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 A Different Approach to the Design of a Rooftop Photovoltaic System.  
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ENEA CR-Portici, P.le E. Fermi 1, 80055 Portici, Italy
girolamo.difrancia@enea.it  
The need to accelerate the energy transition has strongly increased the interest towards the installation of photovoltaic arrays on building roofs. At the same time, for reasons mainly related to the deep digital transformation all the world is experiencing, the number of mobile telephony base stations, the antennas, is growing too. As a result, a high number of such installations is expected, particularly in the most highly populated cities just on the same roofs that should be available for photovoltaic plants. Typically, an antenna is expected to interfere with the operation of the photovoltaic system only because of its possible shading effect on the photovoltaic panels, so that, where possible, countermeasures are undertaken by properly designing the PV array. But the interaction can be much more complicated than that. In this work the interaction of a PV plant with a mobile telephony base station is investigated both in terms of the electromagnetic shielding effect that PV panels can operate on the RF waves propagation and in terms of the passive electromagnetic reflective action that the same array can exhibit. It is found that: a) the shielding effect by the PV array can significantly reduce the risk deriving from exposure to the antenna generated em fields that several studies agree now to result in health risks for the populations living in close proximity to the antennas and b) a suitable design of the array and the selection of a proper orientation could help in a better and more uniform propagation of the RF communication signals. 

Introduction
Pressed by the so-called "fourth industrial revolution", the mobile ICT sector proves deep transformations in data transmission and reception technologies approximately each 10 years. The latest, the set of 5G technologies, has just begun its in-field implementation phase in 2019 and the next one, the 6G technology that is expected to be dominant towards the end of this decade, is now beginning to be tested. Among the various elements that characterize these technologies, the one that probably most characterizes our urban landscape from a physical point of view, especially in large cities, is the continuous growth of mobile transmission stations, the antenna towers. The main reason for that is the growing number of devices that ask to be web connected and, at the same time, the steady increase of the transmission frequencies accessible to those devices. 
The 6G scenario will be characterized by devices capable to transmit/receive in the range of hundreds or even thousands of GHz, the so-called millimeter wave range. Such an increase of the transmission frequencies also entails a greater probability that the radio signal is absorbed or dispersed due to the presence of obstacles of various kinds. As a result, to ensure the greatest possible area coverage, the number of antennas is expected to continuously grow with the evolution of the transmission technology. Today the number of antennas in 4G technology is generally proportional to the number of inhabitants (and therefore, to a good approximation, of the devices that need to connect) with a density equal to about 1 station for every 1000-2000 inhabitants. With the 5G technology this number will grow by at least a factor of 10 and a further factor of 10 is expected with the 6G arrival, at the end of the decade. It is thus conceivable that by the end of the decade, each building will either be the site of a mobile station or it will be very close to it, within a few tens of meters at the most. At the same time, the widespread adoption of energy transition policies implies that a large part of those same buildings, probably 1 out of 2 in the EU according to recent studies, will be also characterized by the presence of small photovoltaic (PV) systems, up to a few hundreds of kWp (Solar Power Europe, 2023). Thus the building surfaces, especially in large cities, will end up playing a central role both in the production of clean energy and in supporting and enabling the growing flow of information that characterizes this historical period. Figure 1 shows, as an example, a mobile telephone base station of a 4G network, built in the immediate closeness of a small photovoltaic system installed on the roof of a building placed near the antenna itself. 
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Figure 1: A 4G antenna, built near a small photovoltaic system installed on the roof of a building.

The two worlds, photovoltaic systems and data transmission/reception of electromagnetic (EM) waves in the radiofrequency (RF) range, are essentially considered as separate, except for those applications related to the use of photovoltaic systems to power mobile stations or, vice versa, to the use of 3G or higher technologies, to improve photovoltaic utilities production control. But things aren't always what they seem: between these two worlds there is, already at present, a much more sound interaction. First of all, the possible use of a solar cell as an antenna in the GHz range, has been already investigated in several papers (Baccouch, 2019). Hereafter two further interactions between a photovoltaic array and a RF transmission system are reported. Since from the point of view of RF transmission, a photovoltaic system behaves like a conductor as wide as even several sqmt, a conductor of this size, placed next to a RF source, can significantly modify the electromagnetic waves  propagation, giving rise to an interaction that can be used either in terms of shielding from the EM field and as passive RF reflector. Especially the former application could be interesting for roof or facades PV deployment because the shielding effect could significantly reduce the risk deriving from exposure to the EM fields that several studies agree now to result in sensible health risks for the populations living in close proximity to the antennas (Balmori, 2022). This work is divided into 5 sections. In addition to this introduction, in section 2, the way a photovoltaic array interacts with external EM fields is discussed; in section 3, the results of measurements carried out to evaluate this effect in a test site, using a small photovoltaic array, are reported; in section 4, the results of the measurements and the possible applications of this interaction will be discussed, in particular in the design of small photovoltaic plants; finally, in section 5, the conclusions will be reported. 

A photovoltaic module in a RF electromagnetic field 
Currently the most widespread photovoltaic technology is based on crystalline silicon solar cells. Figure 2 shows the basic element of this technology. It is substantially a thin silicon plate with a shape close to a square and with an area up to 156 cm2, enclosed between two electrical contacts, the front one, a very fine metallic grid so as to minimally hinder the absorption of solar radiation and the rear one, made instead, in general of a more continuous deposition of an aluminum layer with a thickness of the order of a micrometer.  For the sake of completeness it is worth to note here that different device designs are nowadays commercially available where, for instance, a metallic grid takes the place of the continuous back contact. 
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Figure 2: Basic structure of a crystalline silicon solar cell. n+ and p denote adding to silicon Phosphorous (n) and Boron (p) atoms, respectively.

A typical solar panel is made up of sets of solar cells connected in series or parallel so as to obtain the expected electrical rating data (output voltage and current). In the case of parallel connection, the single cell back contacts that make up the module are directly connected each other and the photovoltaic module can be seen, for the purpose of this work, as a single conducting plate with an area almost equal to the entire module area. In the case of series connection, the overall impedance is given by the sum of the individual cell impedances. Since the cell impedance at the frequencies of interest for this work is only resistive and it is not different from the resistance of the aluminum back contact, again, from the point of view of the RF propagation, cells in series, will still appear as a single conductor (Namin, 2013). As it is known, the reflectance of EM waves from metal reflectors is always close to 1, even if it slightly decreases as the frequency increases (Born, 1959). It is worth to note that since the separation between the cells is generally reduced to the minimum so as to minimize the loss of the available incident radiation, this separation may be in fact considered as practically trifling for the shielding properties here considered.  

Measurements
Figures 3a show the experimental setup used in this work. 
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(a)                                                          (b)
Figure 3a: The array of solar modules used as a test installation for this experiment and in Figure 3b a particular of the backside of the modules is shown.

A small array consisting of two glass-glass photovoltaic modules of about 70W each, was set up on a roof of a building located near a mobile antenna station in Napoli, Italy. The two modules used for this work consist of the same type of 100 cm2 solar cells except for the backside that, for one of the modules is an Aluminum grid covering an area of about 30% of the cell and, for the other module, it is a continuous Aluminum layer, as it is shown in Figure 3b. For the purposes of this work, the array was oriented towards the antenna with a 35° tilt angle, as it is shown in Figure 4a. In Figure 4b, a schematic of the experimental set-up is shown. The electric field was measured in the testing area before and after the installation of the PV array.
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a)                                                                         b)
Figure 4: a)	 The photovoltaic array under testing placed on a roof next to the mobile antenna, at a distance of about 50 m and towards that oriented; b) a schematic of the experimental set-up. 

The effect of the small PV array on the EM wave propagation has been measured by means of the electromagnetic field meter PCE Instruments PCE 29A, characterized by an operating range from 50 MHz to 3.5 GHz and also evaluated in terms of specific transmission in the 4G range by evaluating the intensity of the radiation emitted by means of the Network Cell Info Lite application (Okandeji, 2021). EM measurements (without the array ) have been performed in a selected area (where the array would have been then placed) and at the backside of the array (with the array ) once it has been installed in the selected area. In Table 1 the average EM field values measured by means of the PCE 29A meter and the relative intensity values in dB measured using the Network Cell Info Lite application, are reported.

Table 1: Electric field intensity and its relative variation with and without the PV array. 
	 
	With the array
	Without the array
	
	With the array
	Without the array

	Electric Field 
(V/m)
	1 +/- 0.5
	3 +/- 1
	NCIL (dB)
	-57
	-51
(saturated) 



It is worth to note that no major variation in the electric field values has been observed in measurements performed at different points at the backside of the array in spite of the difference between the back contact structures, shown in Figure 3b. An enhancement of the electric field up to 4.6 V/m +/- 1 V/m has been observed when measurements have been performed at several points of the front side of the array, at a distance of about 10 cm from that.

Discussion
[bookmark: _GoBack]Data in Table 1 show that the presence of the photovoltaic array significantly modifies the propagation of the RF waves emitted by the mobile antenna station, reducing their intensity by about 70%. As expected from the theory, from the point of view of EM waves propagation, the photovoltaic array behaves like an almost perfect reflector, shielding the building from the propagation of the EM waves. Such a shielding effect can be therefore considered effective in reducing health risks for people living in close proximity to mobile base stations. Furthermore, measurements performed on the front of the array show that the array effectively behaves like a passive reflector, behaving as a secondary EM wave source (Khawaja, 2019). As above recalled, passive reflectors that help the propagation of EM waves connected to RF transmission are receiving an increasing interest from the scientific community. Compared to techniques such as beam-forming and beam-steering using multiple antennas or the use of higher power antennas, passive reflectors exhibit the clear advantage of being more energy efficient, cheaper and characterized by greater use flexibility. Clearly since the photovoltaic array has a defined orientation in order to maximize the production of photovoltaic energy, the dual use as an EM reflector poses some limitation. For instance, if we consider, in the Italian case, a 100 m2 roof covering 4 apartments, the required photovoltaic coverage should be around 50 m2, about half of the roof. In general the N-S orientation is actually preferred but, if EM shielding and RF reflection are considered, maybe also the E-W direction could be selected as a possible option since, from the point of view of energy production, there is no great difference between the two orientations, at least at certain latitudes (Mertens, 2019). Moreover using different panel design such as bifacial panels, since the power density increases, different and innovative installation structures could be also considered that help to consider EM waves propagation into plant design. 
In this respect also the solar cell structure could be more carefully engineered.  The metal that performs the effective function of reflector at the rear contact of the solar cell could be for instance processed in such a way as to make it either an anisotropic diffuser, or even to allow the filtering of specific transmission frequencies (Fallahi, 2008). The photovoltaic cell would thus acquire a further function in the ICT environment, without losing any property in terms of energy conversion.

Conclusions
Building roofs and facades are supposed to play an important role in the energy transition frame as they offer wide areas for the installation of photovoltaic arrays. On the other hand, as it has been above discussed, photovoltaic modules interfere with EM propagation as they can limit or enhance EM diffusion. In this paper it has been shown that photovoltaic arrays can exhibit EM shielding properties in the GHz range and are capable to modify the propagation of RF waves connected to 4G, 5G or even 6G technologies. This shielding property can be therefore exploited to limit the deleterious effects that mobile base stations operation shows on human health. Since photovoltaic arrays exhibit, at the same time, a relevant EM reflectance, they can be also used to modify radio waves propagation and, in a future scenario, they could integrate into the ICT environment in order to allow a more uniform and controlled propagation of the RF signals. Finally, recalling, as above reported, that appropriate solar cell design can make a RF antenna of a solar cell, there is a wide space for R&D in order to integrate these two sectors. 
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