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Abstract

:

This work focused on the verification of the electrical parameters and the durability of side connectors installed in glass–glass photovoltaic modules. Ensuring the safe use of photovoltaic modules is achieved, among others, by using electrical connectors connecting the PV cell circuit inside the laminate with an external electric cable. In most of the cases for standard PV modules, the electrical connector in the form of a junction box is attached from the back side of the PV module. The junction box is glued to the module surface with silicone where the busbars were previously brought out of the laminate through specially prepared holes. An alternative method is to place connectors on the edge of the module, laminating part of it. In such a case, the specially prepared “wings” of the connector are tightly and permanently connected using laminating foil, between two glass panes protecting against an electrical breakdown. Additionally, this approach eliminates the process of preparing holes on the back side of the module, which is especially complicated and time-consuming in the case of glass–glass modules. Moreover, side connectors are desirable in BIPV applications because they allow for a more flexible design of installations on façades and walls of buildings. A series of samples were prepared in the form of PV G-G modules with side connectors, which were then subjected to testing the connectors for the influence of environmental conditions. All samples were characterized before and after the effect of environmental conditions according to PN-EN-61215-2 standards. Insulation resistance tests were performed in dry and wet conditions, ensuring full contact of the tested sample with water. For all modules, before being placed in the climatic chamber, the resistance values were far above the minimum value required by the standards, allowing the module to be safely used. For the dry tests, the resistance values were in the range of GΩ, while for the wet tests, the obtained values were in the range of MΩ. In further work, the modules were subjected to environmental influences in accordance with MQT-11, MQT-12, and MQT-13 and then subjected to electrical measurements again. A simulation of the impact of changing climatic conditions on the module test showed that the insulation resistance value is reduced by an order of magnitude for both the dry and wet tests. Additionally, one can observe visual changes where the lamination foil is in contact with the connector. The measurements carried out in this work show the potential of side connectors and their advantage over rear junction boxes, but also the technological challenges that need to be overcome.
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1. Introduction


Photovoltaic modules, commonly known as solar panels, have emerged as a revolutionary technology in the realm of renewable energy. As the global pursuit of sustainable and clean energy solutions intensifies, photovoltaic modules play a pivotal role in harvesting the power of the sun to generate electricity [1,2]. The popularity of glass/glass (G/G) photovoltaic (PV) module designs is growing rapidly due to an increased demand for bifacial photovoltaic (PV) modules, with additional applications in thin-film and building-integrated technologies. G/G modules are expected to withstand harsh environmental conditions and extend the life of installed modules to over 30 years compared to conventional glass/backsheet (G/B) modules [3,4].



One of the main elements of interest in the introduction of photovoltaic energy is the construction of integrated photovoltaic (BIPV) systems [5,6]. Given the rapid development of photovoltaic power plants, understanding the performance and reliability of such systems is becoming even more important [7]. Recently, one of the main factors driving the growth of the BIPV market are increasingly demanding regulations related to the energy efficiency of buildings. The building sector, responsible for 40% of total energy consumption in the EU, provides largely untapped and cost-effective energy-saving potential [8]. Energy-related directives and building codes and standards are therefore some of the most important measures for energy efficiency in buildings. In the EU, for example, the Energy Performance of Buildings Directive [9] 2010/31/EU and the Energy Efficiency Directive [10] 2012/27/EU are the main regulations for reducing energy consumption in buildings. By simultaneously serving as a building façade and an energy generator, building-integrated photovoltaic systems can provide savings in materials and electricity costs [11]. Currently, photovoltaic modules for integration with buildings are produced as a standard construction product, and by matching standard façade and roof structures, these elements have created a completely new market: BIPVs [12]. The problem of BIPV systems is power loss caused by temperature increases, because the modules often operate close to the building’s external walls with poor ventilation [13]. As BIPVs continue to evolve, it is even more necessary to improve the tools available for optimal electrical design and simulation of BIPV systems. This means correctly modeling the performance of such BIPV systems, which includes modeling the PV module temperature [14,15]. Appropriate standardization for assessing heat transfer and solar heat gains of BIPV modules still requires further development because BIPV elements behave differently from the building elements they replace. The optical properties of BIPV modules, such as light transmittance or color reproduction, also play a role in finding a good balance among energy savings, electricity generation, esthetics, and visual comfort [16]. Lopez-Garcia et al. claim that double-sided c-Si photovoltaic (PV) modules can increase the efficiency of traditional photovoltaic modules because both sides of the cells, front and back, absorb solar radiation [17].



The reliability of the junction box is one of the most important issues in the proper operation of PV. On average, 85% of junction box failures have their source in the system installation and most often occur within the first three months of the photovoltaic system’s installation [18,19]. The main causes include excessive stress in the system, poor attachment of the junction box to the rear wall, poorly closed cover, moisture, and incorrect wiring [20]. In the work, Madeti et al. divided photovoltaic failures into reversible, lasting for a certain period of time, that is, dust accumulation and shading by snow cover. The second division is permanent failures, that is, for example, discoloration of the housing [21]. It focused on techniques for detecting photovoltaic failures and separate failures based on their occurrence due to environmental and electrical stress factors such as short circuits (e.g., line to ground and line to line), power conversion unit failures (e.g., inverter failures), and arc faults [22]. The literature still lacks an in-depth, state-of-the-art review that provides detailed information on the failures encountered in the PV module itself [23,24]. Electrical failures related to the concentration of heat and thermomechanical stresses inside junction boxes are one of the main types of photovoltaic (PV) module failures. Three types of partial solar panel junction boxes with 72 Si cells are modeled under constant-state constant-current conditions. Junction boxes typically contain bypass diodes to protect the cells in the event of shading or cell problems. Separating the diode from the junction box can prevent temperature increases and failures [25]. It was found that the most common causes of early failures are junction box failure, glass breakage, faulty cell connection, loose frame, and delamination [26]. The design of a sustainable photovoltaic (PV) module with high output power under failure and hot-spot conditions is presented. The proposed photovoltaic module has two junction boxes: one at the top and the other at the bottom. The upper field contains the upper terminals of each substring, while the lower field contains the lower terminals of each substring [27]. An important aspect is the appropriate recycling of junction boxes [28,29].



In a photovoltaic module, many individual solar cells are electrically connected to increase their power output. The cells and connections are then packaged to (1) protect the electrical circuit from the elements, (2) provide structural stability and protect the mechanical integrity of the cells, and (3) isolate the electrical circuit from the environment, protecting operators from electrical shock [30]. The design of the bifacial module, in particular the junction box, nameplate, and frame location on the rear side, plays an important role in the rear performance of the module [17]. The cells are transparently encapsulated toward the glass pane and also toward the rear side. A back cover seals the module at the rear side, where the junction box and connection cables are mounted [31,32]. One can find in the literature a large number of the described types of two-surface modules, but a lot of them have a bad design, because they locate junction boxes shading the solar cells and overlapping frames at the back of the module, causing shading [33].



The junction box structure consists of a body and cover that are almost exclusively made of an injection-molded polymer structure and are glued to the module substrate using an adhesive that is compatible with both the junction box polymer and the PV module substrate [34,35]. The combination of the housing, bypass diode, jumper wiring, connectors, and adhesive make the junction box a complex component that appears simple and is not intended to be maintained or serviced. This combination of system behavior and lack of maintainability poses a challenge for the manufacturer of photovoltaic modules, where a 25-year service life is expected [36,37,38,39]. Delamination can be a cause of immediate concern for both performance and safety if it occurs at the edge of a module or near a junction box, as it can cause the current to leak or disconnect the box. If delamination occurs in the center of the module, it can increase the thermal resistance and lead to a higher operating temperature of the cells in this area and act as a water condensation point [40,41,42]. Bypass diodes are usually integrated in the junction box and are quite a common source of problems in poorly performing or damaged modules [43,44,45]. The junction box is usually located at the rear of the PV module, less often on its edge. It protects string connections, external wiring, and often bypass diodes. The box is usually made of polycarbonate and glued to the back of the module [46]. In documented module failures, the junction box is a fairly common problem [47]. The main failure modes of junction boxes include disconnection (from the back of the module), poorly sealed or closed boxes, corrosion, and arcing due to poor or damaged wiring [48].



One key component that enhances the efficiency and functionality of these solar panels is the side junction box. Traditionally, solar panels have been equipped with junction boxes located on the rear side. However, the evolution of solar technology has given rise to a new design paradigm especially important in building integrated photovoltaics, featuring side-mounted junction boxes. This innovation not only addresses specific challenges associated with rear junction boxes but also brings about notable advantages in terms of installation, maintenance, and overall performance.



A side junction box for photovoltaic (PV) modules is a crucial element in solar panel design, offering unique advantages and addressing specific challenges associated with traditional rear-mounted junction boxes. This innovative approach involves relocating the junction box from the rear surface of the solar panel to one of its sides, introducing a range of benefits that contribute to the overall efficiency and reliability of the PV system.



One of the primary advantages of side junction boxes is enhanced ease of installation. This aspect is particularly important for BIPV installation. Traditional rear junction boxes can pose challenges during the mounting process, requiring careful consideration to avoid shading effects and ensuring proper alignment. By moving the junction box to the side, solar panels with side junction boxes simplify installation procedures, reduce shading concerns, and provide greater flexibility in system design. Furthermore, maintenance also becomes more accessible with side-mounted junction boxes. The side placement allows for easier access to the electrical components, streamlining inspection and repair tasks. If the JB is placed in the rear part of the module, for BIPV applications (ventilated façade, second skin), it is necessary to remove the entire module or even several modules to perform an inspection, while placing the JB on the edge of the module allows for inspection of the connection elements without the need to dismantle This can significantly reduce downtime and maintenance costs associated with solar panel systems.



Additionally, side junction boxes contribute to improved heat dissipation. Solar panels generate heat during operation, and efficient dissipation is crucial for maintaining optimal performance and longevity. Side-mounted junction boxes facilitate better heat dissipation, preventing excessive temperature build-up and ensuring the longevity of both the electrical components and the solar panels themselves. The lack of protrusions from the rear surface of the PV module (which occurs in standard JB) does not interfere with the airflow in BIPV installations, especially in ventilated facades, which has a positive effect on the thermal performance of the building. Furthermore, the design of side junction boxes often incorporates enhanced weather resistance [49,50]. Placing the junction box on the side minimizes exposure to direct sunlight and environmental elements, offering improved protection against moisture, dust, and other potential sources of damage. This robust design contributes to the long-term durability of the PV modules [51].



While side junction boxes for photovoltaic (PV) modules offer several advantages, it is important to acknowledge potential disadvantages and challenges associated with this design. One of the most important is related to the limitation in terms of size: the placement of a side junction box imposes constraints on the size and dimensions of the PV module, which in turn can affect the overall power output of the solar pane. Side-mounted junction boxes are also more exposed compared to rear-mounted ones, making them potentially more susceptible to physical damage from external factors such as impacts or accidental contact. Nonetheless, for BIPV applications, side JBs can be easily integrated into the structural elements, such as frames or mounting systems, which will provide additional protection against mechanical damage.



For solar panels integrated into architectural designs, BIPVs must meet esthetic requirements, and the appearance of the installation is a significant factor for residential and commercial applications. Some individuals may find the appearance of side junction boxes less visually appealing than rear-mounted alternatives, potentially influencing the choice of solar panel systems. Nevertheless, the most important factor seems to be electrical safety.



In this work, we focus on the significance of photovoltaic modules with side junction boxes, highlighting their electrical performance and safety. The presented work shows the technological challenges that must be overcome in order to safely use side connectors in BIPV installations.




2. Materials and Methods


For the tests, a series of samples were prepared. Measured modules were made using standard front-contact solar cells and 4 mm low-iron glass sheets as a front component. Used solar cells were combined into strings and laminated using 0.76 mm thick PVB lamination foil. As side connectors, an element with external dimension of 40.4 mm × 9.0 mm and internal dimension (between glass sheets) of 32 mm × 1.5 mm made of PPE with copper electrical components was used. Two types of modules were prepared that differ in dimension: 1030 × 1050 mm and 10305 × 885 mm. Every one of the PV modules was equipped with side junction box. The samples subjected to climatic tests are listed in Table 1.



All of the samples were subjected to following tests:




	
determining the current–voltage characteristics using the Flasher Berger PSL8 (BERGER Lichttechnik GmbH & Co. KG i.L. Pullach, Germany) solar simulator;



	
insulation resistance test using the Sonel MIC-2500 m (Sonel, Świdnica, Poland);



	
testing of the resistance of PV modules to changing climatic conditions was carried out using a large ACS KeyKratos Plus climatic chamber (ACS, Massa Martana, Italy).









3. Results


The samples were tested for resistance to changing climatic conditions in accordance with the PN-EN IEC 61215-2 [52] standards. Before placing the modules in the chamber, a visual inspection was performed and the U-I characteristic was determined. During the test, the temperature inside the chamber was set up to 85 °C and humidity to 85+/−5% RH, in accordance with the IEC 61215-2 norm.



A slight difference in voltage values was noticed. Three modules, 22110920, 22110926, and 2211091, have Voc value in the range of 20 V, while for the other modules, this value is around 24 V. Because the same type of solar cells was used for all the modules, 5BBs, M 156.75 of 23.5% eff and power of 5.74 W, the reason for the differences between modules is mostly related to their size. For some module assemblies, inaccuracies were noticed in the electrical paths (Figure 1); nonetheless this has no effect on insulation resistance measurements.



The repeatability of the modules made can be seen from the I–V curve graph. There are no signs indicating module damage or incorrect operation of the bypass diode. Additionally, no discrepancies between the measured current and voltage values for the modules and the total values resulting from the cells used were observed, which indicates correct operation of the system.



In the next step, the insulation resistance was tested in “dry” and “wet” conditions in accordance with the PN-EN-61215-2 [52] standard, where a voltage of 1000 V was applied to the module. Additionally, before the aging tests, the insulation resistance was determined at a voltage of 2500 V. The results of the survey are shown in Figure 2. To ensure good electrical contact with the tested connector surface, the edges of the module were covered with aluminum foil as shown in Figure 3.



The module was short-circuited with a branching connector, and then the positive electrode was connected to the measuring device. A second electrode was connected to the edge wrapped in foil.



The research was carried out according to the plan below:




	(a)

	
I insulation resistance test;




	(b)

	
MQT-11 test, several cycles of 6 h each, T: <−40,+85> °C, uncontrolled humidity;




	(c)

	
MQT-12 test, several cycles of 24 h each, T: <−40,+85> °C, humidity 85% at T = 85 °C for 20 h;




	(d)

	
MQT-13 test, half cycle—20 days;




	(e)

	
II insulation resistance test.









Wet insulation resistance results were recorded for each PV module (before and after aging testing) at



	(a)

	
a module immersed in water, with the connectors located above the water surface (to eliminate the likelihood of a breakdown occurring on the module itself)—Figure 4a;




	(b)

	
module immersed in water with connectors—Figure 4b.







The insulation resistance results before the climatic test are presented in Table 2. The measurements were performed for different voltages applied ranging from 1 kV to 2.5 kV for the dry and wet tests and for modules fully and half-immersed (M/2) in water. For the half-immersed module, the connector was placed above the water surface. The insulation resistance was determined for 1 and 2.5 kV.



According to the PN-EN-61215-2 [52] standard, the insulation resistance value of the measured modules cannot be less than 40 MΩ · m2 for modules larger than 0.1 m2. The area of the tested modules is 1.035 m · 1.050 m = 1.087 m2 and 1.035 m · 0.885 m = 0.916 m2. Therefore, the limit values of the insulation resistance for the tested modules should be 40 MΩ · 1.087 m2 = 43.48 MΩ and 40 MΩ · 0.916 m2 = 36.64 MΩ. For the dry tests, the measured resistance values are in the range of GΩ, significantly exceeding the normative requirements for electrical safety for both the 1 and 2.5 kV voltages applied. Lower values by a factor of 10 values were obtained for the wet tests when only half of the module was immersed in water and the connector was not submerged. The fully submerged modules, the 1 kV 5 module, showed values meeting the requirements of the standard, and for module 22110922, an electrical breakdown was noticed. Only one module met the standards when the 2.5 kV voltage was applied.
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Figure 4. PV modules during “wet” insulation resistance measurement—on the left (a), the module is immersed, excluding connectors—connectors above the water surface; on the right side (b), the module is immersed in water together with the connectors. 






Figure 4. PV modules during “wet” insulation resistance measurement—on the left (a), the module is immersed, excluding connectors—connectors above the water surface; on the right side (b), the module is immersed in water together with the connectors.
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After the aging tests, the module was subjected to visual inspection. No changes in the module itself were noticed. Slight color changes were noticed on the connectors, and the external part of the junction boxes turned whitish (Figure 5). No significant changes in regard to the mechanical properties of the junction box material were noticed.



Table 3 summarizes the obtained values of insulation resistance of the tested modules after the aging chamber. For all measured modules for the 2.5 kV applied voltage, the electrical breakdown was noticed even for the “dry” measurements, so due to safety reasons, wet test measurements were not carried out. Furthermore, for safety reasons, no detailed performance characteristic of the module was performed.




4. Discussion


Electrical breakdown in a photovoltaic junction box (JB) can occur due to various reasons; for side JBs, because this technology is still being developed, detail characterization for a comprehensive understanding is needed. To prevent an electrical breakdown in a PV junction box, it is crucial to ensure proper design, installation, and maintenance. This includes using high-quality materials, proper sealing, and effective insulation and adherence to industry standards and guidelines. The characterized samples clearly show that in order to ensure electrical safety, the manufacture process, design of JB, and insulation must be improved. The most common reasons why an electrical breakdown may occur in a PV junction box are moisture ingress; corrosion on electrical contacts, wires, and other components within the junction box; overheating; poor workmanship; defective components such as diodes or connectors; voltage spikes, surges, or overvoltage conditions; and material degradation due to exposure to sunlight, temperature variations, and other environmental factors. No changes in the material itself, namely nylon PA66, after the climate tests were noticed, suggesting that this fabric can be used for JBs. Because there is no breakdown for all the dry tests, one can conclude that the electrical connections of ribbons for solar cells and the connections to the junction boxes were prepared correctly. No problems related to electrical safety were noted when the module was immersed in water in such a way that the junction box remained above the water surface. The obtained values did not differ from those obtained in the case of the dry tests. This clearly suggests that the module was designed and assembled properly and the lamination process was performed correctly. For the wet tests, for 2.5 kV, five of the seven modules demonstrated an electrical breakdown. Additionally, for the applied voltage of 1 kV for the wet tests, for almost all modules, a significant drop by a factor of over 2 was noticed regarding the measured resistance compared to the dry tests. The possible explanation for the significant reduction in the insulation resistance values can be related to the lamination process. For the glass–glass module, a PVB lamination foil with a thickness of 0.76 mm was used. The standard lamination process involves placing two layers of laminating foil between the glass panes and placing a PV cell inside them. In order to ensure correct sealing and encapsulation of the system, solar cells are several dozen mm away from the edges. This ensures durable and tight lamination of the two layers of foil. The situation is noticeably different in the case of the edges where junction boxes are placed. In this case, some part of the JB tab is placed inside the module between the two layers of laminating foil. In this arrangement, during the lamination process, the foil is connected to the tab JB material, which should ensure tightness, but tests have shown that there is a risk of moisture penetrating inside. The difficulty in characterizing such a system is that it is not possible to directly examine the lamination site because of the presence of glass sheets from both sides. Additionally, a visual inspection before and after the climate test did not show any significant changes or defects, so the only indication of non-conformity with the standard is due to electrical measurements. The observed problem of not ensuring tightness may be related to the lack of compatibility of the JB material with PVB foil. In this case though, one can expect to notice imperfections after the lamination process in the form of bubbles or color changes, which were not observed. A possible explanation may therefore be the influence of the thickness of the JB part embedded inside the laminate. Because the solar cell thickness is around 220 µm and the thickness of the JB tab is 0.85 mm, a nonuniform distribution of the foil during the lamination process can be expected. Further examination is needed to confirm this hypothesis. In order to improve the insulation resistance, a thicker lamination foil will be tested.




5. Conclusions


PV modules equipped with side connectors are not resistant to changing climatic conditions. The obtained insulation resistance values during “wet” measurement definitely exclude the possibility of using side connectors in PV installations. The time of carrying out aging tests was halved compared to the provisions of the PN-EN-61215-2 [52] standards—both MQT10 and MQT 13. No delamination effects were observed with the side connectors. The breakdown effect may result from incorrect construction at the stage of installing the side connectors in the PV module, which is suggested by the large variations in insulation resistance values for individual modules. The main reason for the electrical breakdown though is related to the uneven distribution of foil in the lamination process related to thickness of the JB pad. In order to ensure electrical safety, side JBs must be designed in such a way as to reduce the thickness of the elements (pads) placed between the glass panes.
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Figure 1. Selected photos of side connectors of modules with serial numbers (a) 22110958 and (b) 22110926 before aging testing in a climatic chamber. 
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Figure 2. Current–voltage characteristics of PV modules equipped with side connectors. 
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Figure 3. Connectors covered with aluminum foil to ensure proper electrical contact with the tested connector surface. 
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Figure 5. Photos of side connectors of modules with serial numbers 22110920 and 22110958 after the MQT13 test in the climatic chamber. Boxes retained their shape, structure, and hardness. 
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Table 1. Photovoltaic modules equipped with side connectors.
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	Number
	22110956
	22110926
	22110922
	22110918
	22110920
	22110954
	22110958





	Dimension of the PV module
	1035 × 1050 mm
	1035 × 885 mm
	1035 × 885 mm
	1035 × 885 mm
	1035 × 885 mm
	1035 × 1050 mm
	1035 × 1050 mm



	Lamination foil
	
	
	
	
	
	
	










 





Table 2. Insulation resistance of the tested modules before the aging chamber.
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Module Number

	
Insulation Resistance Measurements




	
R-ISO 1 Kv Dry

	
R-ISO 2.5 kV Dry

	
      M   2      

	
R-ISO 1 kV Wet

	
R-ISO 2.5 kV Wet




	
R-ISO 1 kV Wet (M/2)

	
R-ISO 2.5 kV Wet (M/2)






	
22110956

	
2.590 [GΩ]

	
1.355 [GΩ]

	
1.809 [GΩ]

	
1.860 [GΩ]

	
848.7 [MΩ]

	
electrical breakdown




	
22110926

	
19.32 [GΩ]

	
5.035 [GΩ]

	
1.102 [GΩ]

	
1.103 [GΩ]

	
1.001 [GΩ]

	
electrical breakdown




	
22110922

	
15.24 [GΩ]

	
4.290 [GΩ]

	
1.156 [GΩ]

	
1.232 [GΩ]

	
electrical breakdown

	
electrical breakdown




	
22110918

	
30.3 [GΩ]

	
7.628 [GΩ]

	
1.301 [GΩ]

	
1.297 [GΩ]

	
599.6 [MΩ]

	
electrical breakdown




	
22110920

	
19.40 [GΩ]

	
9.142 [GΩ]

	
1.342 [GΩ]

	
1.378 [GΩ]

	
568.1 [MΩ]

	
596.7 [MΩ]




	
22110954

	
7.649 [GΩ]

	
2.810 [GΩ]

	
834.6 [MΩ]

	
868.0 [MΩ]

	
426.8 [MΩ]

	
electrical breakdown




	
22110958

	
9.049 [GΩ]

	
2.648 [GΩ]

	
865.9 [MΩ]

	
866.2 [MΩ]

	
430.1 [MΩ]

	
450.2 [MΩ]











 





Table 3. Insulation resistance of the tested modules after the aging chamber.
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Type of Measurement

	
Module Serial Number




	
22110958

	
22110