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Abstract

:

The Hungarian society and the Hungarian state are constantly increasing their solar capacity. More and more solar power plants are being put into operation. The largest of these has a 100 MW peak capacity. Such power plants do not require constant maintenance. However, in the case of low productivity, a conditional assessment is required. The reason for production loss can also be manufacturing, installation, and operational errors. A flying drone was used for finding failures by thermographic scouting. Furthermore, electroluminescent (EL) and flash tests give a comprehensive view of the real state of the modules in a mobile laboratory. We had the opportunity to summarize these test results of more than a thousand modules operating in a solar power plant. The report on the power plant shows that a significant part of the modules became unusable in a short time. After four years, 10% of the 260 Wp modules suffered a performance reduction of more than 10%.
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1. Introduction


Since the advent of solar panels, solar power plants have been installed at increasing power sizes. Over the last ten years, the capacity built has grown exponentially. In Hungary, it has grown almost ten-fold in 5 years (from 215 to 2001 MW) and is set to increase fivefold in this decade (Figure 1). However, it should be borne in mind that solar cells age due to their semiconductor electronics, so their efficiency and lifetime are constantly reduced during use. Several test methods are available to assess the condition of solar cells (thermal camera test, flash test, electroluminescence test), however, it is not an easy task to implement real-time diagnosis and clearly demonstrate the time course of efficacy loss [1]. There are theoretical models that try to draw conclusions from the production and the irradiation data of the given area, but in these cases the efficiency reduction of other equipment (inverters, wires) is also added [2,3]. These models can be refined if the solar cells are examined separately, for example by electrical measurements [4,5].



During our research work, we conducted a survey of the condition of solar modules in a solar power plant (in 2020, 4 years after commissioning) that has been operating for 5 years. The power plant contains almost 39,000 1.6 m2 panels of standard size. The power plant operators regularly calculated the theoretical electricity production based on the radiation data typical of the area. There was often a discrepancy of more than 10% between the measured data and the expected values [6,7,8,9]. To find out the reasons, thermography assessments were made on several occasions [10,11]. For hundreds of solar modules, some cells have been found to have 15–40 °C higher temperatures than others. The affected solar panels have been removed. To provide reference data, additional solar cells considered to be in good working order (temperature distribution < 15 °C) were also removed. Our study summarizes the results obtained. The installed solar panels contain 60 cells. In their first 10 years of operation, the maximum allowable efficiency loss is 10%, which is equal to 6 cell power outages. This can also result from a solder fault, which primarily means a failure due to a contact fault. In the case of 30 cells, cell damage without cracking is allowed, which can be realized primarily by recrystallization due to temperature fluctuations during operation. Total burnout of three cells is also acceptable within the threshold limit. New cracks can form in up to 12 cells, which are likely to result in current loss, power loss, and certainly production loss. For three cells, a cobweb-like crack is acceptable. In the case of 30 cells, cracks without current loss and power loss are allowed. Cracks can occur in 6 cells, which cause less than 20% loss of energy production, and cracks with more than 20% loss in production can also be allowed in 6 cells. Given that solar cells have operated for less than five years since their installation, a maximum of half of these phenomena could have occurred assuming linear natural aging. For hundreds of modules, we experienced a faster-than-expected decrease in performance and rapid aging. We believe that this research highlights the fact that we need to be more careful in the future when installing and operating our solar power plants.




2. Materials and Methods


2.1. Mobile Laboratory


The solar panels were tested in an accredited mobile laboratory. The measuring devices were placed in the trunk of a van. This van works as a light-tight black-box where housed inside is a digital camera (JENOPTIC VarioCAM, Jena, Germany) and a sample holder. The interior is spacious enough to accommodate 1.64 m × 0.99 m modules. Thanks to this mobile and compact solution, it is easy to survey solar systems on site, saving a significant amount of money and time. In addition, the laboratory is multifunctional, suitable for flash and electroluminescent test. The spectrum produced by the flash extends from 300 to 1200 nm and it is compatible with the standard IEC 60904-9. Irradiance non-uniformity is under 1% in the entire test area. After manually connecting the module cables, the device performed a 60-ms long flash. The computer determined the electrical parameters and the I–V characteristic curve of the solar modules. The measurement time is under 5 seconds.



The EL images were captured automatically after I–V measurement without any additional work required by the operator. During the EL test, the measurement device was connected to a DC power supply so that the module automatically receives its rated voltage and current for light emission. Although the resolution of the camera is high, the resolution of captured pictures is 3166 × 1920 pixels, so that every small mistake can be noticed in the images. The EL system took a separate image of each wafer. After scanning all 60 wafers one by one, the measurement device assembled the many little ones into a large image that showed the condition of the entire panel.



2.1.1. Thermal Imaging


After the inspection, our department received a dozen modules as a gift. We performed further tests on them, as images taken at the power plant were lost. Thermal imaging is a suitable method for detecting defects or surface contaminants [10,11,12]. This module also comes from the examined solar power plant. The flash test result was: 267.69 W·MPP (maximum power point) power, 34.67 V·MPP voltage, 7.72 A·MPP current. Based on the test results, it can be stated that the panel was in good condition. However, dirt deposited in the corners can cause damage. The two contaminated corners shown in Figure 2 and Figure 3 were covered only by a thin layer of deposited dust.



At 2:00 pm on September 28, 2021, we performed outdoor measurements at the University of Miskolc, Miskolc, Hungary. The open circuit voltage of 33.38 V and a short-circuit current of 6.46 A were measured at a global radiation value of 792 W. The module warmed up in 15 minutes with an average surface temperature of 40 °C. The ambient temperature was 21.3 °C. In the two corners, where dirt deposition was observed (Figure 3), the temperature increased significantly. This is explained by the fact that the dirt obscures the cells, so they behave like resistance (DC load) instead of generating electricity. The value measured with a contact thermometer in the upper corner was more than double (73.1 °C) the average. The reference value was measured in the middle of the top row. Three cells in the bottom corner were also significantly covered with dirt. Overheating was observed for all three cells. In addition, performance degradation should also be mentioned. The dirty modules tested in the solar power plant were able to produce a 10%–20% lower performance [4,5,13,14,15,16,17,18,19].



Figure 4 shows the additional tests that prove the correctness of Figure 2. In the first step, we placed a tree branch in front of the panel (Figure 4a). The tree branch caused moderate cooling in a significant area as the sunrays could not reach the solar cell surface. However, in the case of cells that were completely shaded, intense warming occurred. The explanation is the same as for the effect of surface contamination. As a second step, we cleaned the corners causing them to cool (Figure 4b). Finally, we removed the tree branch (Figure 4c).




2.1.2. Flash Test


Table 1 shows the electrotechnical results and the Figure 5 shows the I–V characteristics of several flash tests. The performance of the most malfunctioning module (PV23160) was only 26.3% of the manufacturer’s data. This value is in sharp contrast with the performance guarantee, and module was virtually completely damaged. The value of the maximum operating point voltage was only one-fourths of the manufacturer’s value. However, the value of the operating point current was proportionally much better, near to the normal value. Based on the electrotechnical parameters, it can be seen that a significant decrease in the voltage of the module can cause some cell damage and their destruction. The voltage of PV73760 and PV02310 modules was low, only about one-thirds of the normal value. The maximal power of both was also low, only 55.5% and 69.4%. PV41140 and PV64260 modules were in a good condition according to the electrotechnical parameters but over the 10% limit. Their maximal power was 87.2% and 89.2%. This assumption is supported by the electroluminescence test (Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11) [12,20,21,22,23,24].



In the case of a well-functioning module (PV50239), we may even experience a slight overwork (103.5%). Peak power is above the upper tolerance limit (260 Wp + 3%). All parameters of the module correspond to the information on the datasheet. The outperformance can also be traced back to current values, that are higher than expected. For each module, the data were recorded, and their distribution will be described in a later chapter.



Figure 5 illustrates the resulting I–V characteristics obtained by six differently behaving solar modules in a flash test [12]. It is well observed that the I–V curve of PV23160 module (Figure 5a) and PV73760 module (Figure 5b) does not correspond to the characteristics of a fault-free solar module; it is far from both the ideal and the practical curve. In case of PV02310 module (Figure 5c), it can be observed the effect of the non-functioning cells in two whole rows (Figure 8). The curve of PV41140 and PV64260 module shows, that these modules operate well with a small-scale power reduction (Figure 5d–e). In Figure 5f, the practical characteristic curve of the solar module (PV50239) can already be clearly recognized [13].




2.1.3. Electroluminescence Test


During the electroluminescence tests, all the listed types (in the Introduction chapter) of faults were detected on the solar panel. The following electroluminescent images can be well connected to the I–V curve of the modules [12]. As in Table 1, the EL images follow the order of the degree of damage. As the modules measure 1.64 m × 0.99 m (length × width), the aspect ratio is 1:14 in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. Firstly, Figure 6 shows the electroluminescence image of PV23160, which is the most malfunctioning one. There are nonfunctioning cells in the second and fifth row (F2, G2, F5 and G5). Therefore, those lines do not generate electricity. The voltage is 27.4% of the manufacturer’s data. Many cells are in good condition, but critical cracks can be observed in H2 and C6.



Figure 7 shows the electroluminescence image of a solar module (PV73760) whose power was about the half of its rated peak power (144 Wp, 55.5%, Table 1) during the flash test. Visible full cell burnout (A3), non-critical microcracks (B4, C4), critical cracks (I3) [25], and local solder failure (B5). Several cells contain finger interruptions (e.g., A4, D3, H3) [26].



Figure 8 shows a panel (PV02310) that can certainly come from the bottom row of a table. Lines 1 and 2 may have been too close to the ground and shaded by the upper modules of the other table. This is the result of an installation error when the distance between the two tables was not properly determined. In addition, many cells show cracks and cobweb fractures (B3, B4, H5, I3, etc.). A cell piece detachment is observed on cell D4 and a local solder failure (B6). Due to the totally non-functioning two rows, the measured voltage is 20.91 V (60.1% of normal value, Table 1). The other four rows are still able to generate electricity.



Figure 9 shows the electroluminescence image of a solar panel (PV41140) that failed to meet the expected power level. The power reduction of this module was over 10%. The measured maximal power was 226.7 Wp (Table 1). In Figure 9, columns E, F, and G contain “blind spots” caused by wide cracks, i.e., inoperable cell sections (e.g., C6, E4, F5) [25]. Many cells contain finger interruptions in the whole image (e.g., C2, D5, H5, etc.) [26] and also several cells contain cracks (A6, B6, C4, etc.) [25,26,27,28,29,30].



Figure 10 shows an electroluminescence snapping of a solar panel (PV64260) showing signs of material defect due to dust deposition. These large dark spots appear to be in the form of shells or funnels (A1, B1, C3, D3, etc.) Cell breakage is observed in cells B6, F1 and I3 [25]. For five more wafers, a large, obligated cell element can be observed (B2, F1, G1, G6, and I6) [31,32,33,34,35].



Figure 11 shows the electroluminescence snapping of a solar module (PV50239) whose power was able to provide manufacturer power during the flash test. All cells are bright, with no cracks or breaks visible. Tiny dark spots may be explained by a material defect in a similar pattern on several wafers. This is not a significant manufacturing failure. These small defects do not prevent the module from working properly.






3. Results


It is impossible to report data from more than 1000 panels in as much detail as in previous chapters, thus a statistical summary is much more expedient. In this summary, we compared the results of the flash test available for each module. Five values are derived from the flash tests: MPP power, MPP voltage, open circuit voltage, MPP current and short circuit current. Moreover, only one value is based on in-situ measurement at the solar power plant, which is the actual power value.



Figure 12 shows the distribution of two value types, MPP power and actual power. The MPP power values are derived directly from the flash test, whereas the actual power values are the results of the in-situ measurement. A closer look at the distribution of the MPP power series shows that the maximum performance of many panels is around 270 W. This was explained by the fact that, unlike the official data (260 Wp), many modules were already more powerful than the others at the time of installation. According to the results in the third column of Table 1, the modules have a power of 260 Wp and the value of the performance tolerance (3%) and measurement tolerance is 3%. This means that the minimum permissible power value during installation is 252.2 W, which changes to 244.63 W with the measuring tolerance. On the other hand, the maximum power is 267.8 W, with the measuring tolerance this value is 275.83 W.



The median of MPP power series is 259.70 Wp, and the average MPP power value is 250.76 Wp. The average difference is 17.68 Wp and the standard deviation is 36.98 Wp. 29% of the values is between of 250 and 260 W (313 modules). Around 27% of MPP power values are less than 252.2 W (282 modules), and 16% were less than 244.63 W (173 modules). The panels have a 90% performance guarantee for the first 10 years and an 85% performance guarantee for the next 10–25 years. After four years, 10% of the modules (107 modules) suffered a performance reduction of more than 10%. If the actual power values are taken into account, we obtain a much worse end result after summing the data. The median of actual power series is 221.55 Wp, and the average actual power value is 215.68 Wp. The average difference of actual power series is 19.27 Wp and the standard deviation is 34.49 Wp. 3% of the values are between of 250 and 260 W (313 modules). Around 98% of MPP power values are less than 252.2 W (1043 modules) and 92% are less than 244.63 W (976 modules). Furthermore, 76% of the modules (811 modules) suffered a performance reduction of more than 10%.



Figure 13 shows the distribution of measured voltage series. The median of MPP voltage series is 34.44 V, and the average MPP voltage value is 33.56 V. The average difference of MPP voltage series is 1.78 V and the standard deviation is 4.34 V; 45% of the values are between of 34and 35 V (476 modules) and 51% of the values are under 34.4 V (manufacturer data from Table 1). The median of open circuit voltage series is 36.7 V, and the average open circuit voltage value is 36.01 V. The average difference of open circuit voltage series is 1.43 V and the standard deviation is 4.30 V; 55% of the values are between of 36 and 37 V (583 modules) and 61% of the values are under 36.54 V (manufacturer data from Table 1).



Figure 14 shows the distribution of measured current series. The median of MPP current series is 7.53 A, and the average MPP current value is 7.38 A. The average difference of MPP current series is 0.34 A and the standard deviation is 0.93 A; 56% of the values are between of 7.5 A and 8.0 A (594 modules) and 37% of the values are under 7.47 A (manufacturer data from Table 1). The median of short circuit current series is 8.24 A, and the average short circuit current value is 8.13 A. The average difference of short circuit current series is 0.33 A and the standard deviation is 0.97 A; 66% of the values are between of 8.0 A and 8.5 A (699 modules) and 11% of the values are under 7.92 A (manufacturer data from Table 1).




4. Discussion and Conclusions


In summary, the actual power values will certainly give a distorted picture of the condition of the power plant. The measurements lasted a long time, and the modules were not in the same conditions (time, weather). During these in-situ measurements, the surface of the modules was dirty, which further reduced their performance. However, specifically this effect also interested us, as it is a significant factor. At the same time, the actual power values draw attention to the fact that solar modules do not continuously produce peak values, and due to environmental impacts, the actual total performance of the solar power plant may fall far short of expectations. Assuming a linear rate of natural aging, a maximum power reduction of 17.888 Wp can be allowed during the 4-year period between commissioning and measurement, taking into account the tolerance. This means that the MPP performance of the panels at the time of measurement is faultless, in the case of clean panels, it must be more than 242.112 Wp. Out of the 1063 units examined, 913 met this criterion. These are the panels on which the temperature distribution was less than 15 °C. If a measurement uncertainty of 3% is considered, the power of an additional 954 panels may meet expectations (234.849 W). The other solar panels aged faster than expected. This phenomenon affected about 109 solar panels.



Because the MPP power values were recorded under laboratory conditions (constant artificial illumination) and their surface was also cleaned, these values show true performance. For many modules, even better values than the guaranteed performance could be measured. However, the performance of many modules has been significantly reduced in a very short time.



In the case where the actual performance of the panels at the time of measurement is faultless, in the case of clean panels, it must be more than 242.112 Wp. Out of the 1063 units examined, only 118 met this criterion. If a measurement uncertainty of 3% is considered, the power of an additional 234 panels may meet expectations (234.849 W). The other solar panels aged faster than expected. This phenomenon affected about 829 solar panels. However, a reduction in performance due to a manufacturing defect cannot be ruled out either. That mean that with such a large number of panels, some panels may not have been able to meet the factory parameters from the beginning of their operation. Because solar cells that showed temperature deviations greater than 15 °C during thermal imaging studies were subjected to flash tests and electroluminescence tests, these flash tests confirmed that a large number of solar panels did not actually meet the expected performance. Further studies are needed to determine the cause of faster aging.



In order to prevent this problem, more attention should be paid to the effect of surface contaminants. It is advisable to perform thermal camera examinations more frequently using flying drones. The degree of air pollution must be taken into account when starting planning [1,2]. The power plant must be located away from busy roads and industrial parks. In the present case, when we are already talking about a power plant that has been built, regular cleaning of the surface of the modules can be considered [36,37]. Prototypes of automatically controlled cleaning robots and mechanisms are now available [38].
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Figure 1. The increase of total solar capacity in the last decade in Hungary. 
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Figure 2. Thermal image of a dirty solar module. 
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Figure 3. (a) Deposited dirt in the top corner; (b) Deposited dirt in the bottom corner. 
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Figure 4. (a) Tree branch placed in front of the examined solar module; (b) The module after cleaning the corners; (c) The module with the cooled corners after the tree branch was removed. 
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Figure 5. I–V characteristics of (a) PV23160 module; (b) PV73760 module; (c) PV02310 module; (d) PV41140 module; (e) PV64260 module; and (f) PV50239 module. 
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Figure 6. The electroluminescence image of PV23160 solar module that failed the flash test. 
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Figure 7. Electroluminescence image of a severely damaged PV73760 solar module. 
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Figure 8. Electroluminescence image of PV02310 solar module with permanently shaded rows. 
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Figure 9. Electroluminescence image of an average damaged PV41140 solar module. 
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Figure 10. Electroluminescence image of PV64260 solar module. 






Figure 10. Electroluminescence image of PV64260 solar module.



[image: Coatings 11 01361 g010]







[image: Coatings 11 01361 g011 550] 





Figure 11. Electroluminescence image of a well-functioning PV50239 solar module. 
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Figure 12. Distribution of measured power values. 
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Figure 13. Distribution of measured voltage values. 
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Figure 14. Distribution of measured current values. 
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Table 1. Electrotechnical parameters of the examined modules during the flash test.
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	Parameter
	PV23160
	PV73760
	PV02310
	PV41140
	PV64260
	PV50239
	Datasheet *





	Actual power (Wp)
	57.19
	114.76
	160.58
	188.34
	190.02
	262.43
	–



	Maximal operating (MPP) power (Wp)
	68.28
	144.23
	180.50
	226.74
	231.92
	268.99
	260 ± 3%



	Maximal operating (MPP) voltage (V)
	9.52
	20.91
	22.29
	32.90
	34.09
	35.08
	34.80



	Maximal operating (MPP) current (A)
	7.17
	6.90
	8.10
	7.38
	7.63
	7.67
	7.47



	Open circuit voltage (V)
	34.31
	35.54
	26.69
	37.09
	36.82
	37.63
	37.70



	Short circuit current (A)
	7.85
	8.32
	8.65
	8.40
	8.00
	8.63
	8.52



	Fill factor (%)
	25.40
	83.60
	78.20
	86.10
	89.60
	88.70
	–







* Irradiance 1000 W/m2, module temperature 25 °C.
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