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Abstract

:

Since building-integrated photovoltaic (BIPV) modules are typically installed during, not after, the construction phase, BIPVs have a profound impact compared to conventional building-applied photovoltaics on the electrical installation and construction planning of a building. As the cost of BIPV modules decreases over time, the impact of electrical system architecture and converters will become more prevalent in the overall cost of the system. This manuscript provides an overview of potential BIPV electrical architectures. System-level criteria for BIPV installations are established, thus providing a reference framework to compare electrical architectures. To achieve modularity and to minimize engineering costs, module-level DC/DC converters preinstalled in the BIPV module turned out to be the best solution. The second part of this paper establishes converter-level requirements, derived and related to the BIPV system. These include measures to increase the converter fault tolerance for extended availability and to ensure essential safety features.
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1. Introduction


1.1. Motivation


Building-integrated photovoltaic (BIPV) systems consist of solar photovoltaic (PV) cells and modules that are integrated in the building envelope as part of the building structure, replacing conventional building materials [1,2]. BIPV is now being proposed as an economically viable solution to the increasing demand for renewable electricity generation, since the relatively minor added cost of PV cells to the overall building component’s cost results in conceivable payback times [3,4]. Furthermore, developments in thin-film PV technology reduce the costs of adding PV to structural elements even further [5,6].



The use of BIPV is encouraged by the European Strategic Energy Technology (SET) Plan [7] and the European Energy Performance of Buildings Directive (EPBD) [8]. The EPBD requires that all new buildings in the 28 member states are near Zero Energy Buildings (NZEB) from 2020 on. The implementation can be a combined result of reducing the energy demand and increasing the energy generation on site. In high-rise buildings, the amount of roof surface where PV panels can be placed might be unsufficient to cover the demand of the building. Placing PV in the façades offers a solution to this [9,10]. A high amount of research is conducted towards the different aspects of BIPV, such as BIPV Thermal (BIPVT) installations [11,12,13], a life-cycle analysis of BIPV installations [14,15], ab optimal design to match the electric loads in NZEB [16], the refurbishment and renovation of older buildings using BIPV [17,18,19], the thermal impact on the building [20,21,22,23], novel PV materials for use in BIPV products [24,25,26,27], the role of Building Information Management (BIM) in the design of new buildings with BIPV [28,29,30], and specific case studies [31,32,33,34,35]. This manuscript focuses on the electrical installation aspects of façade BIPV modules where a high degree of modularity is envisioned. At first sight, the electrical installation of BIPV systems does not seem to differ from building-applied photovoltaics (BAPV). This paper will highlight that the expectations and boundary conditions are different and lead to specific requirements for the design of new power electronics converters.



A wide variety of BIPV modules is commercially available on the market [3,36,37,38,39]. In general, two classes of BIPV modules are distinguished, namely roofing BIPV modules [40] and façade BIPV modules [3,41]. The first category consists of PV modules that are part of the roof structure of a building, comprising in-roof systems, full roof solutions, and solar tiles. The second category further distinguishes cold and warm façades, depending on whether the BIPV modules contain a ventilated air gap or not. Additionally, accessories exist such as parapets, balconies, and solar shadings not belonging directly to the building skin [42].



More than BAPV systems, BIPV systems have a profound impact on the electrical installation of the building and on the planning of the construction works, as the BIPV modules are installed during the construction phase and not fitted after construction has completed. Hence, the way in which the BIPV modules are interconnected and converter-interfaced is important to consider in order to minimize the additional required installation time and system engineering effort. In that regard, module-level converters (MLCs) that are factory preinstalled in the BIPV modules are promising [43]. Their main advantage of modularity prevails over the use of conventional string-level inverters, which are usually praised for their lower system cost [44]. Furthermore, adopting a DC instead of an AC distribution architecture simplifies the design of the module-level converters, resulting in an increased compactness, efficiency, and reliability [45,46]. Apart from that, as the cost of BIPV modules reduces further over time, the impact of the electrical installation architecture and the converters becomes more prevalent in the overall cost of the system.



Besides modularity, module-level converters reduce the impact of partial shading and are capable of supporting a wide variety of BIPV modules and associated electrical specifications [36,47,48,49]. Especially partial shading, leading to different I-V characteristics and maximum power points (MPP) of neighbouring modules is more prevalent in BIPV systems as compared to BAPV [50,51,52,53].



However, preinstalling module-level converters in BIPV modules leads to higher required levels of fault tolerance of the converters as it is undesirable or practically infeasible to replace the converter after an internal failure. Therefore, this paper discusses the possible failure modes of module-level converters, including its causes, consequences, and detection methods, and introduces techniques to ensure the fail-safe operation of the module-level converter if necessary. Additionally, the need for non-isolated or isolated module-level converters will be addressed.




1.2. Research Questions and Objectives


The research questions in this paper are (1) Given the difference with BAPV, what are the specific requirements of a BIPV electrical installation? General ideas will be translated to concrete evaluation points that serve as Key Performance Indicators (KPIs); (2) What are the advantages of Low-Voltage DC (LVDC) grids compared to traditional AC grids to electrically interconnect BIPV modules?; (3) Can the electrical requirements be translated to practical converter design recommendations?; and (4) What is the impact of the LVDC grid configuration (low resistance grounded—TN-S or high resistance grounded—IT) on the reliability and fault-tolerance of the system?




1.3. Paper Structure


This paper is organized as follows. The first section presented an introduction, including the motivation for the research and the specific research questions. The second section addresses system-level criteria for BIPV installations. A comparison between the different electrical architectures is given in section three. The fourth section will translate the system-level criteria into specific converter requirements and discuss relevant fault-tolerance and safety aspects more in-depth. The last section concludes this paper.





2. System Criteria for BIPV


This section describes the important system criteria that relate to the electrical installation of BIPV systems. These criteria serve as key performance indicators (KPIs) to evaluate the different interconnection methods, as shown in Figure 1. The next section will evaluate the different methods based on the derived KPIs.



2.1. Electrical Installation Methods


First, the different installation possibilities that can be used for the electrical installation of the BIPV system are briefly introduced. They are shown in Figure 1. In the string inverter approach (Figure 1a), several PV modules are series connected to form a string and are then coupled to the string inverter. Multiple strings are possible per inverter. The Maximum Power Point Tracking (MPPT) is done per string. A second option is the use of micro-inverters (Figure 1b) where one inverter is coupled with a single PV module. The MPPT is done per module, and the output is coupled directly to the AC grid. A third option is the use of series power optimizers (Figure 1c). There is again one converter per module, but the output is now DC instead of AC. The output ports of multiple converters are then series connected and coupled to a central inverter that regulates the DC bus voltage. The last option is the use of parallel power optimizers (Figure 1d). As with the series power optimizers, their output is DC. However, the DC voltage level is higher. They are parallel connected to the same DC bus, and the MPPT is also done per module. The different installation possibilities will be further evaluated for BIPV applications in Section 2.8.




2.2. Energy Yield and Aesthetics


When designing the BIPV system, a trade-off needs to be made between the aesthetics and the energy-yield of the installation. A different approach exists between BAPV and BIPV. For BAPV, the electrical installation is typically done on an existing structure. A high energy yield is of primary importance as the motivation to place it can be found in reduced electricty costs. For BIPV, the energy yield is of secondary importance, whereas aesthetics and building regulation standards are primary factors to take into account [54]. Neglecting the importance of the energy yield could, however, lead to a less favourable position of BIPV compared to other measures that are used to reduce the energy consumption and ecological footprint of the building [55].



As compared to conventional PV systems, partial shading due to adjacent structures, building elements (e.g., pipes and ducts), frame edges, or the curvature of the installation is more prevalent in BIPV installations [36,47,48,49]. As a consequence, the power output of the shaded modules and, more importantly, the unshaded modules will be reduced, depending on the electrical configuration. The mismatch losses due to partial shading are specific for each installation, though studies indicate losses ranging from 5–25% [53,56,57,58].



This impact can, however, be limited by implementing the MPPT on smaller scales, e.g., per panel and not per string. To increase the power output, it is advisable to do the MPPT per module (distributed MPPT) and not per string. A micro-inverter (DC/AC) or power optimizer (DC/DC) solution is, thus, preferred to the traditional string inverter approach.




2.3. Flexibility


Flexibility relates to the architectural freedom during the design stage. In everyday structures, such as a casual office building, it can be advantageous to use arrays of standardized BIPV modules in order to reduce costs. This could, however, lead to a rather monotonous façade. When partial shading is not an issue, a string inverter could be used for the electrical installation, which is again beneficial from a cost point of view.



In more prestigious buildings, multiple types of PV (mono-, poly-, or thin film) can be present under a variety of forms. The electrical characteristics of these panels differ due to the different electrical properties of the used material, the size, and the orientation. Since aesthetics are of focal importance [54,55], this seems to be the preferred scenario, despite the higher impact on the electrical installation. Even when partial shading effects are negligible, the variety in output parameters favours the use of module-level converters as stringing becomes difficult or even impossible.




2.4. Modularity


This criterion relates to the ease of the practical construction of the installation. A modular system can easily be built and is the most plug-and-play option. This modularity aspect needs an evaluation for both the mechanical and electrical installation. The main focus of this paper, however, is on its electrical aspect. Modularity in its ultimate form would mean that the mechanical and electrical installation of the building can be carried out simultaneously by the same person. This person is preferably a construction worker with a minimal amount of extra training such that no skilled electrician is required to wire up the electrical installation after the façade itself has been placed. Relating to the previous aspects of flexibility, modularity does not mean that every BIPV module will be the same. The mechanical dimensions of a curtain wall BIPV module will be the same over a certain area of the building, e.g., one floor level, for the easiness of constructing the façade. Part of the BIPV module will be glass; the other part will be PV. The ratio glass/PV is, however, a parameter that can differ over different panels. This concept is illustrated in Figure 2 where BIPV modules are shown with 50% and 100% PV penetration. Furthermore, the glazing could also be changed to transparent PV modules which further increases the variety of electrical parameters in the system.



Cabling is another factor that strongly influences the modularity of the system. Ideally, a preinstalled AC or DC bus structure would run inside the BIPV modules. By doing so, the BIPV modules can be directly interconnected at the moment of their installation. At the corners of the building, the cables of the BIPV modules of the same floor level can then be connected to the main AC or DC backbone.




2.5. Engineering Effort


The engineering effort and associated costs for the electrical installation should be minimized, leading to a lower overall system cost and a low threshold for architects to employ BIPV in their designs.



In BAPV, the engineering effort is already very low due to the standardization in panel sizes (standard 60 or 72 cells), the smaller system size, and the fact that cabling can be easily routed behind the panels.



A high degree of standardization and modularity in BIPV systems will reduce the engineering effort required to design the electrical system. Reference [43] already indicated that preinstalled MLCs in the BIPV modules are a promising solution to decrease costs. By doing so, all modules can be placed in parallel to a common bus structure. The different rated powers become a nonissue when a MLC is used, and the cabling from one module to the next can be preinstalled.




2.6. Reliability and Availability


As discussed in the previous points on the modularity and flexibility of the system, a fully integrated BIPV module with an integrated MLC is desired. The location of the MLC will be at the back of the PV panel or inside the metallic framework of the BIPV module. The major drawback of this choice is that the converter is difficult to reach after installation, making repairs or replacements undesirable or even impossible. The MLC lifetime should, thus, be comparable to the lifetime of the PV panel or even to the lifetime of the façade. The reliability of the converter becomes an important criterion to judge upon to enable this lifetime. A considerable amount of research is conducted to characterize the stresses of micro-inverters, considering mission profiles and degradation [59,60,61]. Commercial micro-inverter and power optimizers manufacturers use reliability as one of the key arguments to promote their products above competitors in the field and above the use of traditional string inverters. From Reference [62], the MTTF of string inverters is in the range of 20 years whereas micro-inverters report a MTTF of 300(+) years [63,64], certified by independent reliability test centers. Series power optimizers even report MTTF of 1000+ years, motivating that this is a consequence of the low amount of internal components, compared to string inverters [65].



No specific numbers have been found on parallel power optimizers. A higher reliability is, however, expected compared to micro-inverters as they only perform a DC/DC conversion, requiring less components and conversion steps. The converter reliability will, however, be lower compared to a series power optimizer, as a consequence of the higher voltage step-up, leading to more components and/or more complex circuit topologies [66,67]. For further calculations, the MTTF of parallel power optimizers is assumed to be 500 years.



From the above numbers, the converter reliability is plotted in Figure 3a for a time span of 40 years, corresponding to the desired lifetime of a BIPV façade. The string inverter performs the worst, leading to required replacements up to five times during the lifetime of a PV installation [59,68]. The replacements are not modeled in this study. The performance of micro-inverters and power optimizers is better, leading to an estimated reliability operational at 40 years of 87% for the micro-inverter, 96% for the series power optimizer (PO), and 92% for the parallel PO. These high numbers for distributed MPPT architectures have provoked skepticism within the PV industry and are criticized, as no or little field data is available to support these claims [62]. The numbers are mainly used to show specific trends, their numerical exactness is of secondary importance. Furthermore, the numbers that are reported in literature always referring to older converter designs that were installed several years ago. They can be used to derive a correct order of magnitude, but they do not take new designs with possible different failure mechanisms into account.



Even when special care is taken to have a reliable converter design, failures are inevitable. Hence, it is important that these failures only affect the converter and not the system as a whole. When a string inverter fails, the entire PV array becomes unavailable until the unit is repaired or replaced. As indicated in Reference [62], the independent and distributed architecture of MLC only affects one specific BIPV module. This leads to a reduced total power generation, but the system as a whole remains available. This is the case for micro-inverters and parallel power optimizers, if it is assumed that they are designed to fail safe. For series power optimizers, the malfunctioning of one device can lead to the malfunctioning of the entire string [69]. The string length of the leading commercial manufacturers is at least six and can go up to 25 (for a single phase grid connection). Taking these factors into account, the system reliability for the different cases is plotted in Figure 3b, showing that the parallel power optimizer approach leads to the highest system reliability. The reliability of the series power optimizer system has decreased due to the dependence on the correct functioning of the other optimizers within the string. Note that the MLC are assumed to be placed inside the metallic casing such that replacement is undesirable or even impossible. Specific failure modes of MLC and their consequences are investigated further on in this paper.



Furthermore, as reported by Reference [68], one of the main causes of PV inverter failure is related to inadequate protection from grid events, mainly surge voltages. To enhance the system’s reliability, this factor needs to be taken into account.




2.7. Monitoring and Communication


To analyze and assess the performance of the system, it is recommended to collect data regarding the generated PV power. When this data is analyzed over a certain period of time, it can help to schedule maintenance for the installation (cleaning, testing, and a comparative analysis). Furthermore, peer-to-peer communication can be beneficial to detect fault scenarios, as will be discussed in detail in Section 4.




2.8. Technical Room Space and Cable Management—Case Study EnergyVille


The required technical room space (including technical shafts) for the BIPV installation needs to be minimal. This requirement is mainly valid for installations in densely populated areas where the price per square meter is elevated. Integrating the electronics and the cables is beneficial for this criterion. As already discussed under Section 2.4, using an AC or DC bus that runs along the modules can greatly simplify the cable management of the system.



To evaluate the technical room space, a case study has been carried out. Figure 4 shows the EnergyVille research institute building, located in Genk, Belgium. This building has a BAPV capacity of 369.15 kWp installed on the roof of the building, occupying a surface of 3326.17 m2. The PV strings are connected to the grid via 23 string inverters of 8.5 and 20 kVA, requiring an inverter room of, approximately, 100 m3.



The southern façade of this building has a strong potential for a façade BIPV installation due to its southern orientation and the absence of nearby obstacles. The available surface allows a peak power installation capacity of 97.8 kWp. Considering that each panel covers a surface of 1.63 m2 and the available surface is around 531 m2 (already disconsidering the occupied area by the windows) and taking into account that the partial shading deteriorates the energy generation by 10–13% [53], the estimated peak power of the southern façade is around 85 kWp. If a BIPV structure is installed and connected via local micro-converters, the installation leads to an increase of about 25% of the installed renewable generation while it does not require additional room space.





3. Evaluation of the Electrical Installations for BIPV


The objective of this section is to give an overview of the possible installation methods to electrically interconnect BIPV modules. A discussion on the advantages and disadvantages of each system will be provided. The following criteria are considered: monitoring, modularity, engineering effort, immunity against AC disturbances, immunity against partial shading, and reliability. The interconnection of BIPV modules to the AC grid or DC backbone, shown in Figure 1, leads to several options that will be explored. Figure 1a,b show the interconnection of BIPV modules directly to the AC grid, while Figure 1c,d represents the possible configurations to interconnect the BIPV modules to a DC microgrid.



Regarding the connection from the PV voltage level to the AC grid (single or three-phase) string inverters are often used [70,71,72]. The BIPV modules are connected in series, and the string is connected to one inverter. Micro-inverters, where each PV panel has its own low power inverter, are another possibility to connect the panels directly to the AC grid [73,74,75].



To guarantee immunity against AC disturbances, the BIPV modules can be connected via DC power optimizers to an LVDC grid (bipolar or unipolar), as shown in Figure 1. In this type of grid connection, two options are highlighted: a series operation of power optimizers and a parallel operation of power optimizers.



The systems abovementioned have strengths and weaknesses that will be presented considering the predefined criteria in this paper for a BIPV electrical installation. Table 1 presents this overview.



3.1. String Inverters


In the string inverter configuration, the DC input voltage of the inverter is the series connection of the BIPV modules. This solution can lead to a lower energy yield during partial shading conditions, thereby degrading the overall system performance. The use of string inverters for BIPV installations is widely reported in the literature [58,76,77,78,79,80,81,82,83,84,85,86].



The analysis of Table 1 shows that string inverters have an inferior performance for all criteria that were established for BIPV installations. The system is not modular since stringing needs to be done, requiring a high engineering effort to optimally design the number and length of the PV strings for a given installation. Especially when different sizes and types of PV are used, stringing becomes extremely challenging. System reliability is the lowest of all four options, but this number might be misleading since no repair was modelled. This was done because MLCs are placed in locations that are difficult or impossible to reach after installation. However, the string inverter is placed inside the protected volume and can, thus, be repaired when a fault occurs.




3.2. Micro-Inverters


For the case of micro-inverters, the system improves over several aspects. The problem of partial shading is now solved due to the distributed MPPT. Micro-inverters allow the fitting inside the frame of the BIPV module, thus becoming a real MLC. This combination is commonly referred to as an AC module. Micro-inverters are still coupled to the AC grid, making them vulnerable to AC grid disturbances. This is a major drawback given that the MLC is not difficult to reach after installation. An overvoltage on the AC grid could, thus, lead to a shutdown of the entire BIPV installation without the possibility to repair. From a reliability point of view, the major drawback of micro-inverters is probably the large electrolytic capacitors that are required to buffer the power output ripple at twice the switching frequency [44].



In literature, only one example is found that reports the use of micro-inverters. This is the case for the Copenhagen International School in Denmark [87].




3.3. Power Optimizers


Compared to inverters, power optimizers (POs) benefit from an immunity against AC grid disturbances. They are similar to micro-inverters regarding the distributed MPPT approach but they do a DC/DC and not an AC/DC conversion. Because of this, their internal power electronics circuit topology can be simpler. This is especially true for series power optimizers (SPOs) of which the outputs are connected in series to obtain a high voltage at the end of the string. Their output voltage is currently controlled via an extra current source converter, which can be placed inside the building. The largest benefit of this approach is that their circuit topology can be a standard buck-boost converter with a low amount of required components and low voltage stresses on the components due to their lower output voltage [88,89,90]. Both factors favour the converter reliability and compactness of SPOs. As indicated in Table 1, SPOs have the same score as string inverters from a modularity and engineering effort point of view. This is because the installation is not necessarily plug-and-play. For small installations this might be relatively straightforward, assuming that, for example, one string per floor level is required and all BIPV modules can be simply put in series. For larger buildings with longer strings, this is not necessarily the case as the amount of SPOs per string is limited by the technology and correct cabling becomes challenging again. Furthermore, one malfunctioning converter can lead to the improper operation of the entire string, as discussed in Section 2.6. In the literature, several detection strategies are proposed to detect and overcome this issue [91,92].



Parallel POs (PPOs) show the best overall performance for use in BIPV electrical installations. As with SPOs, PPOs employ a DC/DC conversion, but all the outputs are placed in parallel to a common DC bus as shown in Figure 1d. The DC bus is controlled by a central voltage source converter which could be the same inverter that controls the LVDC micro grid.



PPOs combine the advantages of a distributed MPPT, a lower amount of internal components compared to inverters, a high degree of flexibility and modularity, no impact of AC grid disturbances, and the highest overall system reliability due to the independence of other converters.



To the author’s best knowledge, no papers have been published where the SPO approach is used for BIPV applications. The use of PPOs for BIPV has first been reported by Reference [43], where a 200-V DC bus was used. The same approach was adopted by References [93,94,95], but a 380-V DC bus was employed. The reliability aspects concerning the embedment of this converter in the frame of a BIPV curtain wall element were treated in Reference [96].




3.4. LVDC Grid


A low-voltage DC architecture is adopted because of three main arguments. Primarily, an LVDC grid has a higher compatibility with the DC devices in the system. PV systems, energy storage systems, electric vehicles, LED lighting, IT equipment, and drives operate natively on DC or require DC along the power conversion chain [97,98,99,100,101]. Consequently, an LVDC grid can simplify the conversion steps, which is not only limited to DC-DC power optimizers. That results in an increased efficiency, a reduced component part count, and an enhanced component-level reliability. Secondly, an LVDC grid can transmit more power provided the same copper conductor cross section, thereby lowering costs [99,101]. Thirdly, because power converters are predominantly present in LVDC grids, power flows are actively controllable as compared to passive rectifiers used in AC systems.



Compared to the previous arguments that hold for LVDC grids in general, what are the specific advantages of an LVDC grid in a BIPV context? At first, the fewer conversion steps lead to a lower component count, which leads to an inherent higher reliability and an increased power density. This is beneficial for a frame-integration of the modules. Secondly, since both the input and output power are DC quantities, no energy buffering is required to filter out the power pulsation occurring at twice the grid frequency. The required buffer capacitance is given by Equation (1). To increase the power density and decrease costs, this is usually an electrolytic capacitor. The long-term reliability of this component is often questioned and is, therefore, a distinct advantage if electrolytic capacitors can be left out of the design [44,102].


CDC=PMPP2·ωgrid·UDC·uripple



(1)







The voltage level can be seen as a degree of freedom which allows for a balance of the converter and cabling costs in the system. A higher voltage level leads to smaller cable cross sections and, thus, to cheaper cabling. However, a lower voltage level can reduce the required gain of the converter and allows the employment of components with a lower voltage rating, which might lead to cost reductions for the converter. To date, there are no internationally recognized standards or agreements on the exact voltage level of future LVDC grids. In telecom applications, a unipolar 48 V grid has been used for decades. In datacenters, a transition is going on from AC to bipolar DC with a voltage level of 380 V (+190 V/0/−190 V) [103]. Rodriguez et al. proposed the use of a bipolar 1500 V (+750 V/0/−750 V) grid for LVDC distribution that can be further divided in a bipolar 750 V (+375 V/0/−375 V) for high power loads and a unipolar 48 V bus for low power loads [104].





4. Converter Requirements


The discussion in Section 2.8 has led to the insight that a parallel power optimizer (PPO) approach is the most appropriate method to tackle the requirements that were set forward in Section 2. However, the previous analysis has shown that up to this date, the majority of BIPV installations still employ the more traditional string inverters to interconnect the BIPV modules. This section focuses on the specific requirements of a PPO for use in BIPV modules as an MLC. Every MLC is connected in parallel to the LVDC grid (the common DC bus) as shown in Figure 1d.



4.1. Compactness


The structural strength of BIPV modules is achieved via extruded aluminium profiles, and the MLC is preferably installed inside these cavities. In BAPV modules, the MLC is installed at the back of the PV panel, but in the case of BIPV, this space is occupied by thermal insulation material.



In general, a flat and long design is preferred to fit inside the framework. Currently commercially available MLC converters do not have this form factor, making it impossible to fit in this cavity. The implementation of wide-bandgap components such as Silicon Carbide (Sic) or Gallium Nitride (GaN) in the converter topology can help to achieve the required power density goals by an increased switching frequency, leading to smaller passive devices. The avoidance of transformers or inductors can lead to further size reductions, usually accomplished via switched capacitor circuits [105]. However, switched capacitor circuits can suffer from a lower reliability given that capacitors are one of the dominant components that lead to device failures [59]. Especially when MultiLayer Ceramic Capacitors (MLCCs) are used, a careful design is important due to their dominant short-circuit failure mode [102].




4.2. Wide Power and Input Voltage Range


In order to meet the scalability and flexibility requirements, it is preferable that the converter is compatible with a wide variety of PV panel types (mono-, polycristalline, and thin film) and sizes. The type of panel will already dictate part of its electrical characterisitics, but this is also influenced by the active surface, leading to a higher or lower amount of active cells. Apart from the standard 60 or 72 cell panel size, strongly deviating designs can occur, depending on the architect’s needs. Currently, commercial and research projects still focus on standard 60 or 72 cell PV modules, leading to designs that work for 20–50 V input voltage. This voltage range needs to be widened on both ends for future converter designs. The low input voltages might, however, lead to lower efficiencies due to the higher step-up [66,67]. Therefore, BIPV modules with a higher output voltage are more attractive from a power electronics point of view. This allows for simpler and smaller topologies to be used.



Furthermore, to optimize the energy-yield of the installation, the converters need to cover a wide input power range, preferably from 10–100% of the nominal peak power. The challenge is to maintain a decent efficiency over the entire operating range as typically the efficiency curve strongly decreases on the low-power operating range. Interleaved converters can help to achieve this goal by controlling the amount of phases based on the input power, thereby allowing a flatter efficiency curve [106].




4.3. Temperature Range and Cooling


Experimental results from previous studies indicate that the temperature in and around façade BIPV panels can strongly exceed 100 °C, depending on the installation and type of grid ventilation [53]. Measurements inside the framework where the converter will be placed indicate temperatures around 80 °C, leading to high thermal stresses for the converter components. As temperature and temperature cycling are one of the major stressors for power electronic components [59], cooling or heat-spreading will be required to keep the component temperature low enough to meet the reliability requirements. However, the physical dimensions of the heat sink need to be limited such that the size does not conflict with the compactness requirements. An alternative gaining importance in space-constrained applications is evaporative cooling using ultrathin heat pipes [107]. Active cooling using forced air flow is not preferred as the lifetime of fans is limited due to wear-out of the bearings [62], whereas active liquid cooling is considered to be expensive and difficult to implement in the system. BIPVT systems, where the generated heat of the PV panel is partly recovered in the building via forced convection, seems to gain lots of research interest [12]. No studies have been carried out that check whether this is also an effective approach to cool integrated electronics such as the MLC.




4.4. Lifetime


As already discussed in Section 2.6, the lifetime of the converter should be comparable to the lifetime of the PV panel, which is currently in the order of 25 years with a warranted power output of 80% or more. This is, however, still not equal to the current lifetime of a façade in the order of 30 to 50 years and which is also the design target for BIPV façades.



Micro-inverter and power optimizer producers provide warranties up to 25 years for their products [64,69]. These warranties are valid for converters that are attached to the back of a BAPV module and not in the framework of a BIPV module, which is a more challenging environment.



In Reference [108], an experimental study with accelerated lifetime tests was conducted to determine the reliability issues of module-level power electronics converters. Their conclusion states that a significant number of devices failed due to the applied stress and that this is most likely a consequence of design issues rather than manufacturing issues. Keeping this information in mind, combined with more severe temperature stresses that are expected in BIPV compared to BAPV, a design-for-reliability approach for BIPV MLCs is required.




4.5. Fail-Safe Functionalities


Fault-tolerant or fail-safe requirements relate to the correct functioning of the electrical system, after the occurrence of faults. When one MLC fails, it is important that this converter gets isolated from the system such that the BIPV feeder can remain operational with the remaining converters. This aids in achieving the availability target and is beneficial for the Return On Investment (ROI) of the installation [44]. Failures of PV arrays, their origin, consequences, and mitigation techniques are provided in Reference [109], but the failure of a single PV module connected via a power optimizer to an LVDC grid has not been covered. As the fault and leakage currents are much lower when the fault occurs on the PV side, this situation is different from a failure in a PV array. Novel fault detection methods as proposed in Reference [110] are recommended here.



In general, two types of faults can be distinguished: earth faults and short-circuit faults. This is shown in Figure 5. The influence on the availability of the system will be discussed for the case of earth faults, as they are related to the LVDC grid configuration and the presence of a high frequency transformer.



4.5.1. Earth Fault Selectivity


Assume an earth fault occurs at the output terminal of the MLC. The required response will depend on the LVDC grid configuration. In an IT grid, it is possible to organize the protection centrally, for example, as an extra feature of the central AC/DC converter. If all the protection equipment and logic is contained within this central box, communication is necessary between the central converter and the MLCs. When an earth fault is detected, the central converter can force a sequential shutdown of the MLCs in order to localize and isolate the faulty converter. This specific strategy is only possible in the case of an IT grid configuration, as it allows a certain time to react and search the earth fault. It comes, however, at the cost of a more complex protection scheme, based on communication between the MLCs and a central controller. The MLC needs to be equipped with a relay such that it can entirely disconnect from the LVDC grid when required. The central inverter needs to be equipped with an isolation monitoring device (IMD). Due to the extra costs and increased control complexity, this protection scheme is not recommended. The situation is, however, different for a TN-S grid configuration. When an earth fault occurs, the situation is similar to a short-circuit fault. The earth fault protection can, thus, be identical to the local short circuit protection measures. This can be, for example, a fuse. The fault current will be determined by the amount of PV generation of the other converters, the total capacitance of the LVDC grid, and the fault impedance.




4.5.2. Galvanic Isolation: Yes or No?


A transformer is often regarded as a component that reduces the overall efficiency and strongly increases the cost and volume of a DC/DC converter. It has, however, been successfully implemented in several designs [43,111,112] to realize the high step-up from the PV voltage level to the LVDC voltage level. In this work, an extra advantage of galvanic isolation will be analyzed.



As can be seen from the fault tree in Figure 5, the presence of a transformer affects only the situation where an earth fault occurs on the PV side. The three possible situations for this fault (assuming PV+ to PE) are analyzed in Table 2. A similar analysis is possible for a PV− to PE fault, but it is omitted here as the outcome is the same. This table provides evidence that a (high frequency) transformer in between the PV terminals and the LVDC grid improves the fault-tolerance and, thus, the reliability of the system by creating a very local IT grid. As in an IT system, a first fault has no direct consequence but merely places the potentials on the same level. If the converter has a local isolation monitoring device installed, it can sense this fault and shut down, but this is not a strict requirement. A second fault will instantly lead to a short-circuit at the PV terminals, which is measurable and requires a converter shut down and disconnection from the LVDC grid.






5. Conclusions


BIPV modules are installed during, not after, the construction phase and have a profound impact on the electrical installation and construction planning of a building. In this paper, system criteria were established for the electrical installations of building-integrated photovoltaics. These criteria serve as key performance indicators. Apart from energy-yield, factors such as engineering effort, availability, and modularity must also be considered when designing the installation as they impact project installation costs. Currently available electrical installation architectures, such as string inverters, micro-inverters, and series and parallel power optimizers, were compared according to the aforementioned criteria, favoring parallel module-level converters connected to a low-voltage DC grid for BIPV applications. LVDC grids allow a further reduction of the costs and an increase in the power density and lifetime compared to traditional AC grids. This is mainly because of the lower amount of conversion stages, leading to a lower amount of components. Although, the use of string inverters is mostly reported for BIPV. The requirements for BIPV module-level converters mainly differ from regular PV converters in terms of compactness, input range, and operating temperature range. Several methods were discussed that allow an improvement of these aspects for future BIPV converter designs. Furthermore, BIPV module-level converters must incorporate fault-tolerance techniques to meet the building element’s lifetime requirements. Due to the difficulties in replacing the converter when it is embedded inside the framework of the BIPV module, it is of utmost importance that the converter is designed to fail safe such that a converter failure does not result in a system failure. Fault conditions in BIPV module-level converters were considered for different grounding configurations. Compared to the current trend of going to non-isolated PV converters, we recommend the use of transformer-isolated topologies which increase the fault tolerance of the installation as a whole. The preferred grounding configuration is TN-S, as it allows for simple fault discrimination based on the current intensity.
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The following abbreviations are used in this manuscript:





	AC
	Alternating Current



	BAPV
	Building-Applied Photovoltaics



	BIPV
	Building-Integrated Photovoltaics



	BIPVT
	Building-Integrated Photovoltaics Thermal



	DC
	Direct Current



	EPBD
	Energy Performance of Buildings Directive



	GaN
	Gallium Nitirde



	IMD
	Insulation Monitoring Device



	IT
	High-resistance grounded (from French: Isolé—Terre)



	KPI
	Key Performance Indicator



	LVDC
	Low-Voltage Direct Current



	MI
	Micro-inverter



	MLC
	Module Level Converter



	MLCC
	Multilayer Ceramic Capacitor



	MPP
	Maximum Power Point



	MPPT
	Maximum Power Point Tracker



	NZEB
	Near Zero Energy Buildings



	PPO
	Parallel Power Optimizer



	PV
	Photovoltaics



	SET
	Strategic Energy Technology



	SI
	String Inverter



	SiC
	Silicon Carbide



	SPO
	Series Power Optimizer



	TN-S
	Low-resistance grounded (from French: Terre-Neutre Séparé)
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Figure 1. The possible electrical architectures for PV module interconnection to an AC or DC grid: (a) string inverters; (b) micro-inverters; (c) series power optimizer; and (d) parallel power optimizer. 






Fig