

  energies-14-07935




energies-14-07935







Energies 2021, 14(23), 7935; doi:10.3390/en14237935




Review



Review on the Sources of Power Loss in Monofacial and Bifacial Photovoltaic Technologies



Michelle Kitayama da Silva 1,*, Mehreen Saleem Gul 1[image: Orcid] and Hassam Chaudhry 2[image: Orcid]





1



School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh EH14 4AS, UK






2



School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Dubai P.O. Box 38103, United Arab Emirates









*



Correspondence: mk221@hw.ac.uk







Received: 22 October 2021 / Accepted: 23 November 2021 / Published: 26 November 2021



Abstract

:

An evaluation of the degradation effects on photovoltaic modules is essential to minimise uncertainties in the system operation. Bifacial photovoltaic technology is attracting attention due to the capacity of generating energy from the front and rear sides. This paper presents a review of degradation factors, for both conventional monofacial and bifacial photovoltaic modules, to highlight how the current and voltage characteristics of these technologies are affected by degradation. Microcracking, encapsulant discoloration, and light induced degradation seem to have similar effects on both modules. Contrarily, bifacial modules are more prone to potential induced degradation as the electromagnetic shielding is affected by the bifaciality. Bifacial devices are less affected by light and elevated temperature induced degradation. The degradation (1.3%) is similar for both technologies, up to 40 kWh/m   2   of solar radiation. Above this value, monofacial degradation increases faster, reaching values of 7%. For tilted systems, the front side soiling degradation of 0.30% per day is similar for both technologies. For vertical systems, soiling loss for bifacial is considerably lower with values of 0.02% per day.
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1. Introduction


Solar photovoltaic (PV) energy is one of the most promising renewable energy sources. It occupies the second largest portion of the global installed capacity of renewable energy [1]. This energy source has experienced significant growth in the last decade, coming from a total installed capacity of 40.29 GW in 2010 to 707.5 GW in 2020 [2]. The search for reducing the costs and improving the efficiency of PV systems has led to the development of different materials, modules, and system designs. The different materials and technologies that show a significant improvement of efficiency for a small cost, are quickly introduced to the PV market. This results in many PV systems been installed without sufficient understanding regarding their long term durability and reliability. Therefore, it can lead to an unexpected degradation, which compromises the longevity of the whole system and affect the Levelised Costs of Energy (LCOE) [3] by the reduction of the energy yield and/or by the increase of the operating expenditure (OPEX).



A recent fast-growing technology is bifacial PV (BPV) modules. This technology has attracted market attention and is expected to be the next breakthrough technology in the field [4]. Currently, BPV corresponds to approximately 20% of the market share of PV technologies. This number is expected to increase to 70% by 2030 [5]. This increasing interest arises from the BPV capacity to convert additional solar irradiance from the rear side, which allows it to obtain a higher energy yield compared to monofacial technology, especially for PV systems installed in areas with a high albedo and high latitudes [6]. This energy gain between monofacial PV (MPV) and BPV technologies is determined by the bifacial gain, which is the ratio between the power produced by bifacial cells/modules and the power produced by monofacial cells/modules [4]. For smaller bifacial systems, bifacial gain ranges from 15 to 25% and 5 to 15% for larger commercial systems [7,8,9]. Additionally, the fabrication of BPV modules does not require significant changes in the current process of fabrication of monofacial modules. It is estimated that the average additional cost for BPV modules is 3% [10], therefore representing a small increase in the capital expenditure (CAPEX) but generating a higher energy yield [10].



The lifetime of a PV module is expected to be from 20 to 30 years [11]. Throughout this period, certain limits for the power output reduction are considered acceptable, such as a maximum reduction of 10% of the initial power output after the first 10 years of operation, and 20% of the initial power after the first 25 years [12]. This power output reduction over the years is known as degradation rate and is an important factor for stakeholders as it directly impacts the amount of energy produced. The degradation rate can change according to many factors such as environmental conditions and handling of the modules. Therefore, an accurate prediction of the losses as the module ages is essential to promote the growth of this industry. The process of estimating the performance includes the module’s efficiency in outdoor conditions and also the analysis of how this efficiency decreases over time due to degradation of materials and components [12], as well as other factors such as soiling, mismatch, and partial shading.



In operation, PV modules are vulnerable to diverse degradation phenomena such as encapsulant yellowing, microcracks, metal contacts detaching, breaking and rusting, light-induced degradation, and potential induced degradation [13]. It is important to have a deep understanding of the degradation rate as it can eventually lead to module failure or, in case of the underestimation of the degradation rate, lead to an increase in the financial risk [14]. For MPV, the average degradation rate per year is approximately 0.36% for mono-crystalline silicon and 0.64% for multi-crystalline silicone [14]. Although it is not yet widely explored in the literature, the degradation rate for bifacial PV of the system is normally under 1% per year [15]. However, studies have shown that in extreme conditions, under high temperatures and irradiances in desert conditions, the overall degradation can reach nearly 2% [16].



Another factor that causes a significant drop in the power output is the mismatch effect, which represents the non-identical current and voltage characteristics of PV cells within a module or in a string [6,17]. This effect occurs because the current and voltage (I-V) characteristics of the cells within a module are never identical and worsen when the cells are exposed to different levels of irradiance and temperature. It is an important issue in PV systems that needs to be taken into account in any PV installation as cells connected in series do not perform at their specific maximum power point simultaneously. The performance of a PV module is expressed as a collective maximum point instead [17]. The consequences of mismatches can be temporary or permanent depending on their intensity. It can affect the power output of the PV modules by shifting the module’s operating point further away from the ideal maximum power point [18]. Additionally, it can potentially affect the reliability of the PV system by leading to a reverse bias built up across the mismatched cell. This can make the weak cell start to behave as a load, sinking the current generated by the other cells, which can cause a significant increase in the cell’s operating temperature [18,19,20]. If the reverse bias voltage is higher than the breakdown voltage of the cell, potentially irreversible damage might occur as a large current concentrates in one specific area. This can originate a thermal breakdown of the cell, known as ‘Hot Spot’. Some consequences of this significant increase in temperature are the burning the ethylene-vinyl acetate (EVA) and/or back-sheet as well as the delamination of the encapsulated materials [18].



Though the manufacturing costs of crystalline silicon (C-Si), which includes both MPV and BPV modules, has decreased significantly, the actual performance and viability of the system are expressed by the Levelised Cost of Energy (LCOE). The LCOE is a relation between the sum of CAPEX and OPEX (which represent the life cycle costs of the system) and the lifetime electricity generation (yield) [21]. Thus, understanding the degradation of PV modules and the power output losses of MPV and BPV modules in operation is of great importance for an accurate prediction of the system viability and to enable manufacturers to find alternatives to improve materials and processes to prevent premature ageing, degradation, and failure. Therefore, reducing the total energy generation and lifetime of the module. This degradation and mismatch may cause the module to perform under the expected power rating informed in their data-sheets. Therefore, to enable the widespread of solar PV systems it is necessary to accurately estimate the real performance and the losses involved in the energy conversion process. A deeper study in this area is essential as most software available in the market for PV systems simulation (e.g., PVSyst [22], SAM [23] and PV*Sol [24]) consider these losses as a constant value over the year.



The literature to date lacks information comparing the degradation of MPV and BPV modules. The losses caused by different degradation affect each PV module technology differently. Therefore, to promote the adoption of BPV technology, it is necessary to understand how resilient this technology is regarding the short and long term losses due to degradation and mismatch. The contribution in this work provides a comprehensive review of the state-of-the-art regarding the degradation and mismatch that directly affect the performance of crystalline silicon PV cells and modules. A comparison of BPV and MPV losses for each degradation is provided wherever available. This review aims to provide a better understanding of the losses involved in the energy conversion process, semiconductor internal losses, and the environmental effect on the performance of these two module technologies, thereby allowing a better estimation for the LCOE.



The next section introduces the current-voltage curve parameters that represent the performance of a solar cell and the effect of losses. Section 3 describes the environmental factors that affect the performance of a PV system as well as the effects of internal ohmic losses within the semiconductor and metal contacts. Finally, Section 4 describes the main degradation effects that contribute to the increase of losses in monofacial and bifacial PV cells followed by the conclusions.




2. I-V Curve Parameters


The most used method to analyze the performance of a PV device is by the measurement of the current and voltage characteristics. In this method, a known irradiance is applied to the solar cell at a known temperature while it is connected to a variable resistive load. This load varies from the short circuit condition to the open circuit condition while both the voltage in the output terminals of the PV cell and the output current are measured [25]. The current and voltage curve represents a diagnostic of the characteristics of the photovoltaic device under certain levels of irradiance and temperature. A detailed analysis of these curves is essential to understand the physical phenomena that happen internally in the PV device under different external scenarios. The I-V curve of a solar cell presents important information about the performance of the device such as open-circuit voltage (  V  o c   ), short-circuit current (  I  s c   ), maximum power current (  I  m p   ) and voltage (  V  m p   ), efficiency ( η ), and fill factor (  F F  ) as shown in Figure 1. These parameters are essential for the testing, calibration, commissioning, design, fabrication, maintenance, and controlling of a photovoltaic system [26].



The open-circuit voltage represents the voltage between the terminals of the PV cell/module without any load connected to it (open circuit condition in the PV device’s terminals). At this voltage, there is no output current. The short-circuit current represents the current flowing through the short-circuited terminals when the voltage at the terminals is zero. The maximum power current and voltage represent the current and voltage levels that provide the highest power output as can be seen in Figure 2.



The I-V curve also shows parameters that represent the efficiency ( η ) and fill factor (  F F  ) of the cell, which indicates how efficient the cell is at power conversion. The efficiency is defined by the relation between the maximum power generated (   I  m a x   ×  V  m a x    ) and the total irradiance incident on the area of the cell, as can be seen in Equation (1). The fill factor represents the quality of the solar cell. It is obtained by the relation between the maximum power (   I  m a x   ×  V  m a x    ) and the theoretical power (   I  s c   ×  V  o c    ) as can be seen in Equation (2).


  η =   P  o u t    P  i n    =    I  m a x   ×  V  m a x     G A    



(1)






  F F =    I  m a x   ×  V  m a x      I  s c   ×  V  o c      



(2)







Please refer to Table 1 for the list of used symbols.



To estimate the performance of PV cells, electrical models with solar cell equivalent circuits are used to obtain the output parameters of the cells. One of the most widely used circuits is the single diode model, which is shown in Figure 3. This equivalent circuit is composed of a current source representing the photocurrent, a reverse-biased diode, a series, and a shunt resistance. For BPV modules, the equivalent circuit can be adapted, as seen in Figure 3b, which has an additional current source representing the front side photocurrent and rear side photocurrent separately [21]. The single diode model has been widely validated to emulate the performance of MPV modules [27,28,29,30,31] although, for BPV, despite it being used in few researches [31,32,33], its accuracy has not been widely explored.



For this model, Equation (3) represents the current-voltage relation of a silicon PV cells connected in series forming a PV module.


  I =  I  p h   −  I s   e x p     V n  +  R s  . I   a . k . T   − 1   −    V n  +  R s  . I   R  s h     



(3)







Please refer to Table 2 for the list of used symbols.




3. Factors That Impact on the I-V Curve


In operation, solar cells are exposed to different environmental conditions such as variable temperature and irradiance intensities. The current, voltage, and efficiency of MPV and BPV vary according to these environmental parameters and internal losses caused by parasitic resistances and degradation [34,35]. The performance parameters of a solar cell using the single diode model mentioned previously (i.e., open-circuit voltage, short-circuit current, photocurrent, series and shunt resistances, fill factor and efficiency) depend directly on the irradiance and temperature to which the cell is exposed to as well as the ohmic losses [35]. The effects of the increase of series resistance and decrease of shunt resistance can cause premature degradation of the PV device, which can cause temporary power reduction or permanent damage [35].



3.1. Ohmic Losses


3.1.1. Series Resistance


The series resistance represents the sum of several losses within a PV cell or module. This resistance can increase due to many degradation mechanisms such as metal contacts corrosion, junction box contacts, and defects of the interconnections between cells [35]. These losses can be in the semiconductor, metal connections, metallization process, and bus bar between the cells within a PV module. The increase of the series resistance deforms the cell’s I-V curve by increasing the voltage slope of the device, as shown in Figure 4.




3.1.2. Shunt Resistance


The shunt resistance represents the equivalent of any parallel high conductivity path that may occur across the solar cell semiconductor p-n junction. Ideally, the higher the value of this resistance the better. The reduction of shunt resistance deforms the shape of the I-V curve of the cell by increasing the current slope, as shown in Figure 5. This resistance is also known as leakage current resistance; when its value decreases, more leakage current starts flowing through the shunt paths and therefore the output current provided to a load circuit is reduced significantly [36]. As a result, the power output, efficiency, and fill factor are reduced as shown in [36].





3.2. Environmental Factors


3.2.1. Irradiance


The irradiance variation affects the generated current more significantly than the voltage. The current increases with the increase of solar irradiance incident on the surface of the cell, as shown in Figure 6.



In Crystalline Silicon solar cells, parameters such as short-circuit current, photocurrent, and diode ideality factor increase linearly with the irradiance levels, while the open-circuit voltage and efficiency increase logarithmically, and the saturation current increases exponentially. The shunt resistance increases slightly with the increase of irradiance levels until a certain point (<500 W/m   2  ) from which it becomes a constant. Studies shows that the fill factor for these cells increase with the increase of irradiance up to a certain point (<500 W/m   2  ) then it decreases almost linearly due to the effects of the series resistance. Regarding the resistances, the shunt resistance decreases linearly while the series resistance does not present a significant variation [37,38,39,40]



The effects of the irradiance incident on BPV is more complex than MPV. The BPV module’s rear side generally presents a distorted rear side I-V characteristic due to the self-shading effect caused by junction box, cabling, frame, label and mounting frame [41]. Additionally, the rear side irradiance is mainly composed of diffuse and reflected irradiance which makes it likely to be non-uniform [42]. According to the IEC TS 60904-1-2 [43], the characterisation process of BPV can be performed with single-side illumination or bifacial illumination. Schmid et al. [41] performed a comparison between these two methods and results show that the deviation of the short circuit current (  I  s c   ) obtained from each method was below   ±  0.3 %   . The open-circuit voltage (  V  o c   ) obtained did not present significant changes according to the method used. Additionally, this study has shown that for low irradiance levels the maximum power point (  P  m p   ) is more affected in the single-side illumination method. This occurs due to the effect of the shunt resistance, which is described in Section 3.1.2. Although, for higher irradiance levels of the bifacial illumination, the power output is lower due to the effect of the series resistance.




3.2.2. Temperature


The irradiance incident on the PV module can be absorbed by the cell or transmitted through it. The fraction of the irradiance transmitted is mostly IR (or near) light and it can be conducted through and out of the module, absorbed or reflected back to the cell. The portion of the solar irradiance absorbed by the solar cell is partially converted into electricity and heat due to conversion losses. The higher module’s operating temperature compared to the ambient temperature comes from the wasted energy generated during the photovoltaic energy conversion. From the irradiance incident on the surface of the PV panel, approximately only 20% is converted into electricity. The majority of the wasted energy is converted into heat [44]. This heat impacts directly on the power output of the modules and their efficiency. Many authors consider that parameters such as open-circuit voltage, short-circuit current and maximum power voltage vary linearly with the temperature [45,46,47,48]. The temperature has very little effect on the current although the increase in temperature shows a significant reduction of the open-circuit voltage, maximum power and Fill Factor [44,45,49,50], as shown in Figure 7. In the worst cases, the long time high operating temperature condition can cause irreversible degradation effects.



As BPV are capable of absorbing extra irradiance from their rear side, some researchers argue that the operating temperature of BPV is higher than MPV [51]. However, others defend that the BPV operating temperature is cooler compared to MPV due to the higher infrared (IR) light transmission through a BPV [52,53]. Lamers et al. [52], compared the heat balance of a monofacial Al-BSF solar cell, a white back sheet, and a glass-glass bifacial n-PERT solar cell. Results indoors show that the glass-glass structure presented a 12% higher effective heat compared to MPV with white back sheet when illuminated with 1000 W/m   2   on the front and 200 W/m   2   on the rear side. Although, in outdoor operating conditions, the glass-glass bifacial module presents a lower temperature than MPV, especially under high levels of irradiance, despite the higher power output and the higher effective heat input. Although, BPV modules suffer the effects of the self-shading on the rear side due to connections, frame, and mounting structure, which might affect the operating temperature of the modules. It is expected that glass-glass BPV modules present a less significant self-shading effect due to the absence of a frame. Both bifacial modules types (glass-glass and glass-foil) present a considerable temperature non-uniformity at different points of the module’s area. As presented by Kenny et al. [54], this non-uniformity can reach approximately 6    ∘  C and vary throughout the day.






4. PV Module Degradation


The term degradation is defined as a gradual deterioration of the characteristics of a material, component, or system. This deterioration may cause an impact on the system capacity to operate within the expected limits and therefore impact directly on their operating conditions [13]. For crystalline silicon solar cells (c-Si), the most frequent degradation causes are the discolouration of the encapsulant, microcracks, potential induced degradation (PID), light-induced degradation (LID) and light and elevated temperature degradation (LeTID). These types of degradation will be described in more details in the following subsections.



4.1. Encapsulant Discoloration and Delamination


C-Si PV modules correspond to the largest proportion of the market share worldwide, occupying a total of 95% [5]. These modules are composed of a front glass, solar cells, and metal contacts involved by a polymeric encapsulant and a back sheet. The module encapsulant places an important role in the bonding multiple layers that compose a PV module. This encapsulant must have high optical transmittance, provide good adhesion to the different materials within a PV module, and have the capability to support mechanical stress due to expansion caused by different thermal coefficients, as well as good dielectric properties [55]. These characteristics are essential to improve the solar irradiance reaching the PV cell’s surface and the resilience of the PV module exposed to outdoor conditions. In the PV market, Ethyl Vinyl Acetate (EVA) is the most used encapsulant material due to its low cost and high thermal stability [56]. This material has the disadvantage of yellowing or browning when exposed to UV light and high temperature for a long period [55]. This change in the color impacts the material transmissivity and reliability of the PV module as described in Figure 8.



One of the initial effects is the reduction of the transmissivity of the encapsulant caused by the change of the encapsulant color as represented in Figure 9b. This effect occurs when the module is exposed to UV radiation and temperatures above 50    ∘  C [58]. The intensity of the discoloring varies from yellow shade, brown, and dark brown. This discoloration impacts the amount of solar irradiance that reaches the surface of the solar cell. As a consequence of the lower irradiance levels, the short-circuit current   I  s c    of the cell/module reduces, as seen in the I-V curve in Figure 10. impacting directly on the module’s efficiency [56,57].



Another problem caused by the degradation of the encapsulant results in a chemical effect. In the degradation process of the EVA, acetic acid and other volatile gases are produced. These gases get trapped within the layers of the PV module, creating bubbles and causing the delamination of the layers as represented in Figure 9c. This impacts significantly on the performance, safety, and reliability of the PV module. Additionally, acetic acid causes corrosion of the metallic contacts of the solar cells, which increase the losses due to the increase of the module’s series resistance (  R s  ) [57,60]. The change in colour of the encapsulant and the appearance of bubbles, delamination, and corrosion, do not appear evenly on the surface of the module. This contributes to the increase of mismatch losses, which can affect BPV due to the rear side mismatch as explained in Section 5.2.



Most studies regarding the module degradation due to the exposure to UV light focus on the degradation of the EVA encapsulant [16,57,59,60]. Realini et al. [61] performed a study from 1982 to 2003 on a monofacial system installed in Switzerland. The analysis showed that 98% of the modules presented yellowing of the encapsulant. The effect of the discoloration of the encapsulant was directly related to the severity of the discolouring. For partially yellowed modules, the short-circuit current showed a reduction of 6–8% below the nominal value; while for complete yellowed modules, the short-circuit current can be from 10 to 13% less than the nominal value. Consequently, the module maximum power is also reduced according to the intensity of the discolouring [59] as seen in Figure 10.



Indoor tests performed on bifacial cells without the encapsulant and exposing the front and rear side to the same irradiance levels, showed that the rear side passivation layer is more sensitive to UV light than the front side. In PERC type cells, the degradation caused a significant drop in the   I  s c    [62]. The power loss of the rear side showed to be 2.4% per year while the front side only 1.4% per year [62]. Although, with EVA encapsulant and outdoor conditions, the front side of the module receives a higher dose of irradiance compared to the rear side. Albadwawi et al. [16] found that in extreme desert conditions, the front side discoloration can cause a degradation of 1.3–1.88% per year while for the rear side, this degradation is around 0.39–0.78% per year. Additionally, as BPV modules use common double glass technology, they showed to be more likely to trap acetic acid and gases produced during the degradation of the encapsulant as the glass layer is less breathable than a back sheet [63].



Strategies to minimise the effect of discoloration and the formation of acetic acid commonly found in EVA encapsulants have been the focus of many studies [61,64]. One of the solutions would be the replacement of the EVA as the encapsulant for Polyolefin elastomers (POE) or Thermoplastic elastomers (TPO) which are starting to be used as encapsulants in small scale. The benefit of using these material is the higher transmittance and the higher chemical inertness compared to EVA. No hydrolysis or acetic acid occurs using POE or TPO encapsulants [64].




4.2. Microcracks


Microfissure or microcracks can occur at different stages of the solar PV module’s lifetime. The fabrication, transport, and handling of PV modules require attention due to the risks of mechanical impact, which can create small cracks on the PV cell [65]. Microcracks in PV cells can appear or worsen during transportation, installation, load, environmental stresses, or even improper cleaning or maintenance. On the field, the modules in operation are exposed to climate conditions, which might threaten the performance of the device, such as high-speed wind, rain, and snow. These factors can cause mechanical stress and/or thermal stress, which can damage the cells and create microcracks [66]. This issue increases the likelihood of power loss and even the occurrence of hot-spots [67]. Table 3 shows the main environmental and mechanical stresses that can lead to microcracks on the PV module.



These microcracks vary in size, shape, position, direction, and severity. Each classification affects the performance of the PV system in different intensities, as summarised in Figure 11. In terms of sizing, it is considered a microcrack when its width is inferior to   30  μ  m. Fissures wider than   30  μ  m are classified as macrocracks [13]. Regarding the shape, two main patterns are described, which is the line and start shape [68]. The line cracks are usually caused by scratches, which frequently initiates during the crystalline silicon (c-Si) wafer sawing or laser cutting. On the other hand, the star cracks originate from a point of impact, causing mechanical stress to the surface of the cell, which creates several line cracks in different directions and that normally cross each other [69]. The fissures can also be classified in terms of their position, which can be facial or subfacial. Facial (or visible) cracks are positioned on the surface of the cell, while subfacial cracks are located below the surface, or have their origin on the surface and propagate in-depth [68].



In terms of the direction of the cracks, it can be divided into six categories; which are diagonal cracks, parallel and perpendicular to busbars,   ± 45     ∘  , dendritic and multiple directions, as can be seen in Figure 12.



Regarding the severity of the microcracks, Kontges et al. [65], classified microcracks into three different categories: Mode A, B, and C, as shown in Figure 13. Mode A fissures do not represent a significant power loss [65], as they do not generate inactive areas on the cell (electrically disconnected pieces), although they are a weak point on the cell and can eventually evolve to more severe cracks such as modes B and C when exposed to outdoor conditions with heat, wind, or snow [70].



Many researches have studied the impact of microcracks on the electrical characteristics of the module [13,65,67,68,70]. Bdour et al. [67] performed a study on the different effects of different shapes and sizes of microcracks on the power loss of a PV system. They estimated that the microcracks correspond to a power loss of 0.82% to 3.21% for poly-crystalline modules and 0.55–0.9% for mono-crystalline technology. Lien et al. [71] performed several tests indoors to represent the degradation for monofacial PV and bifacial PV with double glass in variable environmental conditions and mechanical stress based on the IEC 62892. For the mechanical strength test, BPV showed to be more resilient, with less tendency to cracks and less power degradation. This result is mainly because most BPV modules have double glass front and back layers, which improve the module’s resilience to mechanical stress compared to the glass, EVA, cell, EVA, and back sheet structure.



The power loss caused by microcracks becomes significantly bigger when parts of the solar cell disconnect electrically from the rest of the cell, as the generation of a PV solar cell is directly proportional to the active area. Therefore, microcracks become a serious issue when portions of the cell become electrically isolated. This means that there will be areas with no current collected from the fingers to the bus bar of the cell. An inactive area of 50% or higher can lead to a power loss of one-third of the module’s power. This happens due to the activation of the module bypass diode, which shortcuts the portion of the PV module with a significant crack [72], as seen in Figure 14.



The effect of microcracks on C-Si cells can be seen in Figure 15. The presence of micro fissures on the cells can cause a reduction of the short circuit current and shunt resistance. When the cracking of the cells is not uniform throughout the module, the I-V curve is commonly stepped [73].



Strategies to overcome and reduce the occurrence of microcracks on the solar cell have been studied at the cell, module, and system levels. At the cell level, a common crack that occurs is when part of the effective area of the cell is lost as the crack occurs beyond the outer busbars and the edge of the solar cell. The current from the detached portion of the cell can not be collected by the busbars. On the other hand, when the crack is located between two busbars, the redundancy of the busbars allow the current from the cracked region to still be collected although an increase in the resistive losses in the fingers is expected. Therefore, an alternative to reduce the effects of power loss caused by microcracks is to increase the number of busbars and re-position the outer busbars closer to the cells edge [70]. At the module level, despite the soldering strategies to reduce the damage on the semiconductor, construction strategies such as glass-glass modules can be used to reduce the propagation of microcracks. With this technology the cell is positioned in a neutral point, and less likely to suffer tensile stress. At system level, maximum power point tracking (MPPT) strategies, the use of microinverters and charge controllers can help overcome the losses caused by under performing modules [68,70]




4.3. Potential Induced Degradation


The potential-induced degradation (PID) effect has been considered the most frequent problem in crystalline silicon cells [8,74]. This phenomenon originates from the movement of static electrical charge (leakage current) between the solar cell and the grounded structure of the module due to a large potential difference [75]. This failure can cause a substantial and rapid loss normally up to 30% of the initial power which leads to a considerable financial impact [74,75]. Studies have shown that PID can affect both p-type and n-type cells, although heterojunction cells seem to be more resilient to this degradation due to the conductive transparent conducting oxide layer [75].



The difference of the electric potential between the solar cell and the module’s frame in p-type solar cells can cause the migration of sodium ions (  Na +  ). These   Na +   ions diffuse into stacking faults of the silicon lattice, reaching the semiconductor pn-junction. Consequently, direct metallic shunt paths are created, which reduces the cell’s shunt resistance. This reduction of the shunt resistance directly affects the fill factor (  F F  ) of the I-V curve. In cases where the degradation level is up to 40%, the short-circuit current and open-circuit voltage are not affected. Although, any degradation above this value will make the short-circuit current and open-circuit voltage drop drastically [74]. This degradation was defined by Neymann et al. [76] as “PID of the shunting type” (PID-s). Another PID found in p-passivated emitter and rear cell (PERC) solar cells is the “PID of the polarisation type” (PID-p). This type of PID can increase the surface recombination by deteriorating the normal functioning of the passivation layer. This deterioration occurs due to the negative charge present in the   AlO x   present in the rear side passivation layer is canceled by the positive charges present in the   Na +   ions [77,78]. This type of degradation can drop   I  s c    and   V  o c    significantly, but the decrease in FF is small [79]. Figure 16 shows the effect of PID-s and PID-p on the front and rear side I-V curves of BPV cells.



To generate energy from both sides of the module, bifacial cells have the rear side only partially covered with metal contacts. Although it allows a photocurrent to be generated from the irradiance incident on the rear side, it affects the electromagnetic shielding of of the passivating   AlO x  ,   SiN y   layers and the bulk  Si  [81]. As a consequence, bifacial PV cells are more vulnerable to PID. Bifacial p-PERC cells affected by bifacial PID suffer from shunting of the pn-junction (PID of the shunt type - PID-s) and an increase in the surface recombination at the rear side (PID of the polarised type - PID-p) [74]. BPV modules with double glass and EVA encapsulant are more susceptible to PID as there is an increase in the availability of   Na +   ions from the glass. The use of polyolefin encapsulants can prevent or reduce the occurrence of PID [82]. Additionally, studies have shown that the rear side of the bifacial cell is more affected by PID than the front side in both degradation level and degradation rate [8,74].



Both PID-s and PID-p can be reversible. To revert the degradation effects, the cell can be placed under a positive bias compared to the grounded frame or by increasing the module’s temperature, which is not easily feasible in outdoor conditions. Another solution to revert the PID-p effect on p-PERC cells is by exposing the module to light [8,74,79]. Additionally, PID can be prevented at different stages. At the cell level, increasing the refractive index of the anti-reflective coat can reduce the susceptibility of PID to occur [83,84,85]. For modules, different materials known as “PID resistant” or “PID-free” can be used as encapsulants, or materials such as borosilicate glass can be used in the fabrication process to protect the module against the PID effect. At a system level, the ground can be modified/configured to make the electrical field repel the   Na +   ions move away from the solar cells [74,83].




4.4. Light Induced Degradation


The defects caused by classical impurities are widely explored and understood, on the other hand, degradation such as light-induced degradation (LID) and light and temperature-induced degradation (LeTID) still need attention and further studies especially with the improvement of the cell structure using surface passivation layers [86]. These degradations have shown to be more significant in the PERC technology. PERC technology improved the efficiency of the existing solar cells, enabling efficiency levels of 21–24% without a significant increase in price [87]. In PERC p-type multi-crystalline silicon cells, the effect of LID can cause a reduction in the power output of the module at the maximum power point (MPP) by around 10% [88,89]. This Light Induced Degradation (LID) is caused by the natural exposition of the PV modules to solar irradiance and an excess of carrier injection by above-bandgap illumination or forward biasing [90]. In the I-V characteristics of the solar cell or module, LID can be seen as a reduction of the short-circuit current and open-circuit voltage as shown in Figure 17. This behaviour in the I-V characteristic curve is due to the increase in minority-carrier recombination in the bulk of the c-Si [90]. Despite the extensive studies regarding LID, the actual recombination-active defects which are responsible for causing the degradation, are still not identified.



Researches suggest a relation between LID with certain dopants used in solar cell fabrication. The most common defect is caused by the dopant boron and the residual traces of oxygen present in the silicon during the formation of the silicon ingot [75]. This type of LID is known as boron-oxygen LID (BO-LID) due to the formation of a boron-oxygen complex [90] and occurs mainly in Czochralski Silicon (Cz-Si) cells and Float-Zone Silicon (Fz-Si) cells [92]. The boron-oxygen molecules are generated due to the exposition of the cell to sunlight. This effect occurs during the first few hours of light exposure at ambient temperature and is detected by the monitoring of the system performance for the first week after installation [75]. These boron-oxygen molecules can absorb the photo-generated electron-hole pair, which leads to a reduction of the cell’s short-circuit current and maximum power [75]. BO-LID can be permanently deactivated by simultaneous illumination and annealing using one sun irradiance intensity at temperature levels of 60–300    ∘  C [93]. This method can dissociate the B-O complex [94], although, as the temperature required for the reversion process is considerably high, it is unachievable in the field. Therefore, it makes the failure hard to recover for modules in operation. For this reason, to prevent this degradation, the manufacturer must perform preliminary light soaking tests on the cells/modules for the correct standard qualification according to the IEC 61215.



Another type of LID is related to the dissociation of iron-boron (FeB-LID) pairs and is more common in multi-crystalline silicon cells (mc-Si) [92]. Under dark condition, the positively charged atoms of iron associate with the negatively charged boron atoms. These Fe-B complexes that are formed do not affect cell efficiency and have very narrow energy levels. On the other hand, under illumination, there will be a shift in the Fermi level. This shift caused the neutralisation of the iron ions and the separation of the iron atoms from the boron atoms. The free iron atoms cause higher carrier recombination while the cell is exposed to sunlight. Therefore, the dissociation of the Fe-B pairs causes an efficiency loss, especially in cells with high iron contamination during the first few minutes of light exposure [91]. More research and a better understanding of both LID and LeTID are of extreme importance in order to potentially reduce the degradation effects caused by light or light and temperature-induced degradation, which increase the losses and the uncertainties regarding the performance of the system in the field.




4.5. Light and Elevate Temperature Induced Degradation


Another degradation effect caused by the exposure of the cell to light, is the Light and elevate Temperature Degradation (LeTID). This degradation was first discovered in 2012 [95] and it causes loss in module performance when the cells are exposed to both light and elevated temperature (>50    ∘  C) for a long period. It has been reported that LeTID does not occur if the module operates at a temperature below 50    ∘  C or if it operates above this temperature for a short period [75]. This degradation has been reported to appear if the manufacturing process of the solar cell involves a high-temperature exposure followed by an abrupt cooling [75]. Similarly to LID, LeTID affects solar cells dielectrically passivated on the rear side (PERC) more significantly than aluminium back surface field (Al-BSF) cells [96]. Although no method of detection and prevention has been agreed to date, studies have shown that LeTID happens at a much slower degradation rate than what has been experienced with LID [75]. It can take years of exposure to sunlight and elevate temperature until the cell start showing sings of LeTID.



The origin of LeTID is still unknown, although numerous studies have suggested a relation between high concentration of weakly bonded hydrogen in the region near the passivation layers of the cell as a cause of LeTID [88,97,98]. The hydrogen is released from the hydrogen rich SiNx:H (Hydrogen-Rich Silicon Nitride) layer during the rapid thermal annealing (RTA) and its amount varies with the thickness and composition of the layer [18,99]. Under illumination and high temperature exposure for a long period, hydrogen atoms can bond to silicon atoms, which can give rise to a slow degradation of the maximum power which can reach values up to 7% [75]. This degradation caused by LeTID can be reversed naturally but sometimes not completely. The reversion process happens when the cell is exposed to the same high-temperature condition that causes the degradation for some time [75]. The occurrence of LeTID is independent of the dopant used in the cell, therefore it can affect both p-type or n-type silicon cells [97]. This degradation can take many years to recover in systems installed in field, which causes a significant loss in the energy yield over time [100].



The studies for the effect of LeTID in BPV cells are limited. Zhang et al. [101] performed a study to compare the effects of LeTID in MPV and BPV ms-Si cells and modules. For bifacial PV modules, the effects of LeTID is less significant than the ones found in multi-crystalline PERC monofacial modules. The suggested reason for the lower values of LeTID in bifacial cells is that the bifacial rear SiNx:H layer introduces less hydrogen into the silicon bulk compared to monofacial [101]. In his study, Zhang et al. also submitted both monofacial and bifacial PV cells to accelerated degradation condition by using a current injection (CID) of 3.5 A and 105    ∘  C. The results showed similar degradation for both cells up until 4 h of exposure. After that, bifacial cells presented lower levels of degradation. Although, the studies of the normalised defect density in the cell due to the impact of SiNx:H on the rear side in the degradation showed a lower amount of hydrogen in bifacial cells and a lower LeTID, even at the start within the 4 h. Therefore, it was suggested that the similar degradation within the first 4 h may be caused by a different degradation but not by LeTID.



At modules level, when exposed to 40 kWh/m   2  , both monofacial and bifacial PV modules had the same relative degradation of 1.3%. As the solar radiation levels increases to 100 kWh/m   2  , bifacial PV modules degradation only increase 0.1% while monofacial increased 0.6%. More research on the effects of LeTID in bifacial PV modules is needed, although, based on [101] it can be expected that the LeTID effects on bifacial modules will be less significant.



The LeTID recovery process requires the exposure of the cell to high temperature treatments. The higher the temperature, the cell is exposed to in the recovery process, the faster is the recovery process. However, it was found that high temperature recoveries can lead to an incomplete recovery of LeTID. Studies are still being performed to identify the threshold between time, temperature, and LeTID recovery [92].




4.6. Soiling


Also known as natural dust effect, it is caused by airborne particles of dust that deposit on the external parts of a PV module over a period of time. These particles vary on type and size from 1  μ m to 500  μ m [102]. Although soiling of the module is not standardized as a PV module failure[72], it significantly impacts the performance of a PV system by partially shading it. The dust particles can act as dielectrics by absorbing the irradiance, or by changing the angle of incidence of the irradiance on the surface of the module. Both issues result in the decrease of the total irradiance reaching the module’s surface [102]. For monofacial modules, it has been shown that the soiling degradation can reduce the power output from 2% to 60%. This variation depends on the time, the area with the particles accumulation, and the cleaning strategies [103]. The soiling effect becomes a higher threat in locations with high relative humidity, which may increase the stickiness of the soil particles. As a result, the cleaning capacity of wind and rain will be reduced [104]. The intensity of soiling varies for each specific location.



The solution to minimize the degradation effects caused by soiling is the application of strategic cleaning routines [105]. However, cleaning strategies are not the only solution to overcome soiling. Researchers have identified methods to remove the dust accumulated on the surface of the module by using electrodynamics screens (EDS), super hydrophobic plane (SHOP), and super hydrophilic plane (SHIP). In the EDS method, electrodes are positioned on the solar module and provide a self-cleaning strategy by the generation of an electric field. This method presents a 90% efficiency in less than 2 min cleaning and utilizes less than 0.1% of the energy generated by the collectors [106]. SHOP and SHIP strategies have the benefit of being passive cleaning methods, which means that there is no requirement of power input. The SHOP method uses a hydrophobic coat. This method shows high efficiency at cleaning under raining weather, although it is considered inefficient for dry dust [107]. The SHIP method uses a nano-film of titanium oxide, chemical coating, and nano-patterned fabrication of glass surface to create a super hydrophilic surface. This method has the benefits included in SHOP and it can chemically break down the organic particles of dust through a reaction with the UV light in a photocatalytic process [107]. It is more durable than SHOP. However, it acts as a dust suspender, therefore regular washings are still required to wash off the dust, especially in dry climates [107,108].



For bifacial, the cleaning process of the rear side is not as straight forward. Luque et al. [109], performed an analysis comparing the degradation rate between MPV and BPV modules in Chile by measuring the short-circuit current. It was found that the degradation rate from soiling is much lower for BPV technology (approximately 21.6%). The average soiling degradation rate for MPV was 0.301% whilst BPV was 0.236% on the front side. It was observed that soiling does not have much impact on the rear side, showing an average of 0.039%, nearly 85% lower than the front side. Bhaduri et al. [110] compared the effects of soiling in MPV and BPV mounted at a latitude tilt angle and vertically in Mumbai. The results showed that vertically mounted BPV modules are more resilient to soiling effects compared to vertical MPV modules and tilted MPV and BPV modules. The gain obtained from the vertically installed BPV module surpassed the tilted BPV after three weeks without cleaning. The soiling degradation rate for MPV and BPV modules mounted at a tilt are similar. For monofacial the average soiling loss rate per day was 0.40% whilst bifacial is 0.39%. On the other hand the degradation rate for BPV modules installed vertically was 0.02% per day.





5. Mismatch Effects


5.1. Partial Shading on the Front Side


Photovoltaic systems are highly susceptible to partial shading. As the principle of operation of solar cells relies on the irradiance levels incident on the area, shading can cause a significant drop in the power output. The shading can originate multiple peaks in the I-V and P-V curves which makes maximum power point tracking more challenging [111].



In the worst case, when a PV cell that composes a PV module is shaded or partially shaded, it can become reverse biased and start to act as a load, which will dissipate the current coming from unshaded cells. This phenomenon can cause a considerable increase in temperature and originate a hot spot [59]. The hot spot is originated when the reverse built-up voltage across the shaded cell is above the breakdown voltage. This high increase in temperature can compromise the lamination of encapsulated materials and, in worse cases, cause permanent damage to the cell due to thermal breakdown.



It was initially believed that the power output dropped linearly as the intensity of the shaking increased. However, researchers have found that there is a critical point where the power drop decreases significantly [112,113,114]. Teo et al. found that when a PV module is shaded by an identical partial shading pattern, the maximum power drops at a rate of approximately 6.22% per 100 W/m   2   for irradiance on the shaded modules from 1000 W/m   2   to 700 W/m   2   and slows down to 0.24% per 100 W/m   2   from 700 W/m   2   to 0 W/m   2  [112].




5.2. Irradiance Non-Uniformity on the Rear Side


For bifacial PV devices, the energy gain from the rear side also brings a higher sensitivity to irradiance mismatch compared to MPV technology. This mismatch sensitivity occurs as BPV is affected by not only the partial shading on the front side but also the irradiance non-uniformity of the rear side of the module [18].



The non-uniformity of the irradiance in monofacial PV modules is considerably less significant compared to bifacial devices. The current mismatch in MPV devices has to be considerably high to cause a significant impact on the power generated by the string [115]. Although, for bifacial modules, the irradiance that reaches the rear side of the module varies according to many factors, such as a mounting structure causing self-shading, clearance height, pitch, tilt, and the ground albedo. As a result, this non-uniformity of the irradiance causes a reduction of the short-circuit current of the module and shift its maximum power point to a lower value [116].



Bifacial modules installed on a large rooftop system show a brighter bottom due to the direct irradiance reflection from the rooftop. This brightness decreases as it approaches the middle region of the module but it increases towards the top area due to a greater field of view to the diffuse sky surroundings [7,116].



Zhang et al. [18] performed an experimental evaluation of the influence of the front side partial shading and rear side non-uniformity on bifacial PV modules compared to the mismatch effect on monofacial PV modules. The comparison was performed by analysing the electrical and thermal variations on both technologies under a different shading ratio on the front side. The influence of the rear-side non-uniformity was investigated by observing the operating voltages of bifacial PV cells under certain conditions. Zhang observed that the partial shading on the front side of a bifacial PV module can cause an increase in the operating temperature of the cells, as the irradiance received on them is still higher than the irradiance on a monofacial cell, even when the bypass diodes are activated. However, the study proved that although the rear side irradiance non-uniformity can cause a significant drop in the short-circuit current and consequently the maximum power output, it will rarely cause issues such as reverse bias and hot spot. This is due to the equivalent non-uniformity of the irradiance being limited and the logarithmic increased relationship between the voltage deviation and irradiance deviation of each solar cell.





6. Discussion


This review has presented a contribution to the existing literature, which to the authors’ best knowledge has not previously considered the effects of the degradation on BPV modules nor performed a comparison with the degradation effects faced by monofacial technology. Table 4 summarises the impact of each degradation on the I-V characteristic curve of the modules and the percentage of loss for MPV and BPV technologies.



The focus on the effects of UV light on the degradation of PV modules in operation lays mainly on the degradation of the encapsulant. This degradation can lead to a reduction of the photocurrent generated by the module due to the reduction of the transmissivity of the encapsulant layer. According to Albadwawi et al. [16], even under extreme desert condition, the front side of the front side of bifacial module is more prone to discoloration than the rear side due to the exposure to a higher proportion of direct sunlight. Therefore, it is expected that the overall module degradation due to discoloration of the encapsulant is similar for MPV and BPV modules, as both technologies use predominantly EVA as the encapsulant layer. Although, as BPV technology is expected to adopt mostly the glass-glass front and back layers, it is expected that these modules may suffer more effects from the production of acetic acid and volatile gases during the degradation of the EVA encapsulant. These gases are more likely to accumulate and form bubbles due to the fact that the glass layer is not as breathable as a polymer back-sheet. Alternative solutions have been proposed by replacing EVA for Polyolefin Elastomers (POE) although this material is at least 30% more expensive [5].



Microcracks are a severe irreversible issue for wafer-based silicon solar cells. Recently, aiming cost reduction in the fabrication process, the thickness of the solar cell decreased from   300  μ  m to less than   200  μ  m or less [73]. These cracks can remove more than 10% of the effective area of the electric circuit of the module [73]. The fissures on the cell can lead to part of the cell being disconnected electrically from the module. The losses due to micro crack are directly proportional to the inactive area of the module. An inactive area of 50% or more in a cell can lead to a power loss of one-third of the nominal module’s power [72]. Studies on the effects of this degradation on BPV technologies are limited, although, as the material and thickness of MPV and BPV technologies are relatively similar [118], it can be expected that the likelihood of microcracks are similar. The resilience to cracks relies on the layers of the module and their resistance to mechanical stress. As BPV technology mostly used a glass-glass interface, it is more resistant to mechanical load. However, that is completely due to the glass layers, other than the bifacial technology itself.



PID shows a more significant impact on BPV technology. This is mainly led by the reduced electromagnetic shielding provided by the metal contacts on the rear side. In addition, most BPV modules use glass-glass technology which, although it provides less shading specially on the rear side due to frame or mounting structure, increases the concentration of   N  a +    originated from the glass material. PID can occur on BPV modules simultaneously on the front and rear sides. The rear side of the BPV module showed to be more vulnerable to PID. Experiments showed that under front side illumination, PID can cause a power loss of up to 50%, while under rear side illumination the loss can reach values of 68% [80].



LID and LeTID are caused by the natural exposition of the cells to solar irradiance (LID) and solar irradiance and high temperatures (LeTID). LID and LeTID can affect MPV more significantly than BPV. The suggested reason for the lower values of LeTID in bifacial cells is that the bifacial rear SiNx:H layer introduces less hydrogen into the silicon bulk compared to monofacial [101].



In operation, the modules are exposed to the effects of dust accumulation on the front and rear surfaces. This accumulation of airborne particles is called soiling and though it is not considered a module’s failure, it can impact significantly on the performance of the module decreasing the power from 2–60%. The losses caused by soiling have been shown to be lower for BPV compared to MPV even on the BPV module’s front side. Additionally, the rear side of BPV modules is considerably less affected by soiling. In extreme conditions [110], studies have shown that the rear of the effect of soiling is 85% less aggressive than the front side. BPV systems are even more resilient to soiling when installed vertically. In this conditions the degradation rate drops to 0.02% per day



Figure 18 summarizes the order of impact of different degradation types on MPV and BPV. The figure highlights the degradation impact on the total power loss and shows it from the highest loss (red) to lowest loss (green) for each technology in extreme conditions.




7. Conclusions


This review highlighted the main degradation factors that can affect the current and voltage characteristic curve of C-Si solar cells. A comparison of the impact of degradation of MPV and BPV modules was provided. Microcracks are a degradation that can affect MPV and BPV similarly. As the loss is directly related to the active area of the module, this degradation can lead to the activation of the bypass diodes, which can reduce the power output by 33% for each bypass diode activated. MPV devices have shown to present a higher resilience to degradation such as PID and potentially encapsulant discoloration compared to BPV devices. PID losses can reach high values for MPV (30%) although, it can be significantly worse for BPV, especially for the rear side (50% power loss for front side illumination and 68% for rear side illumination). The reason being it is due to the reduced electromagnetic shielding as the rear side is only partially covered by metal contacts. Additionally, most BPV modules use the double glass front and rear layers with the EVA encapsulant, which showed to be more prone to PID due to the increase of   Na +   ions from the glass. On the other hand, this double glass technology allowed BPV modules to be more resistant to microcracks compared to MPV that use glass-back sheet. Finally, although the degradation caused by exposure to light (LID) and to light and elevated temperature (LeTID) are still vague, studies have shown that BPV modules are less affected by them. For LeTID, the higher resilience of BPV is due to the   SiNx : H   layer in bifacial modules that introduce less hydrogen into the silicon bulk. The LeTID losses of MPV and BPV are similar for solar radiation levels up to 40 kWh/m   2  . Above this value, the degradation on MPV happens much faster and can reach values of 7% of power loss, while for bifacial this degradation showed a loss of 1.5% after 2000 h of exposure to high radiation and temperature. Additionally, BPV technology has the potential to mitigate the power loss caused by soiling. BPV modules are more resilient to degradation caused by soiling due to the rear side generation. This becomes even more significant for BPV modules installed vertically. On the other hand, BPV modules are affected not only by partial shading on the front side but also on the rear side. The rear side of the module is highly susceptible to partial shading caused by different albedos, self-shading, and shadows, which directly affect the short-circuit current and maximum power output of the module.
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Figure 1. Ideal shape of solar cell I-V characteristic curve. 
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Figure 2. Ideal shape of solar cell I-V and P-V characteristic curves. 
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Figure 3. Solar cell equivalent electric circuit that represents the electrical performance solar cells. (a) Equivalent circuit of a monofacial PV solar cell, (b) Equivalent circuit of a bifacial PV solar cell. 
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Figure 4. Effect of different series resistance (  R s  ) on the I-V curve of the cell [35]. 
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Figure 5. Effect of different shunt resistances (  R  s h   ) on the I-V curve of the cell [35]. 






Figure 5. Effect of different shunt resistances (  R  s h   ) on the I-V curve of the cell [35].



[image: Energies 14 07935 g005]







[image: Energies 14 07935 g006 550] 





Figure 6. Effects of different levels of irradiance incident (G) on the surface of the PV cell on the I-V curve of the cell [35]. 
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Figure 7. Effects of different operating temperature levels of the cell (T) on the I-V curve of the cell [35]. 
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Figure 8. Encapsulant discoloration causes and effects [57]. 
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Figure 9. Degradation of PV module. (a) Ideal cell, (b) Discolouring effect, (c) Delamination effect. 
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Figure 10. Encapsulant degradation effect on I-V curve [59]. 
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Figure 11. Classification of PV solar cell cracks according to the shape, directions, position, and severity of the cracks. 
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Figure 12. Classification of crack directions. Types of cracks from left to right: No crack, perpendicular crack, parallel crack, dendritic crack, multiple directional cracks,   + 45     ∘   cracks and   − 45     ∘   cracks (Reprinted from Renewable Energy, Vol 145, Lamprini Papargyri, Marios Theristis, Bernhard Kubicek, Thomas Krametz, Christoph Mayr, Panos Papanastasiou, George Georghiou, Modelling and experimental investigations of microcracks in crystalline silicon photovoltaics: A review, 2387–2408, Copyright (2021), with permission from Elsevier) [68]. 
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Figure 13. Electroluminescence microcrack modes A, B, and C (Reprinted from Solar Energy Materials and Solar Cells, Vol 95, issue 4, Kntges, M., Kunze, I., Kajari-Schrder, S., Breitenmoser, X., Bjørneklett, B., The risk of power loss in crystalline silicon based photovoltaic modules due to micro-cracks, 1131–1137, Copyright (2021), with permission from Elsevier) [65]. 






Figure 13. Electroluminescence microcrack modes A, B, and C (Reprinted from Solar Energy Materials and Solar Cells, Vol 95, issue 4, Kntges, M., Kunze, I., Kajari-Schrder, S., Breitenmoser, X., Bjørneklett, B., The risk of power loss in crystalline silicon based photovoltaic modules due to micro-cracks, 1131–1137, Copyright (2021), with permission from Elsevier) [65].
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Figure 14. Bypassed cells due to cracks. 
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Figure 15. Microcracks degradation effect on I-V curve [73]. 
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Figure 16. PID degradation effect on I-V curve. (a) PID-s, (b) PID-p [74,80]. 
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Figure 17. I-V curve of simulated PV module with LID [91]. 
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Figure 18. Degradation scale for MPV and BPV. 
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Table 1. Definitions of the symbols used in Equations (1) and (2).
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	Symbol
	Definition





	  η  
	Efficiency



	   F F   
	Fill Factor



	   I  m a x    
	Maximum current



	   V  m a x    
	Maximum voltage



	   I  s c    
	Short-circuit current



	   V  o c    
	Open-circuit voltage



	   P  o u t    
	Maximum power output of the cell



	   P  i n    
	Power received per unity area (W/m   2  )



	G
	Irradiance incident on the PV cell



	A
	Area of the PV cell
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Table 2. Definition of the symbols used in Equation (3).
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	Symbol
	Definition





	I
	Output current



	   I s   
	Diode saturation current



	   I  p h    
	Photogenerated current



	V
	Voltage at the terminals of the cell/module



	   R s   
	Series resistance



	   R  s h    
	Shunt resistance



	n
	Number of cells connected in series



	a
	Diode quality factor



	k
	Boltzmann’s constant (  k = 1.3806503 ×  10  − 23     J/K)



	T
	Ambient temperature (K)
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Table 3. Causes of microcracks.






Table 3. Causes of microcracks.









	Environmental Causes
	Mechanical Stress





	Thermal cycling
	Inappropriate packing



	Humidity and freezing
	Inappropriate transportation



	Wind load
	Unsuitable installation techniques



	Snow fall/Hail stones
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Table 4. Power losses due to degradation processes.
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	Degradation
	Effects on Electrical Characteristics
	MPV
	BPV
	Prevention





	Irreversible
	Encapsulant discoloration

and delamination
	Reduction of   I  s c    and   I  m p   

for discoloration [73]

Increase of   R s   and

reduction of   F F   [73]

for delamination and

oxidation of metal contacts
	0.5% per year [14]

6 to 8% of the nominal   I  s c   

10 to 13% of nominal   I  s c    for

complete discoloration. [59]
	Glass-glass technology

more prone to acetic

acid trap and build up

increasing the likelihood

of bubbles

Front side losses

1.3–1.88% per year [16]

Rear side losses

0.39–0.78% per year [16]
	Replacement of

EVA encapsulant by

POE and TPO

encapsulants [64]



	Irreversible
	Microcracks
	Reduction of   I  s c    and   R  s h   

“Stepped” I-V curve if

the degradation is

non-uniform [73]
	Directly proportional to the

active area
	Directly proportional to the

active area
	Increase number of busbars

Re-position the outer

busbars closer to

the edge of the cell [68,70].

Glass/glass technology [70]



	Reversible up to

85% loss [74]
	PID-s
	Degradation < 40%:

Increase   R s  ,   R  s h   

and   F F   decreases,

  I  s c    and   V  o c    not significantly

affected. [73,74]

Degradation > 40%:

Increase   R s  ,   R  s h   

and   F F   decreases,

  I  s c    and    V o  c   drop

significantly [73,74]
	Normally up to 30% [74]
	50% power loss—

under front side illumination

68% power loss—

under rear side illumination [74]
	Indoors: Increase

module’s temperature[74,79]

Reverse bias the cell

compared to the

grounded frame

Increasing refractive index

of anti-reflective coat [83]

Use of Borosilicate glass

or POE or TPO encapsulants [64]



	
	PID-p
	Drop   I  s c    and   V  o c    but

very low effect on   F F  . [79]
	
	
	



	Reversible
	LID
	Reduction of   I  s c    and   V  o c    [91]
	10% power loss only p-type [88]
	p-type Bifacial Multi-Si 1%

after 300 kW/m   2  

exposure to outdoor light [117]
	Expose the cell to

illumination and annealing

of 1 sun

and temperature of 60–300    ∘   [93]

Preliminary tests

at manufacturers according

to IEC 61215 [94]



	Reversible
	LeTID
	Reduction of   I  s c    and   V  o c    [101].
	Up to 7% power loss p-type

and n-type [75].

For solar radiation

up to 40 kWh/m   2  , BPV

and MPV present similar

degradation (1.3%).

For higher radiation levels

the MPV degradation

increases faster

than BPV’s [101].
	Bifacial Multi-Si 1.5%

after 2000 h (8 years)

exposed to hot climate [117]
	Expose the degraded

cell to elevate temperature

and high irradiance [92]



	Reversible
	Soiling
	Reduction of   I  s c    and   V  o c    [109]
	In desert conditions

0.301% per day [110]
	In extreme conditions:

0.236% per year on the front side

0.039% per year on the rear side

0.02% vertical installations [110]
	Regular cleaning

Electrodynamic screens (EDP)

Super hydrophobic plane (SHOP)

Super hydrophilic plane (SHIP)
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