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Abstract

The dynamic development of the photovoltaic industry entails threats that have a direct impact on the
safety of residential buildings. Appropriate design of a PV installation can be a challenge due to the
multifaceted nature of this issue. The designer should take into account issues related to the selection of
electrical parameters of the installation, adapting lightning and surge protection in accordance with
applicable standards, ensure the optimization of the system in terms of efficiency and fire safety and
calculate the mechanical stress on the rooftop. Unfortunately, most PV installations in Poland are built
without any engineering project, which is allowed by the current law. In this article, we describe the
results of simulations of real mechanical loads inflicted from the installation of PV panels on flat roofs
for various regions of Poland. We also present the results of the simulation of the thermal impact of hot-
spots on the roof surface, which can be a potential source of fire. In addition, we propose changes to the
regulations that may increase the safety of PV installations mounted on the roofs of residential buildings.

Keywords: photovoltaics, PV installations, safety of constructions, mechanical load calculations, thermal
impact simulations

1 Introduction

In recent years, a rapid development of the photovoltaic industry can be observed both in Poland and in other
countries, which is determined by the desire to reduce CO, emissions in order to stop the climate changes.
Photovoltaics becomes one of the most popular renewable energy sources due to an increase of the efficiency of
silicon based PV panels and an extension of their lifetime. In Poland, at the beginning of 2023, the total power of
photovoltaic systems exceeded 12.5 GW, with the dominant share of low-power installations [1]. The burden of the
energy transformation in Poland has been shifted to individual consumers, who are encouraged to invest in PV
systems with government subsidies financed e.g. under the M¢j Prgd program [2]. This solution allows to reduce
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electricity costs incurred by individual customers, however, it is associated with the emergence of new threats to
residential buildings such as an increase of fire risk [3], [4], [5]. It should be mentioned, that PV systems are
characterized by a high level of safety when they are designed and manufactured in accordance with applicable
technical standards [6]. Unfortunately, the regulations in Poland assume the need to prepare a construction project
only in the case of installations with a power exceeding 50 kW [7], which exclude most of PV systems mounted on
residential buildings. Although the amendment to the regulations imposed an obligation to agree in terms of
compliance with fire protection requirements in the case of installations with a capacity above 6.5 kW, there are still
other aspects affecting the safety of using such systems. Designing a photovoltaic installation requires extensive
knowledge in various fields, as it shown in Fig. 1.

Aspects of PV
system design

electrical mechanical fire safety efficiency
- cabling requirements - roof loading capacity - calculations of safety -shading losses
- selection of electrical calculations distances analysis
protection and inverter - strength analysis of the  -flammability - tilt angle
- LPS and SPD protection  supporting structure characteristic of the roof  optimization

Figure 1. Different aspects of PV systems design

Issues related to the selection of electrical components [8], [9], [10], [11] and lightning protection of PV
installations [12], [13], [14], [15] have been described in detail in the literature. The issue of optimizing the efficiency
of PV systems was also an object of specific investigations [16], [17], [18], [19]. For this reason, this article focuses
on mechanical aspects of PV systems design and issues related to fire safety.

2 Mechanical issues

Photovoltaic panels are mounted on special supporting structures that must guarantee their permanent connection
with the roof regardless of weather conditions. There are two types of commonly used flat roof mounting systems
for PV panels: a non-intrusive ballast system, in which the panels are held on the roof by weights such as concrete
blocks, and an invasive system using screws tighten into the roof (see Fig.2).
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1. PV module 1 PV module

2. Supporting structure 2. Supporting structure
3. Cross profile 3. Crozz profile

4. Dead weight (concrete blodks) 4 Fixing pin

Figure 2. Flat-roof mounting systems for PV modules: ballast (A) and anchor (B) system
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The first type of assembly does not affect the tightness of the rooftop, but generates significant loads on its
construction. The second method can be used only when the roof surface allows for solid anchoring of the fastening
screws. Pitched roofs, due to the different techniques of execution (metal tiles, trapezoidal sheet, ceramic or concrete
tiles, etc.), have a variety of fastening systems adapted to specific cases. However, when choosing a system for fixing
PV modules to the roof, the total load associated with the installation should be taken into account. It should be noted
that inclusion of a permanent load (Qp) related to the weight of the PV modules is not sufficient, due to impact of
dynamical component i.e. wind loading. The action of wind on construction is usually described by a peak velocity
pressure at a height z. This parameter can be estimated employing the equation defined in the PN-EN 1991-1-4:2008
standard:

Ap(2) = Ce(2) - A,

where c(z) stands for an exposure factor, which is dependent to the landform and qp is a basic velocity pressure.
Following the national appendix to PN-EN 1991-1-4:2008 standard there are three wind zones in Poland, which differ
in the method of calculating q». Another important factor is the snow load (S), which can be estimated using the
equation from the PN-EN 1991-1-3:2005 standard:

S=p-Ce-Ci- Sk

where p is coefficient dependent of the shape of the roof, C. is an exposure coefficient, C; means thermal coefficient
and Sy is the characteristic snow load value on the ground. The Polish annex to the PN-EN 1991-1-3:2005 standard
distinguishes 5 snow load zones, which are characterized by individual equations for Sk parameter calculations. For
the purposes of this article, we defined the maximum real load (Qr) of the PV module as:

Q- = Qp + A (S+qp(2)),
where A is a surface area of the module.

In order to calculate the actual load generated by the PV modules, simulations were carried out using Autodesk
Inventor software. The calculations were made for the PV module mounted on the structure, which dimensions are
shown in Fig. 3. There were selected ten Polish cities located in different wind and snow load zones, for which values
of gp(z) and S are gathered in Table 1. It is worth to note, that the above parameters for many other Polish cities
(e.g. Poznan, Torun, Bydgoszcz, Gorzow) will be similar to the values for Warsaw.

/7

Figure 3. Dimensions of the supporting structure used in total load simulations
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Table 1. Values of g, and Sk parameters for selected cities in Poland

City o [KN/m?] | Sk [kN/m?]

Bialystok 0.3 1.6
Gdansk 0.42 1.2
Kielce 0.34 1.85
Krakoéw 0.33 1.7
Lublin 0.3 1.2
Opole 0.3 0.7
Szczecin 0.42 0.9
Warszawa 0.3 0.9
Zakopane 0.55 3.55

There were chosen the following values for other variables:
e C.=1-normal terrain, i.e. on which there is no significant wind transport of snow to buildings;
e Ci=1-atypical value for common roofs;
e p=0.8 —determined by the tilt angle, which is equal 13° in the investigated case;

e Ce(z) = 1.5(z/10)°?° = 1.5 — this parameter was calculated employing the formula typical for IV category of
terrain (an urban region). The height of the supporting structure placed on the roof, calculated from the
ground was fixed at z =10 m.

The obtained results are presented in Fig. 4A, which exhibit a relative increase in the load on the supporting structure
for the investigated cases, which can be defined as 6o = (Qr- Qp)/Qp.
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Figure 4. The relative increase in the load on the supporting structure of PV module (A) and the factor of safety

(B) in a various conditions

It is clearly visible, that the largest increase of total load can be observed for objects located in mountainous
regions, which is the result of the coexistence of high wind and snow loads. The calculated value of this coefficient
is more than seven times larger than the lowest obtained result (for Opole city) and about 2.5 times larger than average
value, which is equal 1.81 MPa. It is worth noting that the lowest estimated value of the real load is about 63% higher
than the static load. The above results show how important it is to consider the real load when designing a PV
installation. The impact of PV installations on the structure of the building should be taken into account for the safety
of their exploitation.

For safety reasons, the strength of the supporting structure on which the PV panels will be installed should also
be checked. Falling PV modules from the roof can cause significant material damage or death to people in the vicinity
of the building, thus it is important to fix them properly. The crucial meaning has a strength of the supporting
structure, which may be described by a factor of safety (SF) [20]:
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SF = Gyield/ Gworking,

where oyiels means a dangerous stress value and Gworking IS @ maximum allowable stress value. This parameter
determines how much more powerful the system is than necessary for the intended load. If its value is less than 1,
the structure may collapse. Fig. 4B exhibits values of SF for the investigated supporting structure in a various
conditions. For some cases, the estimated safety factors are close to the reference value (without external load) and
are equal about 3. However, the increase in the load on the structure causes a noticeable decrease in SF to the vicinity
of the limit value that was denoted for the city of Zakopane. Another parameter describing the reaction of the structure
to mechanical loads is a maximum displacement, which should not exceed the limit value for the investigated system.
In Fig. 5 shown the maximum displacement of PV module under a permanent load and a maximum real load for
Zakopane city. The deformation of the PV panel, which is not affected by external forces, is negligibly small, while
in the latter case, a displacement of more than 15 mm is observed. The coexistence of snow and wind loads causes
a significant strain of the module, which can leads to its damage. PV panels are sensitive to mechanical damage [21],
so when installing them in regions with increased exposure to weather conditions, the supporting structure should be
properly selected.

Figure 5. The maximum displacement of PV module under a permanent load (A) and a maximum real load for

Zakopane city (B)

3 Heat impact simulations

Mechanical damage to PV panels is one of the causes of the so-called hot spot phenomena, which lead to the
heating of the panel up to 250 °C [22]. This effect occurs when a one cell from a series is negatively biased and
dissipates power as a heat instead of producing electricity [23]. Hot - spot formation can be also a result of a partial
shading of the module surface e.g. by birds droppings and its consequence may be damage or even self-ignition of
the module [24]. It is also known that this phenomenon can lead to overheating of the rooftop [25]. The heat impact
of PV panels on rooftop was simulated employing FEMM software, which is a widely used tool for science and
engineering purposes [26]. The calculations were made for a standard silicon PV module with a glass cover, a fiber-
glass based composite backsheet and an aluminum frame. The first experiment consisted in introducing a single hot-
spot with dimensions of 20 x 1.5 mm and a temperature of 250 °C into the investigated panel and checking the
temperature distribution on the rooftop. Obtained results are presented in Fig. 6, which exhibits an impact on the roof
of PV panels mounted with and without a supporting structure (an aluminum profile with dimensions 30x30 mm). It
is obvious that moving the heat source away from the surface will reduce its temperature, however, the scale of this
phenomenon in the studied case is noteworthy. The use of a supporting structure causes the maximum temperature
on the roof surface to drop by more than 25°C and the heat affected zone shrinks by about 66%. In real conditions,
this effect may be even greater due to the free flow of air under the PV panel, which was not taken into account in
the simulation.

-6-


http://mostwiedzy.pl

A

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

Inzynieria Bezpieczenstwa Obiektow Antropogenicznych 4 (2023) 1-10

0 100 200 300 400 500

Temperature, K
]

Figure 6. The thermal impact of PV panels on roof: without (A, B) and with (C, D) a supporting structure

Another experiment was to investigate the effect of multiple hot spots on the temperature distribution on the roof
surface. Such a phenomenon may, for example, occur in the case of polluted or damaged by hail PV modules. Figure
7 shows the temperature distribution for a PV module with several hot spots and a plot of the relationship between
the temperature on the roof surface and the distance from the corner of this panel. In this case, the temperature
increase is about 20% greater than for a single hot spot and it covers a much wider area. The above experiments

clearly show that the hot spot phenomenon contributes to the heating of the roof surface, which has a negative
influence on a building cooling load.
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Figure 7. The multi hot-spot effect impact on the roof temperature: A) results of the simulation, B) the rooftop
temperature distribution

4 Safety distances

Fire Protection Association recommends keeping the appropriate safety distances that will enable effective
firefighting [5]. There are suggestions in the literature, that the minimal distance from the edge of the roof should not
be less than 1 m [27]. It should be also mentioned that PV panels can be classified as combustible materials due to
the components from which they are made [28]. For this reason, PV modules should be installed far away from the
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sources of hot gases or vapors e.g. chimneys. Furthermore, the products of their combustion are extremely toxic [29],
therefore they should not be close to the air intakes of the building. Smoke entering the ventilation system during a
fire could make it difficult to evacuate the occupants [30]. In Fig. 8 is depicted an example of the arrangement of PV
panels on the roof of a residential building. The hatched areas are free of PV panels due to safety reasons.
Unfortunately, the regulations in force in Poland do not regulate the issue of safety distances, which is why many PV
installations are not made in accordance with the above rules. Striving to maximize the power generated by the PV
system, it covers the entire available roof surface without any analysis of safety issues.
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Figure 8. An example of the arrangement of PV panels on the roof of a residential building. The hatched areas

correspond to the safety distances

5 Conclusions

Designing PV installations is a multi-faceted issue, therefore it should be entrusted to professionals with
appropriate knowledge and experience in the renewable energy sector. The designer should take into account issues
related to the selection of electrical parameters, lightning protection, efficiency, fire safety and mechanical strength.
Negligence in this matter may have a significant impact on reducing the operational safety of the facility, even in the
case of low-power installations mounted on residential buildings. The real load on the building structure with PV
modules is, depending on the region of Poland, from about 63% to 450% higher than it would result from the
permanent load. In addition, an improperly selected support structure may not ensure adequate transfer of stresses
resulting from external forces. Direct installation of PV modules on the roof of the building is not recommended due
to the possibility of heating its surface as a consequence of a hot spot effect. For fire safety reasons, safety distances
should also be taken into account, which will enable the firefighting operation to be carried out efficiently. It is also
important that the PV modules are not located near vents and sources of heat and pollution such as chimneys.
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