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ABSTRACT

The use of glass—glass photovoltaic (PV) technologies for building integrated (BIPV) solutions is continuously increasing in con-
structions, for several positive aspects. Besides, the optimal design of these new multi-functional components requires the technical
knowledge of several experts, due to the combination of electrical, structural-mechanical, and architectural needs, and others. In
parallel, methodologies in support of design should be specifically elaborated to account for the intrinsic features of PVs. Struc-
turally speaking, the glass covers are expected to sustain ordinary and accidental actions that are typical of buildings, including
superimposed thermal and mechanical loads. Often, this task is more challenging as a consequence of architectural needs that
promote the use of a reduced number of mechanical fasteners to preserve high aesthetic levels. Extreme scenarios such as fire
events, in this context, represent one of the critical conditions to verify. This study presents an in-depth assessment of glass—glass
PV performances in fire, with a careful consideration for the analysis of the expected resisting mechanisms and load-bearing
capacity. A primary advantage is taken from the use of Finite Element (FE) numerical models validated to literature. As an
example, a 400 x 400 mm glass—glass PV with metal point-fixings is investigated under standard fire exposure, accounting for
the effect of possible superimposed mechanical loads. Compared to structural needs under ordinary loads, the fire performance is
highly demanding and requires appropriate modeling assumptions, as well as sound performance limits. The thermo-mechanical
response is addressed based on a combination of indicators that are typically used for glass or construction members in fire, such
as the temperature peaks and differences, the associated thermal and mechanical stress peaks, the maximum deflection, and the
corresponding deflection-rate. The parametric results, as shown, highlight the vulnerability of glass covers and highlight the lack
of robust limit conditions for fire resistance assessment, which would be of rather practical and efficient use but should be properly
calibrated for structural safety purposes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 | Introduction

Photovoltaic (PV) modules for building integrated (BIPV) solu-
tions are highly technological solutions that are increasingly
used in architecture [1-3], as they efficiently contribute to the
achievement of Nearly-Zero-Energy-Building goals [4-6] (see
Figure la-c). Compared to other construction materials and
building components, however, PVs are characterized by the use
of relatively thin glass panels (3-4 mm their minimum thick-
ness) to compose the resisting cross-section. Their primary goal
is to protect the solar cells, and at the same time to optimize
not only the electrical performances, but also thermal, acoustic,
solar, optical needs, as well as basic structural safety require-
ments [3]. As such, there are several studies in which the effect
of different cross-sectional layouts is investigated to improve the
electrical functionality and multi-performance efficiency of these
systems [7, 8].

BIPVs are in fact used for many different destinations, such as
fagades, roofs, balustrades, canopies, and so on. Accordingly, the
assembled PV sections are required to offer an appropriate struc-
tural capacity against the design loads that are usually taken into
account for load-bearing building systems [9]. A careful consid-
eration is required to assess the effects of ordinary design actions
and even accidental events. Among others, elevated temperatures
and fire accidents represent a critical condition for constructions
and even more for BIPVs. Based on many literature sources, such
as the National Fire Protection Association, there is a fire world-
wide every 24s [10, 11], and for a large amount can be caused
by poor PV installations or maintenance procedures (Figure 1d
and [12-14]). Consequently, specific investigations, simulation
strategies, and even extensive experiments should be taken into
account to better understand and improve the response of PVs in
fire [3, 15-18]. In this regard, it is important to remind that the
present study focuses—at the component level —on the resist-
ing and failure mechanisms of PVs intended as building inte-
grated systems (especially for the thin glass covers) and disregards
other relevant issues, such as localized high temperatures deriv-
ing from hotspot phenomena and electrical faults [19-21].

In the past, the effects of increasing temperatures on PV com-
ponents have been explored by many research studies, based
on different tools and strategies. It was shown, moreover, that
the use of Finite Element (FE) computations represents a pow-
erful support for possible design optimization and certification
steps [22-24]. Siddiqui et al. [22] formulated a very complex
model to account for the performance of single-glass PV mod-
ules under variable operational conditions. Studies reported by
Ozkalay et al. [23] experimentally demonstrated that opera-
tional temperatures in PVs can rise up to 100°C in the Switzer-
land region (and even more, in other regions [24]). Appropriate
countermeasures should be consequently taken into account for
the enhanced calibration and refinement of experimental safety
checks and certification protocols. Overall, it is, in fact, impor-
tant to remind that the governing mathematical equations for PVs
are very complex and challenging to address, since they include a
multitude of thermo-physical, structural/mechanical, and elec-
trical aspects. The analysis of failure mechanisms, robustness,
and resilience parameters for these systems necessarily requires a
multi-disciplinary analysis, in which different interacting aspects

are taken into account [25]. Even more challenging is their per-
formance assessment in fire conditions [3].

In this paper, the attention is primarily focused on thermo-
mechanical numerical modeling aspects and on the detection of
possible criticalities for the structural performance assessment
of glass—glass PVs in fire, with special consideration for glass
covers. As shown, the progressive temperature increase is typi-
cally associated with a severe modification of material properties
that—in terms of structural/mechanical considerations—Ileads
to the progressive relaxation and redistribution of stress peaks in
the PV components. In parallel, the deformations of the PV sys-
tem also increase due to the combined effect of materials degra-
dation and possible superimposed loads. Besides, the need for
sound performance indicators emerges from the analysis of the
presented results, and this challenging step requires further dedi-
cated investigations. In this regard, the proposed numerical study
follows and tries to extend to glass—glass PV applications some
earlier studies reported in [26, 27] or [28, 29] respectively for
structural glass beams, plates, and full-scale walls under super-
imposed fire and sustained mechanical loads.

2 | State-Of-The-Art

Several numerical research studies can be found in the literature
in support of thermal and structural considerations for commer-
cial PV modules. Besides, most of them are primarily focused on
thermal aspects for single-glass PVs under ordinary thermal con-
ditions or subjected to mechanical loads only, and very limited
studies are dedicated to combined thermo-mechanical issues.
Most importantly, material properties are typically defined as
time-independent, which can be a realistic assumption for lim-
ited thermal scenarios. As shown, for example, in [28], this choice
can lead to both over- and underestimates of load-bearing perfor-
mances under fire accidents.

2.1 | Numerical Analysis of PV Modules Under
Ordinary Thermal Loads

The analysis of different thermal conditions represents a very
important issue, in consideration of the typical composition and
multi-functionality of PV modules. Several literature numerical
studies are available for single-glass PV prototypes. Limane et al.
[30] proposed a detailed investigation on the coupled thermal and
electrical performance of single-glass PV modules; a very refined
FE thermal model was developed in Abaqus. A commercial PV
panel (ND-220 E1F from Sharp) was taken into account in [30],
including a 3 mm thick front glass, a 0.1 mm thick PVF-PET-PVF
rear cover, and 60 polycrystalline silicon cells (156.5 X 156.5 mm
their size, arranged in a 6x10 grid). The thermal conditions
selected in [30] for modeling corresponded to temperature peaks
in the PV components up to 50°C-55°C, which are still rather
low compared to fire accidents. Accordingly, constant material
properties were taken into account in the numerical analysis, dis-
regarding the temperature dependency and progressive degrada-
tion of the constituent materials. In this regard, it is important to
note that the use of temperature-independent materials for sim-
ilar cross-sections and applications could result in less accurate
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(d)

FIGURE1 | Examples of (a—c) BIPV applications in roofs and facades (EnergyGlass) and (d) fire accident in a roof-attached PV installation (Fire

Safety Research Institute).

estimates about the expected failure time and mechanisms (see
e.g., [28]).

Zhou et al. [31] numerically analyzed the temperature distribu-
tion in single-glass PV modules under normal conditions, con-
ducting a parametric study with different geometrical configura-
tions. The cross-section was assembled with a 3.2 mm thick front
glass cover and a 0.18 mm thick Tedlar backsheet. The attention
was focused on the role of the backsheet in terms of temperature
distribution in the thickness and in the width of the solar cells.
The examined thermal scenarios included temperature peaks up
to 55°C. Accordingly, similarly to [30], constant thermo-physical
and mechanical material properties were taken into account for
the description of materials.

The thermal performance of single-glass polycrystalline PV mod-
ules (with 3mm thick front layer and 5mm thick Tedlar back-
sheet) in semi-arid conditions was addressed by Lamaamar et al.
[24] with the support of numerical analyses (Ansys Fluent), by
focusing on the effect of temperature peaks up to 65°C. The
study focused on the thermal distribution deriving from differ-
ent cross-sectional layouts and constituent materials. For the
examined temperature range, the numerical investigation was
based on constant, temperature-independent material properties
for the model components. In the aforementioned numerical
studies, an ideal, rigid mechanical bond was considered at the
interface of the PV components, which is a rather common and

consolidated strategy but disregards possible interfacial deteri-
oration mechanisms. The limits of such an assumption should
be evaluated case by case. In this regard, more detailed numeri-
cal analyses can be found in [32] to capture the possible delam-
ination phenomena in single-glass, full-scale PVs, focusing on
possible locations that could be affected by debonding (i.e., due
to aging) and investigating the encapsulant-to-glass interfacial
stresses.

2.2 | Numerical Analysis of PV Modules Under
Mechanical Loads

The numerical analysis of PV modules under mechanical loads
has been particularly addressed for severe design actions (i.e.,
wind pressure and sustained snow) that are the object of prod-
uct certification tests. Besides, limited literature applications
are available about thermo-physical and mechanical phenomena
that may affect the propagation of damage and failure mecha-
nisms in the PV components.

Noh and Li [33] conducted experimental mechanical tests on
large-area, glass—glass BIPV samples with bi-facial solar cells.
The applied distributed load was increased gradually, up to
2.4kPa, and kept constant for about 1h until the failure of
each sample. This experimental scenario well approximates a
wind load at 130 km/h, with a safety coefficient equal to 3 [33].
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The numerical model developed in support of the experimental
observations accounted for a detailed geometrical description
of BIPV components, but still disregarded any possible modi-
fication of mechanical material properties with temperature or
time-loading and strain rate, which is indeed a rather typical phe-
nomenon of the interlayers in use for structural glass applications
[34-36]. In any case, the numerical analysis interestingly empha-
sized that the thickness of glass layers can often be reduced and
optimized to sustain large mechanical loads.

Further studies can be found in [37, 38], where numerical anal-
yses have been carried out on full-size PV modules subjected to
uniform mechanical loads and different boundary conditions, but
still with temperature-independent material properties. In this
regard, preliminary attempts to account for the global mechanical
performance and sensitivity of PVs to possible materials degra-
dation, as for example reported in [39], pointed out the effects
of the viscoelastic behavior of common encapsulants and the
critical role that they have even at room temperature due to
long-term phenomena. A non-destructive inverse detection strat-
egy was then proposed in [40] to track mechanical parameters
of PVs. Considering that the PV components are also sensitive to
severe temperature changes, even more attention is required for
their sound analysis in variable thermal scenarios or even in fire
conditions.

23 |
on PVs

Thermo-Mechanical Numerical Analyses

The thermo-mechanical analysis of PVs implicitly allows con-
sidering interconnected phenomena that could affect their
load-bearing capacity and failure mechanisms under severe
ambient conditions. So far, specific local effects have been taken
into account by many researchers, with the support of refined
numerical computations [41-45].

Bosco et al. [41] investigated with 2D models developed in Com-
sol the thermal fatigue durability of solder joints by taking into
account cyclic temperature configurations, with peaks up to
85°C (i.e., conventional accelerated-thermal-cycle testing proto-
col), and estimating the corresponding damage. For the EVA
encapsulant layer only, the temperature-dependency and varia-
tion of the modulus of elasticity (MoE) in the explored range were
taken into account. Lindholm et al. [42] numerically explored the
local thermo-mechanical performance and effect of solder joints
and interconnect ribbons at the lamination temperature for the
assemblage of PV modules, with consideration for fatigue effects
due to accelerated thermal cycles. According to previous litera-
ture efforts, the sensitivity of MoE for the encapsulant and its
variation as a function of temperature were taken into account in
[42] to explore the cumulative plastic deformation in the solders.
Accurate thermo-mechanical analyses are also reported in [43]
for the local investigation of solar cell performances. However,
temperature-independent material properties are considered for
the scope of the study.

In terms of full-scale PV systems, rather scarce investigations
can be found in the literature. Sahli [44] and Sahli et al. [45]
numerically addressed the thermo-mechanical performance of

PV modules, considering a multi-physics modeling approach
based on Matlab programming and 2D models developed in
Abaqus. Monocrystalline PV modules (VSMS275 type manu-
factured by Voltec Solar) with a 4mm thick front glass layer
and a 0.3mm thick PET rear cover were taken into account.
The parametric investigation, which was carried out consider-
ing temperature-independent material properties, included the
combination of thermal and mechanical aspects for selected com-
mercial PV modules. Besides, attention was given to normal oper-
ational conditions only.

In reference [46], the authors investigated experimentally and
numerically the thermal response of small-scale single-glass PV
prototypes (300 X 300 mm) under radiant heating. The numerical
analysis—with similar modeling assumptions as in the present
study—emphasized the potential of FE models for capturing
the evolution of temperatures and stress peaks in the front glass
layer. Ideal rigid bonds were considered at the interfaces of PV
components. A rather good agreement was generally found from
the comparisons with experimental data (see also Section 3.5).
However, moderate temperature peaks were achieved on the
exposed glass cover. A further preliminary attempt and similar
modeling approach was also presented in [47] for a full-scale
glass—glass BIPV sample (1.046 X 1.719 mm? module, with 6 mm
thick tempered glass covers), and validated towards literature
fire experiments carried out in a conventional furnace setup, see
Figure 2a. In this latter case, the modeling assumptions empha-
sized a rather good accuracy in predicting the first thermal shock
and temperature evolution at few control points (Figure 2b), but
limited experimental observations and data were available for
validation.

3 | Present Numerical Modeling Strategy

In this paper, special attention is spent on the thermo-mechanical
analysis of PV modules subjected to elevated temperatures (such
as fire) and sustained mechanical loads. The primary goal is to
explore the demand and role of the typically thin glass layers
in use in these composite sections, given that they are respon-
sible for the bending stiffness (both in-plane and out-of-plane)
of these relatively vulnerable building systems. To this aim,
major efforts are taken from past experiences on PV model-
ing characterization [39, 46, 47], as well as from the analy-
sis of structural glass systems under elevated temperature and
fire [26-29].

More in detail, a bi-facial, glass-glass small-scale sample was
taken into account. It consisted of two 4 mm thick glass layers and
an interposed Polyvinyl Butyral (PVB) bonding film (1.52 mm in
thickness), with embedded 0.2 mm thick bi-facial silicon solar
cells (PERC 5BB type, size M2, with 156.75x156.75 mm edge
dimensions). Overall, the parametric investigation included a
set of analyses carried out in Abaqus [48] in the form of sub-
sequential/uncoupled thermal “heat transfer” and mechanical
“static general” steps. This choice, less computationally expen-
sive than a coupled thermo-mechanical analysis, is rather accu-
rate and particularly suitable for those analyses that are not
affected by high-speed transient loads or sudden mechanical
collapses [49].
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FIGURE 2 | Numerical analysis of a full-scale glass—glass BIPV module under fire: (a) reference model and (b) temperature over time (figures are

reproduced from [47] under the terms and conditions of a CC-BY license agreement).

For the 400 x 400 mm BIPV prototype, a point-fixing boundary
condition was assumed in the parametric study. PVB material
was used for the encapsulant, which is a rather frequent choice in
practice, similarly to structural glass applications. Discrete metal
clamps according to Figure 3 were considered to locally restrain
the modular unit. It should be noted that mechanical restraints
with rather different sizes and features could be used in prac-
tice [50], and thus different thermo-mechanical responses and
effects should be rationally expected. Similarly, another impor-
tant consideration is related to cross-section and aspect ratio fea-
tures, and thus to the limited validity of presented results for the
selected configurations only. Additional geometrical configura-
tions should be investigated to possibly generalize the present
outcomes.

The thermal analysis was carried out considering the PV mod-
ule in horizontal layout, so as to represent a roof component.
The gravity load G (i.e., self-weight of the PV components) was
automatically taken into account in the analyses. To study the
out-of-plane bending deflection of the system, fire was assumed
to propagate from the bottom, while possible superimposed ver-
tical mechanical loads g were applied on the top/unexposed sur-
face of glass (Figure 3).

3.1 | Thermal Behavior of PVsin Normal
Conditions

To implement the reference FE model, care was spent on the
preliminary validation of thermal effects under normal opera-
tional conditions. In a real context, the global plane-of-array solar
irradiation is given by:

Gror Sin(a + )
sin(a)

Gpoa = @
where f is the tilt angle of the PV module with respect to the hor-
izontal axis, and « denotes the elevation angle of the sun during
the day [51]. In this study, it was assumed that only the exposed

glass layer and the PV cells can absorb part of the incident irradia-
tion. Accordingly, the internal heat generation due to absorption
of the front glass is given by:

GPOA aglass Aglass

Qglass = 2
g Vglass
In Equation (2), Ay, and Vg, are the exposed surface and vol-

ume of front glass; ay,s =0.005 is the effective absorptivity [30];
Gpop derives from Equation (1).

As known, however, only 10%-20% of the absorbed solar radi-
ation is converted to electrical energy by cells, while most of it
is transformed to internal heat. According to Siddiqui et al. [22]
and Zhou et al. [31], the additional effect of heat generation in the
solar cells is given by:

(1 - ’7c) Sabs Xcell Acell
V.

cell

chll = (3)

where 7, represents the temperature-dependent electrical conver-
sion efficiency of the silicon solar cells (typically in the range of
17%-22% at 25°C, depending on producer datasheets, as for the
studies reported in [22, 31], and up to 24% for more recent prod-

ucts). According to Evans [52], for a general scenario, 7, can be
expressed as:

He = Nrret [1 - ﬁref(Tcell - Tref)] (4)

where 7 is the electrical efficiency at standard test condition;
Bres [%/°C] is the solar radiation coefficient; T and T,;=25C
are the cell operating temperature and the reference temperature,
respectively.

Moreover, in Equation (3), A, and V., denote the exposed area
and the corresponding volume of material for the solar cells,
while @, =0.9 is the absorptivity of sunlight. Finally:

cel

Sabs = &cell T GPOA (5)
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FIGURE3 | Model assembly and reference setup for the examined glass—glass PV system.

with @, =0.93 the effective absorptance of solar cells and
7=0.92 the transmissivity of the front glass [52].

Following Equation (3), only a minimum part of S, from
Equation (5) is converted into energy (x15%-20%), while the
remaining is converted into heat for the PV module.

3.2 | Initial Boundary Conditions and Fire
Exposure Assumptions

As conventionally done for the analysis of constructional mem-
bers in fire, the thermal exposure was simulated by means
of a standard ISO curve [53], that is a uniformly distributed
time—-temperature function on the bottom/exposed glass surface
(Figure 3). Whilst of practical and efficient use for the analysis
of single load-bearing constructional systems [26-29], the uni-
form temperature distribution on the target surface represents a
simplification that should be properly checked, especially for the
analysis of vertical elements [54, 55], and even integrated by more
complex numerical strategies [56, 57], in particular to include
large compartment phenomena. Finally, according to [30] and

others, few idealized conditions were taken into account, such
as: (i) isotropic and temperature-dependent thermo-physical and
mechanical properties of each constituent material (see also
Section 3.4 and [26-29]); (ii) disregarded the thermal contact
resistance between the different layers; (iii) no dust accumula-
tion or shading on the top cover surface; (iv) a transmissivity of
the encapsulant material set equal to 1.

In terms of mechanical analysis of the same PV prototype, a sim-
ple bending setup was taken into account as in Figure 3, to verify
the out-of-plane thermo-mechanical response. This assumption
is in line with various literature studies (see for example [22-24,
39, 40]) and can emphasize the combined effect of thermal expo-
sure with even relatively low sustained mechanical loads.

3.3 | Model Assembly

Each BIPV component was numerically reproduced in Abaqus
by means of eight-node “heat transfer” (DC3D8) and “linear
brick” (C3D8R) elements, as an independent part. A refined
mesh pattern was used, based on a preliminary sensitivity check.
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Glass
(4 elements/layer)

PVB + solar cells
(8 elements)

FIGURE4 | Detail of the adopted mesh pattern for the examined
glass-glass PV module (Abaqus).

To optimize the accuracy of results and the computational cost
of simulations, the final pattern included four elements in the
thickness of each glass layer and eight additional elements
in the thickness of the encapsulant/cells (Figure 4). The final
choice consisted in ~105,000 elements and ~138,000 Degrees of
Freedom (DOFs).

The mechanical bonding of adjacent layers was convention-
ally accounted via an ideally rigid “tie” surface constraint (see
Sections 2.1 and 2.3, and [26-29, 46, 47]). This last assumption,
differing from more sophisticated interface approaches of the
literature, such as the Cohesive-Zone Modeling strategy pro-
posed in [32] of PVs, does not allow for capturing the pos-
sible slip of PV components. Besides, all the damage and
degradation due to high temperatures was herein considered
in terms of progressive reduction of the MoE for the mate-
rials in use; see Section 3.4. Accordingly, the possible melt-
ing of the encapsulant or the failure of glass was implic-
itly considered through their MoE degradation (and tempera-
ture/stress analysis), without the use of explicit failure material
models [58, 59].

For practical reasons, the reference simulations included a first
“heat transfer” analysis to apply the thermal boundaries, and
a subsequent mechanical analysis to account for the combined
effects of thermal and mechanical loads. In this way, the mod-
ification of materials with varying temperature over time was
implicitly considered, based on Figure 5.

To this aim, a set of heat transfer interactions was used on the bot-
tom/exposed and top/unexposed surfaces of glass. At the same
time, adiabatic boundaries were preliminarily taken into account
at the edges. The exposed surface of the glass cover was subjected
to uniform temperature, with locally protected portions in the
region of the metal clamps only (Figure 3). The convective heat
transfer coefficient for the exposed and unexposed surfaces was
separately calculated, where:

h

=57+3.8u when u < 5m/s (6)

conv

hegny = 6.47 + %7 whenu > 5m/s (7)

conv

~
o
~—
-
o
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e
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FIGURES5 | Reference material properties: (a) modulus of elasticity;
(b) thermal conductivity; (c) specific heat capacity.

3.4 | Material Properties

The input properties for the materials in use (glass, PVB, sil-
icon for solar cells, aluminium), as well as their sensitivity
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TABLE1 | Reference material properties (room temperature).

Modulus of Thermal Specific heat Thermal

elasticity conductivity capacity expansion Density
Material (GPa) (Wm™°c?) Jkgt°c?) 170 (kg/m3)
Glass 70 1.38 715 8.5x107° 2500
EVA 0.013 0.32 1600 1.6x107* 960
PVB 0.0019 0.20 1600 2.2x107* 1000
Silicon 166 140 720 2.62%x107° 2330
PVF/Tedlar 2.34 0.265 1300 5.1x107° 1400
Aluminium 70 237 900 2.5%107° 2700

to temperature variations, were derived from literature efforts.
Overall, their thermo-physical and mechanical characterization
is summarized in Figure 5. For the purpose of this study, it is
important to note that the sensitivity of PV materials to the abrupt
temperature increase (as it is for fire accidents) was considered a
prevailing phenomenon, especially for the PVB encapsulant. In
this last case, it is very well-known that the commonly used inter-
layers are both sensitive to load duration, temperature, humidity
[60-64]. For the presently examined time interval (i.e., 5-6 min),
the MoE degradation due to time is, however, limited compared
to the effects of high temperatures [35, 36, 65, 66].

Glass was numerically described as in [26-29], in the form
of a temperature-dependent, linear elastic material. Such an
assumption—especially when no more detailed calibration data
are available—was found to capture rather well the conse-
quences due to the progressive modification state of glass exposed
to fire, especially for float glass [26-29]. Its robustness for pre-
stressed glass (i.e., tempered glass) in the pre- and post-fracture
stages should be, however, verified [67].

Regarding the PVB encapsulant (which was modeled with a tem-
perature degrading, linear elastic law), the input parameters were
assumed as in [26]. For comparative purposes, the properties
of Ethylene-vinyl acetate (EVA) material —which is also largely
used in PV applications—are shown in Figure 5. The input data
for the MoE of EVA were derived —among others—from Beinert
et al. [68], while the thermal conductivity was estimated based on
the study by Jia and Zhang [69].

In the description of solar cells (elastic-plastic material), litera-
ture input for silicon components was taken into account, such
as Desai [70] and Morris and Hust [71]. The mechanical charac-
terization was carried out according to [72-74] in terms of MoE
and failure stress. In particular, following the four-point bending
experiments and simulations based on beam theory discussed in
[73], the average MoE was set in E; =166 GPa for the cells at
room temperature. The experimental strategy presented in [73]
has the implicit limit that it disregards Poisson’s effects and the
intrinsic anisotropy of solar cells. On the other hand, it offers
major practical advantages by considering an equivalent, homo-
geneous material for them. Comparative studies and validations
reported in [73] show the validity and robustness of the approach
in terms of quantitative stress and deflection comparisons. The
variation of the so-calculated MoE with increasing temperatures
was described following the experimental trend reported by Liu

[72]. Based on [73, 74], moreover, the corresponding failure stress
was specified in f, ;; = 106 MPa to account for the possible crack-
ing of the cells in out-of-plane bending.

For the supporting metal components, an elastic-plastic con-
stitutive model was finally considered to describe aluminium,
with input properties according to [75, 76]. For practical interest,
the material properties of PolyVinyl Fluoride (PVF)/Tedlar are
also collected in Figure 5, given that it is a very commonly used
solution for single-glass PV modules [77-80]. For convenience,
finally, Table 1 compares the input material properties at room
temperature, derived from Figure 5.

3.5 | Preliminary Thermal Validation

The preliminary assessment of modeling assumptions was first
carried out on a full-size, single-glass commercial PV module,
considering the available technical datasheets and previous mod-
eling specifications reported in [40] for PVs at ambient condi-
tions. More in detail, a PV module with 1.15 X 1.75 m size, linearly
supported along the edges by a standard aluminium frame was
considered (Vitovolt 300 series). The cross-section consisted of a
3.2 mm thick, tempered glass layer on the front, a 1 mm thick EVA
encapsulant layer, and 0.2 mm thick interposed monocrystalline
solar cells (with a grid of 18 x 6 =108 cells in total), and finally a
1 mm thick PVF/Tedlar backsheet (Figure 6).

The heat transfer analysis was carried out with Tygcp =20°C,
u=1m/s, and Gypcr = 800 W/m?. According to producer details,
the NOCT temperature in cells is in the order of Ty =42°C.
From the present modeling strategy, a temperature distribution
like that in Figure 6b was obtained. Most importantly, the maxi-
mum temperature in cells was predicted to be 43.93°C, which well
agrees with the datasheet (4.5% deviation). Such a scatter is in
good correlation with many literature examples, where a 3%—-5%
divergence of nominal and predicted temperatures in solar cells
can generally be found (see e.g., [24] and others).

Notably, a similar modeling strategy was applied in the study of
small-scale PV specimens under elevated temperatures (see [46]
and Figure 7). The reference setup included PV samples with a
float glass front cover and continuous linear supports along the
edges. The numerical analysis revealed a rather close match with
the experimental temperature trends (Figure 7a), as well as a good
correlation between the first glass fracture observed in the tests
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(a)

(b)

Aluminum frame

FIGURE 6 | Temperature distribution of a single-glass PV module in normal conditions, for modeling validation (Abaqus): (a) assembly [40] and

(b) temperature distribution (legend values in °C).
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FIGURE 7 | Numerical analysis of single-glass PV modules under radiant heating: (a) reference sample and (b) temperature evolution in time
(figures are reproduced from [46] under the terms and conditions of a CC-BY license agreement).
and the corresponding failure predictions from the numerical 4 | Parametric Results and Discussion for the

simulations. The study, however, was limited to single-glass PVs
subjected to radiant heating and temperature peaks in glass in the
order of ~120°. Moreover, the resisting and failure mechanisms
were observed as implicitly correlated to the presence of the con-
tinuous supporting frame, which is different from the presently
examined setup.

BIPV Module in Fire Conditions

41 | Temperature Evolution

The analysis of the temperature evolution for the reference PV

module under fire emphasized the role of both the cross-section
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FIGURE8 | Temperature distribution in the (a) exposed and (b) unexposed glass layers (Abaqus). Legend values in °C.

layout/composition of the examined system and the local effects
of metal supports that were presently considered as fully ther-
mally insulated (see Figure 8).

According to Figure 8, the analysis showed a fast temperature
increase in the PV components; a local effect of solar cells that
can be clearly perceived both in the glass covers and in the encap-
sulant layers.

For a more detailed study of thermal exposure effects, three con-
trol sections (and associated nodes) were also taken into account
as in Figure 9a, and namely located in the center of one of the
solar cells (A), below the metal fastener (B) and in the center of
the PV module (C). The corresponding temperature evolution is
shown in Figure 9b,c for a selection of exposure times. Gener-
ally, moderate variations were observed in terms of temperature
values between A and C measurements. Indeed, the presence
of the metal fixings can be clearly perceived from the collected

plots, where a reduced temperature increase can be observed for
point B.

In terms of performance trends and resisting mechanisms, it can
be seen that after about ~600 s of fire exposure, the temperature
peaks in glass exceed the value of ~#550°C. Structurally speaking,
and according to Figure 5, this condition corresponds to melted
glass, and thus to the final mechanical collapse of the PV module.
Accordingly, also in consideration of the FE model assumptions,
most of the attention for the present numerical investigation was
focused on the post-processing of results corresponding to the
first ~400 s of fire exposure.

4.2 | Fire Resistance

The analysis of the PV thermal response for failure detection was
carried out based on the second mechanical step, with imported
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FIGUREY9 | Temperature evolution in the thickness of the glass-glass PV module, at selected control points and time intervals (Abaqus). (a) Con-

trol points location; (b) temperature in time, on the exposed and unexposed glass surfaces; (c) temperature in time, through the thickness of the PV
cross-section.

nodal temperatures in the time of the heat transfer simulation. thermal stresses of Table 2. Accordingly, to detect collapse,
For the examined prototype, the maximum effects of fire exposure the failure time f; ., for stress was calculated as:
were detected as [28]:
¢ =t o-max,t + Gmax,m >1 (9)
- “Temperature approach”: the measured thermal difference fstress = Crallowable

between the exposed and coldest regions of glass layers was
compared to the reference limit values (see [54, 81] and It is important to remind that the approach like in Table 2 repre-
Table 2). The corresponding failure time for temperature sents a strategy which is able to support the preliminary design

was expressed as: [54], as it can capture the response of glass material at high tem-
peratures. However, it assumes some simplifications to account
It temp = 1(AT > AT owanie) (8)  for the real response of prestressed glass, for example, in terms of

residual stresses in tempered glass [67].
- “Stress approach”: the resulting thermal stress peaks in
tension (0,,) and the superimposed mechanical stress For the present investigation, additional performance indicators
peaks (o ) were compared with the nominal allowable were also taken into account to detect the possible failure time

max,m
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TABLE2 | Allowable thermal difference (AT,

llowable

) for glass [54, 81], and corresponding stresses (¢, yjowable)-

Edges
Glass type As-cut or arrissed Smooth ground Polished
Allowable thermal Float (< 12mm) 35 40 45
difference (°C) Heat strengthened 100
Tempered 200
Allowable thermal Float (< 12mm) 20.34 23.24 26.15
stress (MPa) Heat strengthened 58.10
Tempered 116.20
of glass [26-29]. The EN-1363-1 standard [82], for example, pro- (a) 300
poses the following limit values for structural components in fire Thermal difference
that are “mainly loaded in bending,” as in the present study: 50 | T Exposed glass surface
— Unexposed glass surface
« Maximum deformation (out-of-plane displacement): 5200 i
L2 4002 g
C = = =50 mm 10 2 _
400d 400 8 (10) © 150
q) -
o
« Maximum deflection-rate: € 100 —
)
l_ -
2 2 B
&€ __L° _ 40 5 mm/min (11) 50
dt 90004 9000 x 8 4
Figure 10a shows the calculated thermal difference on the 0 \ \ |
exposed and unexposed glass surfaces, which derives from con- 0 100 200 300 400
trol points B and C in Figure 9a. Time [s]
A maximum peak of #251°C was measured on the exposed side of
the examined PV module, which was about two times that of the (b) Control point (unexpose glas§)
unexposed one (x134°C), after ~400s of fire exposure. Accord- ~ 7 Aswes G == C (deflection)
ing to [54, 81], the allowable thermal difference depends on a 30 — B=—Edges 10
multitude of production factors (Table 2). In the present anal-
ysis, the first failure for the exposed glass layer would manifest |
in tgomp = 50s for float glass, f; ., =100 for heat strengthened E —8
glass, and £, =210s for tempered glass. Besides, it is known S 20 =3
that the thermal difference analysis represents a simplified pro- o 6 E,
cedure only [54]. Also, such thermal control does not account for 3 c
the progressive modification of the mechanical properties of the k7 ] %
constituent materials, which implicitly involves a different dis- c_g_ —4 2
tribution of stress peaks (amplitude and distribution) in the PV g 101 8
components; see [26-29]. T | o 5
To this aim, Figure 10b reports the typical evolution of deflec-
tion in time and the measured principal stresses for a selec- 0 \ \ | 0
tion of control points. Attention is given to the unexposed glass, 0 100 200 300 400
which can take advantage of a partial/temporary protection from Time [s]

the exposed layer, and thus sustain the majority of possible sus-
tained mechanical loads. Notably, there is a progressive deflection
increase at the center of the PV module, which depends on the
thermal exposure only, as the superimposed load g was prelimi-
narily disregarded.

The stress evolution is proposed for the control points A, B, and
C, as well as for the edges of glass, which were observed to suf-
fer from severe stress peaks and typically represent a critical
region for failure initiation of the BIPV system in out-of-plane

FIGURE 10 | Failuredetection for the examined glass-glass PV mod-
ule: (a) thermal difference at the exposed and unexposed glass surfaces,
with corresponding (b) thermal stresses at selected control points and
out-of-plane deflection.

bending. Such a finding can also be observed in the selected
contour plots of Figure 11, where the typical stress distribution
is markedly different for the exposed and unexposed glass lay-
ers and is also characterized by a typical non-uniform evolution
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FIGURE11 | Example of (a andb) thermal stress distribution in the exposed and unexposed glass layers for the examined glass-glass PV module,
after 200 s of fire exposure; and (c) qualitative out-of-plane deformation (Abaqus). Legend values in Pa.

with time/temperature. In terms of thermal stress peaks in the
exposed glass layer, these stresses were typically found to increase
in the coldest region of the discrete fixings (i.e., control point B)
and to reach about #25-30MPa in the examined time interval
(Figure 11a). The stress evolution in time was generally in line
with point B of Figure 10b. In the case of the unexposed glass
layer, up to ~30 MPa was numerically predicted and still detected
in the region of metal fasteners (control point B). Differing from
the exposed/hottest glass layer, in this last case, relevant stress
peaks were also found at the edges and in the center of the panel
(Figure 11b).

According to the recalled performance indicators of Table 2,
the collected results show that the thermal difference check
(Figure 10a) would be associated with failure for tempered glass,
while the thermal stress peak check (Figure 10b) would still
be satisfied (i.e., no failure, for tempered glass). On the other
hand, considering the PV module assembled with non-tempered
(float) glass, it would reveal failure due to fire exposure in about
L temp = Listress 508, according to both thermal difference and

thermal stress checks. For the intermediate condition repre-
sented by the PV module composed of heat strengthened glass
layers, the thermal difference check would result in failure detec-
tion after f; ., =100 of fire exposure, while the thermal stress
verification would not reveal any failure mechanism. In any case,
such an outcome and the analysis of the absolute temperature
trend in the glass components (i.e., Figure 9b) should also be
assessed by keeping in mind some important thermo-physical
aspects that the present modeling strategy simplifies, like the
progressive relaxation and melting of glass material from the
solid state. This aspect can also be noted from the out-of-plane
deflection trend reported in Figure 10b and the corresponding
deformed shape of Figure 11c, which progressively increases in
time even without superimposed mechanical loads.

Also in this case, however, the possible failure check accord-
ing to Equations (10) and (11) would not reveal any critical
condition. The measured deflection was, in fact, found relatively
small and reached about ~10 mm, which is far away compared
to the limit value of 50 mm (Equation 10). Specific performance
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limit values should necessarily be calibrated for BIPVs, with the
support of robust experimental studies. A similar consideration
can be extended to the deformation-ratio indicator, which was
measured at about ~0.41 mm/min for the examined PV mod-
ule and was found rather small compared to the limit value of
2.22 mm/min given by Equation (11). In this regard, the present
FE outcomes are well aligned with some past experiences with
structural glass members in fire. Following [26], for example, it
was shown for laminated glass beams in bending that the FE
thermo-mechanical analysis was in rather good correlation with
full-scale experimental results, while the limit values given in
Equations (10) and (11) were not helpful to confirm any failure
propagation or collapse. As such, this additional experience fur-
ther confirms that specific performance indicator limits would
be required for all those applications that assign a key role to
load-bearing glass components.

4.3 | Superimposed Mechanical Loads

To further explore the thermo-mechanical performance and
resistance of the selected glass—glass PV module, the simultane-
ous action of gravity load G and a superimposed uniform load
q was taken into account in the analysis of results (see also the
schematic setup of Figure 3). An additional parametric study was,
in fact, carried out by applying a constant, distributed pressure q
on the top/unexposed glass layer and by progressively increasing
its magnitude through the parametric study. For convenience, in
each analysis, its magnitude was expressed as a multiple of the
gravity load G (with q up to 2, 3, 5, 10, and 20 times the nom-
inal value of G). The most relevant effect of sustained loads, in
general, is, in fact, expected in the propagation of the mechan-
ical stresses in glass, which combine with thermal stresses due
to fire. Accordingly, their mutual interaction can involve, in
the time of fire propagation, possible critical conditions for
the examined modules and even premature failure of the glass
components [26-29].

In this regard, Figure 12 shows an example of principal stress dis-
tributions in the exposed and unexposed glass layers, after 200 s
of fire exposure, by varying the magnitude of g. It is possible
to note, especially in the coldest unexposed layer, that the ten-
sile stress peaks due to thermal loading combine with increas-
ing stress peaks due to the mechanical loads (G + q), leading
to a stress scenario in Figure 12 that is totally different com-
pared to Figure 11. In any case, it is also worth noting (for
the examined configurations) that the maximum principal stress
peaks were still measured in the range of ~35-40 MPa maxi-
mum, and their trend in time was found similar to Figure 10a.
Indeed, an interesting phenomenon was represented by the pro-
gressive transition of stress peaks in time, from the center towards
the corners of the glass layer. These predicted tensile stresses,
which can be certainly critical for float glass, are less relevant
for heat strengthened and tempered glass solutions. The rea-
son for similar stress amplitudes and transition can be justified,
once more, in the combined relaxation of glass material and its
consequent stiffness reduction, which is intrinsically associated
with a decrease of stress peaks deriving from the superimposed
mechanical loads, but at the same time to a transition of maxi-
mum stresses to the coldest portions of glass (see also [26-29]).
Even more critical stress values, in this sense, can be expected for

different geometrical and mechanical configurations, including
variations in the cross-section layout and size effects/aspect ratios
of commercial PVs.

In summary, the minimum failure time (deriving from the ther-
mal difference or stress peak checks, as in Table 2) was expressed
for all the examined configurations; see Table 3. As shown, dif-
ferent glass compositions are taken into account for both layers.
The minimum failure time, in seconds, was derived by comparing
thermal and stress checks for PV modules subjected to fire with
superimposed gravity G and uniform load q. The label (¢) denotes,
accordingly, a failure detection due to temperature check, while
(s) represents a stress check. It is interesting to note that for a
couple of configurations only composed of float glass (g=10G
or 20G), the stress peak check (s) resulted in a predicted fail-
ure time coinciding with the temperature difference one (¢). On
the other hand, the thermal difference check (t) represented the
governing parameter and minimum failure time for the major-
ity of the examined configurations. Up to %280 s, the maximum
stress peaks in glass were in fact estimated at about 28-30 MPa,
in the worst configuration, and thus relatively small compared to
Table 2. Finally, it can be seen in Table 3 that for the PV com-
posed of tempered glass, no critical conditions for temperature or
stress analysis were achieved in the unexposed glass layer. These
outcomes highlight the complexity of the examined issue, as well
as the interconnected influencing parameters and phenomena
that typically take place in similar systems. Further extended
thermo-mechanical investigations would necessarily be required
in support of BIPV structural safety optimization.

In terms of deflection and deflection-rate verification according
to Equations (10) and (11), even more important modifications
were observed in the out-of-plane bending response of the exam-
ined PV modules. A summary of selected numerical results is
proposed in Table 4, for comparative purposes. As expected, it
can be seen that there is a progressive increase in the measured
deflection and deflection-rate values when g increases, even after
a relatively short time interval of fire exposure.

From Table 4, in particular, it can be seen that the deflection
limit of 50 mm based on Equation (10) is gradually approached,
as far as the magnitude of the sustained load g increases. Notably,
the checks in Table 4 do not consider the different glass com-
position as in Table 3 and need to be verified simultaneously.
Considering a time interval of 200 or 400s of time exposure,
it can be seen in Table 4 that the measured deflection further
increases due to the progressive mechanical degradation of the
constituent materials (Figure 5). The examined configurations
would still be able to satisfy the deflection limit condition accord-
ing to Equation (10). However, the reported values at 200 and
400 s largely exceed the failure times of Table 3, which are indeed
calibrated for the temperature and stress analysis of glass mem-
bers in fire. This suggests that a reasonable deflection limit as
in Equation (10) could have practical validity for BIPVs in fire,
but the reference limit value should be drastically reduced and
properly calibrated to implicitly account for typical failure mech-
anisms such as Table 3, as well as for the different types of
glass. For the system composed of tempered glass, for example,
the thermal difference failure after 214 s (Table 3) would corre-
spond to a deflection limit of ~2.7mm (~1/148 the size of the
modular unit).
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FIGURE 12 | Example of principal stress evolution in the exposed and unexposed glass layers of the examined glass—glass PV modules, after 200 s

of fire exposure (Abaqus). Legend values in Pa.

In parallel, Table 4 shows that the calculated deflection-rate val-
ues rapidly increase with the magnitude of g and also exceed the
limit value of 2.22 mm/min recommended by Equation (11), after
4005 of fire exposure, that again largely exceeds the failure time
expectations from Table 3.

In this sense, Table 4 shows that the deflection-rate check
from Equation (11) is more severe than the deflection limit of
Equation (10) for the examined configurations. However, fur-
ther studies are required to better assess both these performance
indicators. The experimental and numerical studies reported

150f 19

d ‘8 "STOT “9618LLST

sduy wozy papeof

ASURDI'T SuOWWo)) dANEa1) s[qearidde ayy £q pauIoaoS a1 sa[o1IE Y asn Jo sa[ni 10§ A1eIqI] AUIUQ AS[IA\ UO (SUOTIPUOI-PUE-SULIS)/W0d K1mATeIqr[aur[uo//:sdny) suonipuoy) pue sud ], 3y} 33§ “[5707/80/57] uo Areiqr auruQ La[ipy “Isati], 1] BNSIATUN AQ LHE0L TBUS/Z001 0 1/10p/wod A[Im',



TABLE 3 | Failure time calculation for the examined glass—glass PV modules, based on the temperature difference (¢) or maximum stress (s) analysis

in fire conditions, as a function of the superimposed mechanical loads G + q (Abaqus).

Minimum failure time (s)

Float glass Heat strengthened Tempered
Mechanical load
q (xtimes G) Exposed Unexposed Exposed Unexposed Exposed Unexposed
0,1,5,10, 20 41(t,s) 105(t) 72(t) 234(t) 214(t) No failure
TABLE4 | Deflection and deflection-rate checks for the examined glass—glass PV modules in fire conditions, as a function of the superimposed

mechanical loads G + q (Abaqus), based on the performance indicators by Equations (10) and (11).

Measured deflection (mm) Mea§ured
(deflection/span) deflection-rate

Mechanical load Deflection check (mm/min) Deflection-rate check
q (xtimes G) After 200 s After 400 s (Equation 10) Peak after 400 s (Equation 11)

0 2.66 (~1/150) 3.22 (~1/124) Ok 0.403 Ok

1 3.90 (~1/103) 433 (~1/92) Ok 0.489 Ok

5 10.89 (~1/37) 11.37 (~1/35) Ok 1.260 Ok

10 12.61 (~1/32) 16.21 (~1/25) Ok 2.133 Ok

20 18.88 (~1/21) 22.51 (~1/18) Ok 2.858 No

in [26, 27] for structural glass beams in fire, for example,
emphasized how these conventional performance indicators are
presently unable to account for the intrinsic features and fire
resisting mechanisms of typical structural glass components for
buildings.

Accordingly, specific performance indicators and limit values
should be defined and calibrated for innovative glass—glass PV
solutions, where the glass layers are expected to offer high per-
formance both in thermal and mechanical terms. In this regard,
robust support would unavoidably derive from experimental
investigations in fire conditions, to overpass also some implicit
simplifications of FE simulations. Moreover, special considera-
tion should be spent for size effects, by considering the different
thermo-mechanical response of glass—glass PVs variably assem-
bled and with different dimensions and/or mechanical restraints.

5 | Conclusions and Future Studies

In this paper, a numerical study was carried out to investigate
the fire performance and mechanical capacity of glass—glass
PV modules for BIPV applications. The attention was spent on
glass—glass PVs with point-fixed restraints and a horizontal lay-
out, as for a roof application. In this sense, further configurations
should be taken into account to draw generalized conclusions,
considering a multitude of cross-section properties, mechanical
boundaries, PV layouts, and so on. Besides, the attention of this
parametric study was focused on several performance indicators
that are of typical use for fire resistance analysis of construction
(and load-bearing glass) components, and the present outcomes
could support more specific investigations.

Overall, the present numerical study revealed that thermo-
mechanical simulations can be used for similar applications.
Most of the assumptions are validated in the literature for

structural glass members in fire, and can be adapted to PVs with
appropriate modifications. In particular, these models should be
able to account for a multitude of thermal, mechanical, and phys-
ical aspects (and their progressive modifications with high tem-
peratures) for all the PV components.

For the selected configurations of small-scale prototypes, the
analysis showed in fact that the effects of fire exposure and even
possible superimposed mechanical loads are particularly chal-
lenging to assess. The glass layers, in particular, are rather vulner-
able components in PVs but have multiple key functions. They are
in fact used to provide the mechanical robustness to a given PV
system and to protect the embedded solar cells. Any ordinary or
accidental design action which is typical of load-bearing compo-
nents in buildings should be thus properly assessed. In summary,
from the most important outcomes, it can be concluded that:

— According to the present modeling strategy, it was shown
that the temperature dependence of the constituent materi-
als has major effects in fire scenarios, due to the progressive
temperature increase and mechanical degradation of mate-
rials. This aspect is especially important when the atten-
tion goes to the detection of possible stress peaks or thermal
states that could initiate any failure mechanism propagation
(or even collapse) in the glass components.

- For glass—glass PVsin fire, a typical transition of stress peaks
was generally observed in the glass components, migrating
from the hottest towards the coldest regions of the compos-
ite section. This aspect represents an important issue for
structural safety purposes and requires specific tools in sup-
port of design, as it is mostly different from the structural
analysis of glass—glass PVs at ambient conditions. Also, the
mechanical restraints can markedly affect the evolution of
the observed thermo-mechanical resisting mechanisms.
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- The numerical analysis also pointed out the important mod-
ification of stress fields that derives from the combined
thermo-mechanical phenomena; thus, it should be prop-
erly verified and assessed based on sophisticated calculation
strategies to detect any failure mechanism.

- However, specific performance indicators should be cali-
brated to capture the intrinsic features of glass—glass PVs
in fire, as there is no availability for PV-related applications,
and this study showed that the literature consolidated per-
formance indicators for load-bearing building components
in fire cannot be directly transferred to glass—glass PVs.

To further explore the detection and sound calibration of practical
performance indicators of glass—glass PVs in fire, the deflection
and deflection-rate trends for the examined PV configurations in
out-of-plane bending were in fact also considered, as it happens
for load-bearing constructional members in fire. In this case, it
was shown that:

- A progressive increase of the maximum deflection was
pointed out from the parametric analyses, as a direct effect
of materials degradation (due to heating), but also as a con-
sequence of possible superimposed mechanical loads.

- However, the presently recommended limit values for con-
structional members in fire conditions were found unable
to capture major failure mechanisms for the examined
PV configurations. This evidence is also in line with past
numerical efforts on structural glass systems in fire, where
the thermo-mechanical performance of laminated glass
beams in fire was experimentally and numerically inves-
tigated, and no robust match was found with experimen-
tal/numerical outcomes toward these conventional perfor-
mance indicators.

- Following the previous considerations, the outcomes of the
present study suggest that deflection parameters should be
certainly taken into account for structural safety assessment
purposes. However, sound limit values should be properly
calibrated and elaborated, also with the support of extended
experimental campaigns, to capture the intrinsic features
and mechanisms of PV solutions in fire.

Finally, it is important to remind that a multitude of additional
influencing parameters (such as the aspect ratio and size, as
well as the composition of the resisting cross section and the
type/feature of mechanical restraints, and even the PV layout and
boundaries) should be also carefully explored.
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