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Abstract

:

Crack issues afflicting a building integrated photovoltaics (BIPV) system are major concerns in terms of the system’s maintenance and power degradation. Although there may be many circumstances that bring about cracks in BIPV modules during the installation process, identifying the degradation of PV module efficiency resulting from the effects of cracks tends to be a very difficult task unless actual indoor or outdoor tests or detailed electroluminescence imaging tests are conducted. Many current studies have demonstrated that cracks may or may not impact the output performance of PV modules depending on the damage levels or where the damage is located. For BIPV applications such as replacement for building materials, there is still a lack of information and case studies addressing crack issues in a quantitative manner for evaluating BIPV output performance. Therefore, the objectives of this study are to investigate the effects of cracks in BIPV modules on power outputs and to identify detailed relationships between the cracks and power output based on experimental and simulated analysis. An experimental facility located in Daejeon, South Korea, was used to gather data from cracked and non-cracked BIPV modules. By using the field-measured data and facility’ information, a simulation model was developed using SolarPro software, and a simulated-based analysis was conducted to evaluate the impact of cracks in BIPV modules on output values after proper validation of the model. The results from this study reveal that cracks in BIPV modules exhibit significant degradation in BIPV modules’ outputs of up to 43% reduction during the experimental period. From the annual comparative results, output degradations of 34.6–35.4% were estimated when the BIPV modules included cracks. As a result, the cracks in the BIPV modules could be carefully addressed as issues occurring in the BIPV installation process.
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1. Introduction


Energy consumption in the building sector is expected to increase until realistic resolutions can be designed and implemented effectively [1,2]. This increase in building energy consumption has also led to concerns regarding the emission of carbon dioxide (CO2) in the coming years. In response to these issues, renewable energy systems have been gaining attention to reduce building energy consumption by generating on-site clean electricity [3], thus enabling buildings to reach potential reductions in greenhouse gas emissions [4]. With the growing adoption of renewable energy systems in buildings, low or net-zero energy buildings have been considered as a realistic solution to not only decrease building energy usage [5], but also to reduce greenhouse gas emissions in the building sector [6]. Although there are several renewable energy systems, such as photovoltaics (PV), fuel cells, and wind power systems, that can be applied in various ways to building parts, PV systems are well known as suitable renewable systems for building applications because of their benefits such as lower costs and relatively ease of installation and maintenance [7]. In general, there are two classified PV applications to buildings: (1) building-attached PVs and (2) building-integrated PVs (BIPVs) [8,9]. The use of BIPVs can provide better functionality for facilitating limited building spaces in an effective manner by replacing building envelope materials with PV modules [10]. Shukla et al. [11] provided a good overview of BIPV technologies. From their conclusion, BIPV systems have great potential for reducing building energy consumption, as well as providing an esthetical and modern appearance. Jakica et al. [12] also presented an overview of BIPV applications by focusing on design methodologies and tools to accurately and time-efficiently simulate BIPV models to evaluate the thermal and daylighting performance of buildings. Tripathy et al. [13] pointed out that the considerable factors for a successful BIPV project were proper orientation of BIPV systems, avoidance of shading effects, and fitting architectural designs, as well as avoidance of defective PV modules. Among these issues, cracks of cells in PV modules are a concern with PV system’s maintenance and power reductions in the adopt BIPV systems [14]. In addition, PV cracking may cause fire as a result of parallel DC arc faults [15]. However, it is difficult to recognize and evaluate the effects of cracks in PV modules [14,15,16], and these cracks may or may not lead to a strong degradation in PV power outputs depending on the situation [17]. For BIPV applications used as replacement for building materials, there are still a lack of information and case studies addressing crack issues in a quantitative manner for BIPV performance. Therefore, to fill this research gap, the objectives of this study are to investigate the effects of cracks in BIPV modules on power output and to identify the detailed relationships between the cracks and power output based on analysis of experiments and simulations.




2. Methodology


2.1. Overview of BIPV Modules


The three BIPV modules used in this study can be applied as BIPV or building-attached PV systems to declined roofs, vertical exterior walls, and common ground or rooftops. The three BIPV modules are all mono-crystalline silicon-type modules, but each BIPV module consists of different layers for each part of building envelope applications. The first type of BIPV module can be used for exterior wall applications, and its module consists of an exterior insulation panel and a mono-crystalline flexible PV module. The roof application module consists of an exterior roof finishing material and a mono-crystalline PV module. For the reference PV module, a common mono-crystalline PV module, including a glass-to-backsheet material, was used. Figure 1 depicts the three BIPV modules and their detailed sections.




2.2. Description of Cracked and Non-Cracked BIPV Modules


Cracks are one of the primary causes of BIPV module’s degradation because they can lead to disconnections of cell parts and thus to an output power loss [18]. In general, it is difficult to recognize and detect the occurrence of cracks with the naked eye except by employing detailed electroluminescence (EL) imaging tests, especially when these modules are installed on building parts. There are various types of cracks in PV modules, including diagonal cross cracks, parallel to busbar cracks, perpendicular to busbar cracks, and multiple direction cracks [19]. These cracks may or may not lead to power reductions because the power output of a PV module can be affected differently depending on whether cracked cells are located on the same string or on different strings [20]. Buerhop et al. [21] defined a “damage factor D” to quantify the degree of cracked damage of the PV modules and thus to gain a better understanding of the degradation of pre-cracked PV modules. Based on their classification criteria, the damage factor D can be classified into six classes to determine the weighting factors W according to the severity and the average of the cell damage factors. The damage factor D of the module can be calculated as


  D =    1 n    ∑   i = 1  n   W i   



(1)




where    W i    is a weighting factor and n is the number of cells in a PV module. For example, if the damage factor D is ≥1.7%, many cracks are present with higher average crack areas, and if the damage factor D is ≤1.7%, the defined class includes few cracks with small crack areas. According to the classification criteria defined in Buerhop et al.’s study, the cracks of the BIPV modules used in this study exhibit a relatively high damage factor D, being 25.2% and 30.7% for vertical and inclined modules, respectively. Köntges et al. [16] conducted an experimental analysis of the direct impact of microcracks on the module power and the consequences after artificial aging. In their study, microcracks of cells in PV modules were classified into modes A, B, and C, as shown in Figure 2, as follows:




	
Mode A: If all cells of the PV module crack in mode A, the power loss is ~2.5%;



	
Mode B: If half the cells of the PV module crack in mode B, the power loss is nearly 10%;



	
Mode C: If an EL image taken at 1/10 of the short current reveals only background noise for the inactive cell part.








Based on Köntges et al.’s definition, our BIPV modules include mode B or C cracks in 31 of the vertical 32 cells and cracks in 35 of the inclined 36 cells, as shown in the EL images in Figure 3. Both power losses are ~30%, which is a severe crack status.



Figure 3 shows the occurrence of cracks in BIPV modules used in this study. As seen in this figure, it is difficult to distinguish crack issues from the module’s normal outward appearance, while the significant cell-level defects caused by cracks in the modules can be diagnosed with the EL image test. There might be many causes of cracks in BIPV modules during installation, but cracks of such BIPV modules mostly occur during transport as a result of vibration, mainly because of the different flexibilities between mono-crystalline cells and backsheet materials [22]. Note that, because it was recognized that the reference BIPV module’s performance was normally operated before and during the test period, two reference modules used for vertical and inclined plans were not considered for EL testing for this study.



Table 1 summarizes the performance characteristics of the BIPV modules used in this comparative study. In this table, all the detailed performance specifications of each model are presented. These include cracked modules for inclined and vertical positions, respectively, and the reference modules for both inclined and vertical positions, as well as the original information provided by the manufacturer for pristine modules. For the performance evaluation and validation process analysis based on measured data, only cracked and reference modules were used. It is interesting to note that, when cracks occur in PV modules, open-circuit voltage (Voc) and maximum power voltage (Vmp) values tend to increase, whereas the short-circuit current (Isc) and the current at maximum power (Imp) exhibit reduced values. Under these trends, the maximum power output value can decrease significantly when compared to that of pre-cracked module, based on the original manufacturer’s specification data. It should also be noted that the specification of the pre-cracked module is also used for the simulation-based annual analysis after the validation process is completed.




2.3. Field Test Facility Used for BIPV Modules


To test and investigate the impact of cracked PV modules on performance reductions compared to non-cracked PV modules (referred to as reference cases), an experimental facility for testing PV systems was constructed, as presented in Figure 4, at Hanbat National University in Daejeon, South Korea (latitude: 36°; longitude: 127°). This experimental facility is constructed of steel-frames, which are fixed and integrated with the full-scale BIPV mock-up (i.e., the orange colored container). The steel-framed test facility was designed and constructed to test the output performance of various PV modules (e.g., c-si and CIGS types) under outdoor conditions. Each single PV module was connected to a data-acquisition (DAC) system [23] and placed in the orange BIPV mock-up for monitoring. As shown in Figure 4, two single PV modules (i.e., reference and cracked modules) were used for this study on each south-facing frame with vertical and inclined tilts, including 90° and 30° tilt angles for the vertical and inclined cases, respectively. The global solar irradiance on each facing was measured by using three separate thermopile pyranometers, which were mounted on each south-facing plane (i.e., horizontal, vertical, and a 30° inclined angle); these irradiances measurements are used for analysis of PV performance and for validating the PV simulation.



Table 2 summaries measured parameters of the PV monitoring system. All the transient measurement data, presented in Table 2, were recorded for over three (3) months at a frequency of once per 10 min. A maximum power point tracking (MPPT) algorithm was programmed in the DAC monitoring system so that the power extraction can be maximized under all parameter conditions, including variations in voltage, current, or frequency. The ranges of the maximum voltage and current were 300 V and 20 A, respectively, and the maximum power was 600 W [23]. Note that, although this DAC system can read 10 samples per second, every 10 min was considered in this study mainly because of the limited long-term data storage. An average value per each hour was then used for experimental evaluation and validation based on simulated data. There were eight missing days in the three months (i.e., February 11, March 2, 3, 4, 14, 15, 16, and April 30) because of test facility maintenance. For the outdoor dry bulb air temperature, hourly outdoor air temperature data in Daejeon City from the Korea Meteorological Administration [24] was used. This outdoor air temperature was further used to pack a new weather file for validating the simulation.



Shading impact is also an important parameter for evaluating PV performance. Figure 5 depicts a sun-path diagram that presents obstructions in the surroundings. This sun-path diagram was captured using the Solar Test and Measurement Equipment [25], and this equipment can help easily identify specific shade-causing obstructions for the whole season. As seen in this figure, there are some shading effects in the early morning and late afternoon of each month. Therefore, certain hours (i.e., before 10 a.m. and after 5 p.m.) that include shade-causing obstructions were not considered for data collection and performance evaluation of the PV system. It should be noted that a total 574 h of data points (i.e., 7 h per day for 82 days for three months) were collected and used as the measured data for this study. Figure 6 presents the daily global plane irradiances in the horizontal, vertical, and inclined positions. As expected, global horizontal irradiances increased gradually, whereas in the vertical plane there was a decreasing tendency of plane irradiances. Based on the irradiance values of each south-facing plane, the PV performance was analyzed. A detailed description of the comparative analysis is presented in the following sections.




2.4. Simulation-Based PV Model


For simulation-based analysis, the SolarPro software tool, developed by Laplace System Company, Kyoto, Japan [26], was used. In the SolarPro program, the total global irradiance is determined based on the latitude and longitude of the area and the meteorological database. To calculate plane array irradiance, the Hay transposition model [26] was used by considering the direct, diffuse, and reflected solar components of the meteorological database. The total theoretical horizontal irradiance can be calculated by separating the total global horizontal irradiance into direct normal and diffuse horizontal irradiances as


  I = 0.42 s i n H +   2.92 − s i n  H 0    2 s i n  H 0    s i  n 2  H −   2.92 − s i n  H 0    4 s i  n 2   H 0    s i  n 3  H  



(2)






   I  D N   =   1.323 I   s i n H   − 0.5466  



(3)






   I  S N   = I −  I  D N   s i n H  



(4)




where I indicates global horizontal irradiance in units of   k W /  m 2   .    I  D N     and    I  S H     are direct normal and diffuse horizontal irradiances, respectively, in units of   k W /  m 2   ; and H and    H 0    are the solar altitude and culminating solar altitude, respectively. Note that, if H ≤, all the irradiance values are assumed to be zero in this calculation.



Based on the calculated irradiances, SolarPro uses the equivalent one-diode model that employs equations for an empirical equivalent circuit model that consists of a DC current source, diode, and either one or two resistors to determine the current-voltage characteristics of a single module. The output current    I  p h a     of a PV module can be determined by


   I  p h a   =  I  p h   −  I 0    e x p   C   V + I  R s      − 1   −     V + I  R s       R p     



(5)






  C =  q   D p  k  T c     



(6)




where    I  p h     is the PV current;    I o    is the diode saturation current;    R s    and    R p    indicate the inner series and parallel resistances, respectively;  q  is the elementary charge;    T c    is the module temperature in kelvins; and    D p    is diode factor, which is the number of cell in-series multiplied by the diode efficiency index). In the SolarPro tool [26], the representative parameters that Equation (5) includes can be calculated by using


   I  p h   =  I  p h 0     1 + 5.1029 ·   10   − 4      T c  − 298.16     ·   1.03  H a  − 0.003   1 − e x p   − 8  H a         



(7)






   I o  =  I  o 0   exp   0.09672    T c  − 298.16      



(8)






   R s  =  R  s 0     1 + 3.3717 ·   10   − 3      T c  − 298.16   + 9.7058 ·   10   − 5        T c  − 298.16    2     



(9)






   R p  =    R  p 0     1 + 5.7987 ×   10   − 3      T c  − 298.16   + 1.6129 ×   10   − 4        T c  − 298.16    2     



(10)




where    H a    is the irradiance of the module surface in units of   k W /  m 2   ;    I   p h 0        and    I   o 0        are the PV current and diode saturation current, respectively, under the standard test condition; and    R   s 0        and    R   p 0        are the inner series and parallel resistances, respectively, under the standard test condition.



Experimental tests were conducted for three months (from February through April) as shown in Figure 5, and the measured PV outputs from the test were compared to the simulated outputs for the validation of the simulated model. For the PV simulation process, weather data are essential to accurately predict the output power of a PV system because of the considerable uncertainty involved with the input parameters of a weather data file. Therefore, actual global horizontal irradiances and outdoor air temperature obtained from the thermopile pyranometer and the Korea Meteorological Administration, respectively, were collected for this study and used to pack a weather data file for the SolarPro simulation. Using the packed weather file, two separate PV modules (referred to as reference and cracked modules) were modeled in SolarPro based on the PV module characteristics listed in Table 1, and the PV models were simulated for the same period as the measurements were taken to estimate hourly PV outputs. Hourly PV output profiles represent the hourly fit of the measured versus simulated data because the graphical analysis includes the time horizon comparison. The simulated PV outputs are also plotted versus the measured outputs to illustrate the relationship between the two values. In addition, to validate the simulated PV model in a statistical manner, the coefficient of variation of the root mean squared error (CV-RMSE) [27], was also used. Simulated models are declared to be validated if they produce CV-RMSE within ±30% when hourly data are compared [23]. The CV-RMSE can be calculated as


  C V   R M S E   = 100 ×         ∑   i = 0  n          y ^  i  −  y i     2  / n         m ¯    



(11)




where     y ^  i    is the measured data sample,    y i    is the simulated data sample, and  n  is the number of data samples. In addition, after proper validation of the PV model simulated by SolarPro during the comparison period, a comparative analysis was conducted to evaluate the annual performance of the simulated PV models for non-cracked and cracked PV modules. Figure 7 depicts the flowchart of the data analysis for this comparative study.



As power yield and efficiency are major evaluation criteria for the analysis of PV performance evaluation based on data, the analysis criteria considered in this study are based on measured and simulated data. The power yield and efficiency values can be calculated as


   η A  =  E A  / (  H i  ×  A a  )  



(12)






   Y A  =  E A  /  P O   



(13)




where    η A    is total efficiency;    H i    is total global solar irradiation in the plane in units of    k W /  m 2   ; and    E A    is the total PV DC output in units of   k W h  ;    A a    is the overall PV area in units of m2; and    Y A    and    P O    indicate the array yield and power capacity in units of   k W h / k W p   and   k W p  , respectively. Using an array yield value enables determination of the best position for on-site PV generation. For example, if the same capacity is installed on both the horizontal and vertical planes, the generated values of the horizontal plane will be relatively high compared to those of the vertical plane.





3. Results and Discussion


This section presents and discusses the results off this comparative analysis based on measured and simulated data. The measured data taken from the test facility for three months (i.e., between 10 a.m. and 4 p.m. for February through April, excluding the eight missing days) are first analyzed for performance evaluation of cracked and reference modules. A graphical and statistical evaluation of the simulated BIPV model is then presented against the measured data to determine whether the simulated outputs from SolarPro are all within the acceptable criteria ranges. After proper validation, annual PV outputs are compared to evaluate the impact of cracks in the BIPV modules on annual power yields and efficiencies based on simulation-based data.



3.1. Performance Evaluation of BIPV Modules Based on Measured Data from the Test Facility


This subsection focuses on evaluating the output performance of BIPV modules based on measured data of cracked and reference modules, which are obtained from the test facility, as presented in Figure 4. Figure 8 shows a comparison of monthly power yields and plane irradiances for the cracked and reference modules of each plane position. As expected, cracked BIPV modules exhibit significant reductions in monthly power outputs for both vertical and inclined positions when compared to the reference modules (i.e., non-cracked modules). For example, in February, the percentage decreases in power outputs are 41% and 33% for vertical and inclined positions, respectively. The results from the other months also indicate that similar trends are followed, as shown in Figure 8. For the monthly trends of PV output yields, both cracked and reference modules installed in the inclined position exhibit increased output values as the inclined plane irradiances increase, while the vertical modules exhibit decreasing trends as the vertical plane irradiances decrease. Although it could be assumed that there might be a combined effect of other factors, such as surrounding obstructions and module temperature, for the reduced BIPV power output, it can be expected that those trends of decreased values highly depend on crack issues in the modules.



Because it is expected that changes in output power can reduce efficiency of PV modules, variations in efficiency for cracked and reference modules were also studied. Figure 9 presents a comparison of the monthly power efficiencies for the cracked and reference modules of each plane position corresponding to each month and the average value of three months. Examination of the extremes of the average value shows that the reference module has 20.0% and 18.5% PV output efficiencies for vertical and inclined plane positions, respectively. As expected, cracked BIPV modules exhibit significant reductions in output efficiency, being 12.2% and 12.5% for vertical and inclined plane positions, respectively.




3.2. Comparison of PV Power Generation between Measured and Simulated Data


The simulated PV output was compared against the measured data to validate the simulated PV model. Figure 10 shows the hourly patterns of the simulated PV outputs for cracked BIPV modules compared to the measured data obtained from the test facility, including (a) vertical plane and (b) inclined plane positions. In addition, Figure 11 presents a comparison of the hourly output patterns for reference BIPV modules between the measured and simulated data for (a) vertical and (b) inclined plane positions. As seen in these figures, the comparison of each PV output illustrates acceptable agreements between the measured and simulated data for three months by presenting the simulated results following the measured outputs in a reasonable manner in most hours. It should be noted that hourly comparisons of PV outputs reveal that the simulated model often overpredicts the PV outputs in the morning and late afternoon of a day.



Figure 12 shows scatterplots of the hourly simulated data versus hourly measured data during comparison period (i.e., three months between 10 a.m. through 4 p.m.). As expected, it is observed that the simulated data agree reasonably well with the measured data in BIPV output performance for cracked and reference modules of each plane position. Acceptable agreements between the simulated and measured data under the criteria defined in ASHRAE Guideline 14 is also found as shown in Table 3, including the coefficient of variation of the CV-RMSE. ASHRAE Guideline 14 states that simulated models are validated if the CV-RMSE between the measured and simulated data is within ±30% when hourly data are compared. In addition, the coefficients of determination (R2) were calculated, as shown in Figure 12, for (a) module with cracked PV cells in the vertical plane, (b) the reference PV module in the vertical plane, (c) module with cracked PV cells in the inclined plane, and (d) the reference PV module in the inclined plane. As seen in those figures, a strong correlation between the simulated and the measured outputs is observed.




3.3. Evaluation of BIPV Module Yield and Efficiency from Simulation-Based Analysis


Because power yield and efficiency are major criteria for evaluating the performance of BIPV systems, we compared monthly power yields for modules before and after cracks and reference modules. The monthly power yield and efficiency values are determined by using Equations (12) and (13), respectively, and the comparative values are shown in Figure 13. Examination of this figure, shows that cracked modules exhibit significant reductions in vertical energy yields, by ~34.6% and ~35.4% for the minimum and maximum percentage reductions, respectively, when compared to non-cracked PV modules (i.e., modules before cracks and reference modules). Note that the pre-crack module indicates that the original manufacturer’s data, listed in Table 1, are used as inputs for the annual PV simulation. Figure 13 also illustrates the plane irradiations for vertical and inclined positions. As expected, the monthly vertical plane irradiation exhibits higher irradiation values during winter and lower values during summer, whereas opposite trends are observed for the inclined plane case. The results from the inclined PV case, as shown in Figure 13b also exhibit similar trends, resulting in significant reductions compared to the non-cracked PV modules.



Figure 14 shows the annual comparison of PV module yields and efficiencies for cracked and non-cracked modules for each plane condition. From this figure, it can be seen that the cracked modules undergo 35% degradation in annual PV yields for both vertical and inclined plane positions. In addition, the degradation of annual modules’ efficiency is ~35% for both vertical and inclined plane positions. These results indicate that such cracks in the BIPV modules used in this study can significantly reduce their output.





4. Conclusions


A quantitative comparative study of BIPV module outputs was quantitatively conducted to investigate the impact of cracks in BIPV modules on BIPV module performance based on measured and simulated data. The experiment was first conducted to measure the actual BIPV module’s outputs such as plane irradiances and weather data using the test facility. The measured data were analyzed to estimate output reductions in cracked modules for a certain measurement period, and the data were used for validating the simulated PV model. For the annual performance evaluation, the validated PV model was simulated in terms of cracked and non-cracked modules. Non-cracked modules were the reference BIPV module and the module that included the original manufacturer’s specification before the cracks occurred in the module. To reflect the adoption of different BIPV tilt angles, two plane angle cases with 30° and 90° for inclined and vertical plane cases, respectively, were considered. The results off this comparative study revealed that cracks in the modules could potentially affect the annual BIPV module outputs by significantly reducing output when compared to that of the reference module. The key findings off this study are as follows:




	
In terms of the performance evaluation of cracked and reference BIPV modules based on the measured data, cracked modules in the vertical plane exhibited significant reductions in their output, amounting to 40–43% reduction for the measurement period (i.e., February through April). The cracked modules in the inclined plane position also exhibited ≥33% output reduction when compared to that of the reference module in the same plane position.



	
The validation results indicated that the SolarPro tool can reasonably predict the power outputs of actual BIPV modules under the criteria defined in ASHRAE Guideline 14 by illustrating acceptable agreements between the measured and simulated data, as well as a strong correlation between each dataset.



	
After proper validation of the simulated BIPV model, cumulative output yields and efficiencies were analyzed to investigate the impacts of the cracks in the BIPV modules on monthly and annual performance. The comparative results revealed that output reductions of ~34.6–35.4% occurred when cracks were present in the BIPV modules. As expected, for the vertical plane modules, the greatest output reductions were observed during the winter months, whereas the inclined place modules exhibited the greatest reductions in summer months. When annual reductions in BIPV output yields and efficiencies were analyzed, a 35% of reduction in both vertical and inclined plane modules was observed.








The results from this comparative study can provide useful insights into the impact of cracks in BIPV modules on high-level output performance. Based on the results from the measured and simulated data, it can be concluded that cracks in the BIPV modules can significantly impact BIPV output performance. However, the main issue with BIPV module’s cracks is that they are difficult to recognize and detect with the naked eye unless an actual outdoor test or detailed EL imaging is conducted. Cracks might occur in BIPV modules during their transportation from the factory to building sites or as a result of installation or other mechanical loads, such as snow loads and strong winds. In terms of this case study, the cracks of cells in the BIPV modules likely occurred during transportation as the result of vibrations. This was deduced primarily because the EL test indicated that the BIPV modules had significant damage throughout them, including large-sized cracks in most cells. Consequently, the cracks of cells in BIPV modules can be considered as important issues in terms of their transportation. In addition, it should be noted that BIPV modules can be frequently exposed to mechanical loads, and these loads can lead to significant cracks in the module cells and thus to power reductions.



It should be noted that, in this study, some limiting assumptions had to be made during the measurement and simulation analysis. For example, the experiment was conducted for only three months (i.e., February through April), and only two cracked types of BIPV modules were used mainly because of the limited resources available for the experiment. Based on these limitations, future work should be conducted including the use of various BIPV modules with and without cracks, for a more direct comparison. In addition, more experimental studies should be undertaken under different seasonal weather conditions.
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Figure 1. BIPV modules and their detailed sections. 
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Figure 2. Electroluminescence (EL) images of the same solar cell with crack modes A, B, and C. (Left) EL image taken at the short-circuit current. (Right) EL image taken at 10% of the short-circuit current obtained from [16]. 
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Figure 3. Actual outward and EL images of cracked modules and an outward image of the reference module: (a) exterior wall, (b) roof, and (c) common BIPV modules. 
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Figure 4. Experimental facility for testing PV systems: (a) front view; (b) top view. 
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Figure 5. Sun-path diagram used to identify specific shade-causing obstructions by the measurement site [25]. 
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Figure 6. Cumulative irradiances of each plane for three months. 
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Figure 7. Flowchart of data analysis for the comparative study. 
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Figure 8. Comparison of power yields and plane irradiances between reference and cracked modules. 
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Figure 9. Comparison of monthly efficiency between reference and cracked modules. 
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Figure 10. Comparison of hourly PV outputs between cracked measured and simulated data: (a) vertical and (b) inclined plane positions. 
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Figure 11. Comparison of hourly PV outputs between reference measured and simulated data: (a) vertical and (b) inclined plane positions. 
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Figure 12. Measured versus simulated data during the comparative period (three months) for (a) cracked-vertical, (b) reference-vertical, (c) cracked-inclined, and (d) reference-inclined modules. 
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Figure 13. Comparison of monthly module yields for cracked and non-cracked modules: (a) vertical and (b) inclined plane positions. 
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Figure 14. Comparison of annual module yields and efficiencies. 
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Table 1. Specification of each BIPV modules under Standard Test Condition (STC).
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Installation Condition

	
Inclined Plane

[Roof BIPV Application]

	
Vertical Plane

[Exterior Wall BIPV Application]




	
Feature

	
Before Cracked

	
Cracked

(Inclined)

	
Reference

	
Before Cracked

	
Cracked

(Vertical)

	
Reference






	
Research purpose

	
Only Sim.

	
Sim. & Exp.

	
Sim. & Exp.

	
Only Sim.

	
Sim. & Exp.

	
Sim. & Exp.




	
Pmax (W)

	
60

	
32.5

	
181.1

	
80.0

	
52.0

	
181.1




	
Voc (V)

	
19.2

	
23.3

	
24.4

	
9.6

	
20.5

	
24.4




	
Isc (A)

	
4.2

	
2.2

	
9.7

	
10.5

	
4.0

	
9.7




	
Vmp (V)

	
16.0

	
17.9

	
19.8

	
8.0

	
16.1

	
19.8




	
Imp (A)

	
3.7

	
1.8

	
9.2

	
10.0

	
3.2

	
9.2




	
FF (%)

	
75.12

	
63.56

	
75.85

	
79.37

	
63.32

	
76.46




	
Efficiency (%)

	
20.4

	
11.0

	
20.9

	
21.1

	
13.7

	
20.9




	
Cell Area (cm2)

	
2938.3

	
2938.3

	
8649.0

	
3793.9

	
3793.9

	
8649.0




	
Serial-Parallel

	
36-1

	
36-1

	
16-2

	
36-1




	
Cut cell PV modules

	
Three cut

	
Full

	
Half cut

	
Full




	
Note

	
Original manifested performance data

	
Re-tested performance data

	
Re-tested performance data

	
Original manifested performance data

	
Re-tested performance data

	
Re-tested performance data
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Table 2. Measured parameters of the monitoring system [23].
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Category

	
Item






	
Electrical & Temperature Data

	
Maximum power ouput, Pmpp (W)




	
Maximum power voltage, Vmpp (V)




	
Maximum power current, Impp (A)




	
Open circuit voltage, Voc (V)




	
Short circuit current, Isc (A)




	
Fill factor, FF (%)




	
Module level I-V curve




	
Meteorological Data

	
From monitoring system

	
Horizontal plane irradiation (W/m2)(0° of tilt angle)




	
Inclined plane irradiation (W/m2) (30° of tilt angle)




	
Vertical plane irradiation (W/m2) (90° of tilt angle)




	
From Korea Meteorological Administration (KMA)

	
Hourly outdoor dry bulb air temperature (°C)
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Table 3. CVRMSE comparison between measured and simulated data.






Table 3. CVRMSE comparison between measured and simulated data.





	

	
Vertical

	
Inclined




	
Cracked Module

	
Reference Module

	
Cracked Module

	
Reference Module






	
CV(RMSE) [%]

	
26.20

	
18.38

	
7.87

	
6.74
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