a high temperature can always accelerate the UV-induced damage and to observe whether a reciprocal relationship exists between the exposure duration and light intensity.



In recent studies, floating PV systems have become more attractive owing to their cost effectiveness and operation in higher humidity environments because of their installation in reservoirs and ponds [85]. As a higher amount of UV light is reflected from the water surface, it is an important stress factor [86] to consider and a different acceleration test is required to improve the durability according to various field conditions.



During a UV exposure test, the exposure levels should be maintained at similar irradiation levels to experience field results close to the actual outdoor exposures. The time lapse between the UV exposure of the actual field and accelerated-test field differs because it has four to six equivalent sun hours per day. The constant UV exposure may provide an acceleration factor of four to six times. In order to simulate the same degradation mechanisms, long-term UV exposure requires a very long test time. In order to effectively reproduce the degradation mechanism, some studies have proposed a technique of combining different accelerated-test variables into a single test or sequential testing [87].



The accelerated UV test changed the appearance and yellowness index (YI), as shown in Figure 15 [88,89,90]. The backsheets consisted of three different polymers, namely polyvinyl fluoride (PVF), polyethylene terephthalate (PET), and EVA. It is shown that PET is the most vulnerable to UV among the different types of backsheets: TPT (PVF/PET/PVF), PET (PVF/PET/Tie layer), and TPE (PVF/PET/EVA).



The YI change for EVA, which is the most used material for encapsulants, is shown in Figure 15b. A comparison and analysis were conducted on UV-pass (UVP) EVA and UV-cut (UVC) EVA and the UVC-EVA showed remarkably high discoloration. This material is designed to absorb the UV light into the EVA to block it from the PV module; thus, it has a greater degradation because of the large amount of UV absorption. It can be observed that the greater the UV dose, the greater the discoloration.




3.2.4. Static and Dynamic Mechanical Loads


The mechanical-load test is a standard qualification-test protocol for PV-module products. The test was performed by simulating wind and snow as a combined static load. The outdoor field operation, handling, and transportation of PV modules are not necessarily static conditions. One must understand the effects of both static and dynamic-load tests and analyze their interactions with climatic conditions.



Each new type of module must undergo a series of stress tests, such as climatic, electrical, and mechanical. The standard protocol of IEC 61215 is well established and accepted in the PV industry [91]. Before installation, the modules experience mechanical stress during transportation, including vibrations and shocks [92]. After PV-module installation, the PV module is exposed to static stress by means of snow and dynamic stress by wind [93]. The reliability of the PV module with respect to wind and snow loads can be observed in the static mechanical-loading (SML) test standards. The test consisted of a static load of 2400 Pa with 3 × 2 h cycles to the back and then to the front. For the heavy load test, a load of 5400 Pa was applied to the front side at the end of the last cycle.



The American IEEE 1262 standard proposed an additional test as a dynamic mechanical-loading (DML) [94] test with 10,000 cycles at 1440 Pa for at least 3 s/cycle. The fracture mechanism of silicon shows the propagation of microcracks and/or cell breakage depending on the maximum bending radius of the module. The dynamic-load test is a superior. method for detecting a fault from bad soldering than the static-load test. An increase in the number of cycles in the dynamic load results in a weakening of the solder joints and/or copper ribbons.



With the static mechanical load, microcracks and broken cells can be detected efficiently with electroluminescence because of the higher pressure in the standard SML. DML tests affect the mechanical robustness of the solder contacts in PV modules. BP Solar reported a strong power loss after combining the dynamic-load test with climatic stress on PV modules with cracks, but not in the static-load test [95].



Analyzing the breakage rate and power loss according to the thickness of the wafer revealed that both the breakage rate and the power loss increased as the thickness decreased after DML tests [96]. Figure 16b shows the power loss of the module before and after SML and DML tests. The power losses are slightly higher in the static-load modules than in the surviving dynamic-load modules [97].




3.2.5. Reverse-Bias Hot-Spot Test and Bypass-Diode Thermal Test


Another important aspect affecting the reliability of PV power generators is hot-spot failures. The hot-spot failure of a PV module is mainly due to a power mismatch in some cells in the PV module; it operates in a reverse bias as a load by the power-generating unit. It consumes energy and generates considerable heat, which may cause a fire in serious cases and result in safety issues in large-scale PV power stations [98,99,100].



It is important to study and analyze hot-spot failures in detail before they affect the entire system. Several studies are available on treating hot-spot faults, including infrared (IR) thermal imaging. IR thermal imaging can determine the hot-spot module and the distribution of the hot spot by showing the color difference between the heat-generating cell and a standard cell with an infrared camera [101]. This process is quite expensive, requires high precession, and possesses poor autonomy. Along with the IR-imaging method, another technique is to determine the electrical characteristics of the module where the hot spot occurs [102,103].



In diagnosing a hot-spot cell, one must shade a cell in the module and observe the rate of current change in a particular voltage range of the I-V curve [104]. This study is valid only for cells that have a large reverse-leakage current and the diagnosis process is weightier. Another method of diagnosing a hot-spot module is to inject an AC signal into the PV module and analyze the difference in the impedance spectrum [105].



In a recent study, Ma et al. diagnosed hot-spot faults using the I-V curve of the PV module with a distance calculation between the scan point and the lines produced by the points [106]. By using this method, various types of I-V curves can be quickly examined to diagnose hot-spot faults. The effect of this method was evaluated using PV power-station field data.



In order to decrease the reverse-bias voltage on shadowed or current-limiting cells, bypass diodes can be programmed to switch on automatically in the presence of any current mismatches [107]. Recurring hot-spot events may result in accelerated aging and, thus, increases the probability of a fault [108]. Hot-spot occurrences can be avoided by using a bypass diode; however, it can limit the power dissipation [109].



Bypass diodes have a basic feature that is fully suited for the normal operation of a PV module as they automatically activate themselves only when needed. In the case of any mismatch, the bypass diode switches ON because of the control algorithms (maximum power point tracking). This algorithm can lower the current delivered by the PV system by placing the diode in the ON position, which allows the system to operate in a safe region [110]. Thus, their approach has achieved some success in limiting hot spots.




3.2.6. Hail Test


Hail is another main reason why a PV module loses its reliability. Analytical and experimental studies should be performed to estimate the impact of hail on PV modules. Generally, two types of PV modules are used [111]: (1) A rigid plate with a glass layer on the outside that protects the module from mechanical loads and (2) semi-flexible plates with a protective polymer that must be fixed to flat or curved surfaces. PV modules operate in outdoor conditions, such as thermo-hygrometric cycles; snow, wind, and hail are the main sources of PV-module damage and degradation before its lifetime.



The hail test is carried out using pneumatic equipment to observe the current losses from the I-V; it can obtain clear visual pictures of the microcracks from the electroluminescence and their effect on the electrical response [112,113]. The IEC 61215 standard must be met by all newly manufactured PV modules in Europe, regardless of the type or materials [82]. As per IEC 61215, hail-impact simulation tests must be performed by firing a formed ice ball at a PV module with pneumatic actuators. The ice ball parameters for the hail test are a diameter of 25 mm and an impact velocity of 23 m/s [114]. Moreover, the repeatability of the tests is important during the test process.



Kilikeviciene et al. studied a hail-simulation testbed to identify the conditions required for hail simulation and analyzed the performance parameters before and after the dynamic impact on the PV modules. The tests revealed that the PV modules suffered from severe damage and microcracks in the crystalline solar cell when exposed to the force. Increasing the force-impacting test resulted in an increase in the PV-module power loss of up to 8.29% [115].






4. Solutions to Minimize the Degradation Rate


Corrosion can be managed by numerous measures such as coatings, corrosion inhibitors, and material selection while highly prominent tools for restraint against corrosion are being deliberated. These are constituents that, when placed in this situation, minimizes the scale of corrosion to the atmosphere and are more resistant to deterioration. Therefore, employing these resources will enhance the working period of the solar cells [116]. The corrosion of the PV system will be controlled by eradicating corrosion from internal and external components.



Subsequent techniques can also be applied to reduce the corrosion rate; for example, EVA provides PV cells with isolation from the flow of electrons, structural strength, and protection from dangerous and critical atmospheric conditions [117]. EVA is a polymer that can defend the external face by substantially avoiding water accumulation at its joining parts. Stainless steel or other corrosion-resistant alloys can be used in PV cells because of their high corrosion prevention; thus, the frames of solar modules can be manufactured from these materials [118].



Other solutions for minimizing PV-module degradation have been proposed. Incorporating nanomaterials into solar panels can not only improve the mechanical properties of polymers, but also impart other functions with high resistance to water vapor and corrosive gases [119]. For the long-lasting constancy of solar cells, plasma activation can be used to build weather-resistant solar modules using a strong binder that is highly reliable and waterproof [120]. A windshield made of low-iron glass transmits UV (no cerium oxide) light and is large enough to limit oxygen. It is very important for PV-module manufacturers to observe the performance of their products in the field [121].



Solutions to reduce the propensity of crack propagation or the impact of open cracks on module operation are at the solar, module, and system levels. However, certain results have been achieved with progressive cell construction. Cracking at the cell level can be minimized by utilizing the following solutions: thicker wafers, multiple busbar/interconnect wires, wires closer to the cell edge, rectangular or half-cut cells, uniform power loss, and reverse “breakdown” at low voltages. In addition, the cracks at the module level can be reduced by deploying the following methods: optimized soldering materials, equipment and quality control, glass-module construction, solder with more flexible materials, and a greater number of bypass diodes [122].




5. Conclusions


In this article, we reviewed various modes of PV-module degradation rates and AT methods for life expectancy. Corrosion, discoloration, deformation, destruction, delamination, breakage, and cracking are the main causes of solar-module deprivation. Environmental factors, such as temperature, humidity, and UV radiation, are the main factors affecting the aging of PV modules.



Concerns about a PV module’s performance drift (durability) or premature outdating (reliability) are major obstacles to PV deployment and project financing. AT is a method of evaluating the reliability and durability of PV modules by encouraging failures and performance degradation in a short time period. AT uses more severe operating conditions than the original field operating conditions to replicate the actual field-failure mechanisms.



The current review provided detailed observations of the current and future states of PV-module AT. According to the literature, there is a significant need to improve the accelerated-test protocol for relative and lifetime testing of PV modules. Accelerated-test conditions focus on analyzing the PV-module health and technical failures after selecting a specific test corresponding to a specific failure mode and applying the test.



Research on AT to date has suggested and successfully mitigated the different types of failure and degradation modes that occur in PV modules under real-time working conditions. The failure and degradation modes of PV modules are largely determined by the actual field work conditions in which they are configured and operated.



Accelerated tests have been successful to some extent; however, a vast database of climatic conditions should be created, especially by comparing old PV power plants (10–30 years) with the same characteristics as the current-generation modules. This will help develop a variety of accelerated tests that are prioritized by specific climatic conditions. We also offer some solutions to minimize solar-cell deterioration in Section 4, which can help manufacturers optimize their production to improve cell quality and provide long-term warranties to customers.
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Figure 1. Representative degradation modes of silicon PV modules for the last 10 years. 
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Figure 2. Conceptual representation of the AT of PV modules. 
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Figure 3. Test sequences of IEC 61215 qualification testing program for PV modules. 
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Figure 4. PV module with hot spots. 
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Figure 5. Corrosion mechanism in silicon solar cells [42,44,45,48]. H2O and O2 enter through the backsheet or frame edges and penetrate a delaminated encapsulant-cell gap; hydrogen gas is formed during corrosion. The gas bubbles can grow and merge, which increases delamination. 
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Figure 6. Corrosion steps at the front and rear sides of a solar cell. 
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Figure 7. Discolored solar cells. 
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Figure 8. Comparison of the I-V (current vs. voltage) curve properties of new and discolored photovoltaic solar modules. 
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Figure 9. PV module with a delamination. 
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Figure 10. PV module with broken glass and cell burn. 
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Figure 11. Bubbles in a PV module. 
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Figure 12. Junction box failures. 
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Figure 13. I-V characteristics before and after 100 and 200 thermal cycles for a PV module (a) without and (b) with concrete. The difference of (c) Isc and (d) Pmax values before and after 100 and 200 thermal cycles for a PV module without and with concrete. 
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Figure 14. Variation in degraded adhesion strength with exposure time at (a) the same humidity (85% RH) with different temperatures and (b) the same temperature (70 °C) with different humidities. 
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Figure 15. Change in yellowness index (ΔYI) of (a) backsheet and (b) encapsulant after UV-light exposure. 
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Figure 16. Degradation rate of a PV module with (a) breakage rate and power loss according to thickness after DML tests and (b) comparison of power loss between DML and SML tests. 
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Table 1. Degradation rates reported from various countries.
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	Country
	Module Type
	Degradation Rate
	Cause of Degradation





	Spain [7]
	Multi-Si Solar Cell
	−0.8% to −1.1%/year
	Wind speed



	Italy [8]
	Multi-Si Solar Cell
	−0.8% to −1.1%/year
	PV cell shading



	Cyprus [9]
	Multi-Si Solar Cell
	−0.8% to −1.1%/year
	Solar irradiance and cell temp



	Greece [10]
	Multi-Si Solar Cell
	−0.9% to −1.13%/year
	Ambient temp, solar irradiation and wind speed



	Poland [11]
	Multi-Si Solar Cell
	>−0.9%/year
	Elevated air temp



	India [12]
	Mono-Si Solar Cells
	−1.4%/year
	High cell temp and humidity



	Southern India [13]
	Multi-Si Solar Cell
	−1.3%/year
	Air temp and high irradiance



	Thailand [14]
	Multi-Si Solar Cell
	−1.5% to −4.9%/year
	Humidity and moisture



	Northern Thailand [15]
	Multi-Si Solar Cell
	−1.5%/year
	Delamination of EVA 1 sheet



	Japan [16]
	Multi-Si Solar Cell
	−1.15%/year
	Ambient environmental factors



	Singapore [17]
	Multi-Si Solar Cell
	−2.0%/year
	Ambient temp



	Republic of Korea [18]
	Multi-Si Solar Cell
	−1.3%/year
	Corrosion and discoloration



	Scotland, UK [19]
	Multi-Si Solar Cell
	−1.05% to −1.16%/year
	Extreme low temp and humidity



	Australia [19]
	Multi-Si Solar Cell
	−1.35% to −1.46%/year
	Extreme high temp and moisture







1 Ethylene vinyl acetate.
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