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Abstract

Glass–glass photovoltaic (PV) technologies for building-integrated PV (BIPV) applications
are increasingly used in construction, for many positive aspects. These multi-functional
systems are rather complex to characterize and need the technical knowledge of many
experts due to the combination of electrical, mechanical, and architectural needs. Struc-
turally speaking, glass–glass BIPVs are in fact required to withstand possible superimposed
thermal and mechanical loads under normal operational conditions, as well as in accidental
scenarios. As such, the impact of their geometrical features and mechanical details on
their overall performance is a key issue in safety assessments. Glass cracking, for example,
represents a critical condition, but additional important phenomena can take place before
fracture. In this paper, attention is paid to the elaboration of thermal and mechanical consid-
erations for glass–glass BIPVs under increasing temperatures. For comparative purposes, a
400 × 400 mm tempered prototype is investigated. Based on a robust Finite Element (FE)
numerical approach, the present study investigates some important thermo-mechanical
mechanisms of the first heating stage (i.e., ≈150–250 s of exposure, for the examined con-
figurations), before glass cracks. It is shown that—even in the elastic stage before glass
cracking—important modifications of temperature-dependent materials can reduce the
load-bearing capacity of the examined BIPV systems. Also, variations in cross-sectional
composition (i.e., thickness of glass covers) and/or in the mechanical restraints (4L, 2L,
and 4P, in the following) can have significant, critical impacts on the reference performance
indicators, such as the global bending stiffness, the stress evolution and peaks in the BIPV
components, and the deflection.

Keywords: building-integrated photovoltaic (BIPV) modules; elevated temperatures; fire;
numerical modelling; stress distribution; bending stiffness

1. Introduction
Glass–glass photovoltaic (PV) modules are modern technological solutions that are

increasingly used in construction [1,2]. In building-integrated (BIPV) applications, PV
collectors have two primary roles, given that they have a combined electrical and structural
function in the building envelope, replacing traditional components. Examples can be
found in their application in windows, balustrades, and façades (see [3] and Figure 1), as
well as in skylights and even pedestrian systems.
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Figure 1. Examples of BIPV applications (figures reproduced with permission from @Unsplash).

The typical features of glass–glass BIPVs are represented by the use of a two-ply
laminated glass section. Compared to traditional structural glass applications, however,
there are some important variations that should be taken into account. For classical
load-bearing glass components, the glass panels of a two-ply laminated section have a
thickness that generally spans from 8 mm to 12 mm for each layer (depending on the
specific structural design requirements), and they are bonded by an interlayer (0.76 mm or
1.52 mm in thickness) that allows them to mechanically interact [4]. The materials used for
the interlayer include PVB, SG, and EVA solutions.

In BIPVs, the solar cells and the electrical components are directly embedded in the
two-ply glass section. Also, relatively thin glass layers (≈3–5 mm thickness each) are often
used to compose the BIPV cross-section. According to several studies in the literature,
the reason for using a specific detailing for glass–glass BIPV cross-sections is the optimal
electrical functionality and efficiency [5,6]. Their combination with other parameters,
such as different mechanical restraints (i.e., linear or discrete fixings), size features, and
superimposed loads, should be properly assessed.

Generally speaking, depending on their use, glass–glass BIPVs are in fact required to
accommodate and satisfy specific building demands (i.e., structural and mechanical perfor-
mance indicators that are typical of building architectural components like façades, roofs,
balustrades, etc. [3,4]). Careful attention is thus required for the analysis and assessment
of BIPVs, in terms of their load-bearing capacity, bending stiffness, resistance to impact,
and even fire safety [3,4]. The thin glass covers are in fact rather vulnerable components,
and appropriate methods of analysis are needed to determine their performance during
both ordinary design processes and accidental load application [3]. Among other examples,
elevated temperatures and fire accidents induce critical conditions for the load-bearing
BIPV components [7–9], and their safety assessment involves in-depth investigations, often
based on full-scale experiments [10–13].

In this paper, we focus on the numerical analysis of BIPVs under elevated temperature
scenarios, such as fire. The goal is to provide some insights to assess and emphasize
possible critical mechanisms that could take place in the initial heating stage for these
sandwich sections, rather than on the study of their full disruptive response up to collapse.

The used strategy is adapted from the existing design and structural performance
assessment approaches for two-ply glass sections under mechanical loads. The limit
condition, in this case, is in fact associated with the detection of the first crack initiation in
the glass covers, which represents a major event and a transition between the elastic and
the post-cracked stages. The stress analysis of two-ply glass covers in fire is still key but not
a sufficient step for performance assessment. Accordingly, the present study numerically
investigates the most important phenomena that can be expected in BIPVs under increasing
temperatures, up to the first crack detection in glass.
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Overall, the study fits with the urgent international need to assess the structural
performance and safety of BIPVs subjected to unfavorable operational conditions [14,15].
Certainly, a more exhaustive analysis should also investigate the post-fracture stage of
BIPVs in fire, up to collapse. However, even more uncertain and complex phenomena take
place after fracture. Moreover, some important findings can be revealed from first crack
detection, to support future investigations.

In particular, major results from a Finite Element (FE) numerical analysis carried out in
ABAQUS [16] on small-scale glass–glass BIPV samples under uniformly distributed, time-
varying elevated temperatures are critically discussed in this paper, to verify their local
and global structural performance. As shown, the progressive temperature increase in the
BIPV components is associated with a material modification that—in terms of mechanical
considerations—leads to the relaxation and redistribution of the expected tensile stress
peaks in the BIPV layers. These phenomena have been largely studied for other structural
glass applications for buildings, such as panels and beams under sustained mechanical
loads and fire [17–20], but limited literature efforts are available for PV or BIPV systems
in fire. The study in [21], for example, is dedicated to single-glass PV specimens under
elevated temperatures, while glass–glass BIPVs in fire are numerically investigated in [22],
with the support of experiments from the literature. As such, the present contribution tries
to support the technical knowledge spread for this complex and wide topic.

To this end, Section 2 briefly recalls the literature studies that numerically investigated
the thermo-mechanical response (not in fire) of PV solutions. The presently adopted mod-
elling strategy is described in Section 3, and validated in Section 4, where the selected
performance indicators are also discussed. Major numerical results are presented in Sec-
tion 5, where sensitivity to some selected features (such as the glass type and thickness, or
the mechanical restraints) are discussed as a function of the exposure time.

2. Modelling the Thermo-Mechanical Response of PV Systems
Under Elevated Temperatures: Existing Studies

PV systems are characterized by a thin and rather flexible cross-section, which is
combined with the typically high vulnerability of the constituent materials (glass, solar
cells, encapsulant) to severe mechanical loads and high temperatures. Consequently, it
is important to quantify and verify the mechanical effects of moderate–high tempera-
tures and recognize in advance possible critical conditions. Increasing temperatures are
in fact associated with some important thermo-physical phenomena and modifications
in materials, and thus with a reduction in the expected load-bearing capacity of these
sandwich systems.

Over the years, the effects of varying temperatures on single-glass PV components
have been explored by many research studies, based on different numerical strategies and
approaches. For example, it was shown in [23] that the use of FE computations represents
an efficient support for possible design optimization and certification. Also, FE tools can be
used to extend the typical testing configurations that are recommended by standards.

Many literature studies, however, have focused especially on the electrical side, for
the analysis of thermal effects for PV systems under ordinary operational conditions.
Siddiqui et al. [24] formulated a very complex model to account for the performance
of PV modules under variable operational conditions, with different inclinations and
wind parameters. Studies carried out by Özkalay et al. [25] experimentally verified that
operational temperatures in BIPV components can rise up to 100 ◦C in the Switzerland
region (and even more in different regions [26]).

Local and global thermal analyses for PVs can be found in [27–31], along with many
others. For fire safety accidents, it is clear that appropriate countermeasures should be
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generally taken into account. However, the numerical assessment of BIPVs in fire is rather
challenging, due to the combination of multi-performance requirements and load-bearing
building demands [32]. For example, challenges include the following:

• Glass material can suffer thermal shock, which depends on multiple geometrical and
thermo-physical aspects, and thus requires robust calculation methods [33–35];

• The commercial products in use for the encapsulant (PVB or EVA) are sensitive to
thermal variations, in the form of a progressive relaxation and viscoelastic response,
which involves a decrease in the shear rigidity of the bonding layer, and thus affects
the bending stiffness of the BIPV sandwich section [36–38];

• The global bending capacity of a BIPV system is strongly affected (similarly to or-
dinary operational conditions) by the features of the mechanical boundaries, which
may include linear restraints but also discrete mechanical point-fixings, with totally
different structural performances [39–41];

• Overall, it is clear that the exposure of BIPV systems to elevated temperatures is
associated with primary issues that derive from the features of the constituent materials
but also depend on the reciprocal interaction of BIPV components, as well as some
possible unfavorable geometrical aspects that should be properly addressed.

3. Present Numerical Modelling Strategy
3.1. Setup, Parameters, and Goal

To explore the thermo-mechanical performance of a selection of glass–glass BIPVs
subjected to increasing temperatures, this paper is focused on the analysis of thermal and
mechanical effects in the first heating stage (i.e., before glass fracture), which is of utmost
importance to assess the load-bearing response of the BIPVs [19,20].

In a relatively short time interval (less than 250 s, for the presently examined configu-
rations), the out-of-plane bending stiffness of the BIPV module can be severely reduced
by the progressive temperature spread. This means that even rather limited mechanical
loads (superimposed to the thermal exposure) could result in major consequences. Such
a consideration requires special attention for fire safety and structural safety assessments
and is of interest for many practical applications in buildings.

Among other examples of technical interest, the setup schematized in Figure 2 is taken
into account in this paper, which corresponds to a glass–glass BIPV module in a vertical
layout subjected to increasing temperature on one side only. In addition to the thermal
exposure, the BIPV components are subjected to the mechanical load deriving from their
self-weight G. Such a vertical layout is typical of façade components and balustrades, where
the BIPV modules are used with linear or discrete mechanical fixings. At this stage, the
effect of possible tilt angles or even additional superimposed mechanical loads (i.e., wind
pressure) are disregarded.

Taking inspiration from earlier studies (see for example [21,22]), a bi-facial,
glass–glass small-scale PV sample was analyzed. The edge size of the module was set in
L = 400 mm × 400 mm, while the cross-section was composed of two layers of glass
(h1 = 3.2 mm + h2 = 3.2 mm thick), bonded by a PVB encapsulant (he = 1.52 mm its thick-
ness). The encapsulant was used to embed hc = 0.2 mm thick, 156.75 mm × 156.75 mm
bi-facial solar cells (PERC 5BB type). The model components for the reference configura-
tion are schematized in Figure 3. Regarding the mechanical restraints, a rigid continuous
metal frame was initially used to linearly fix all the edges of the glass covers (Figure 3).
Finally, in terms of thermal exposure, a conventional, uniformly distributed, time-varying
temperature function was used on the exposed glass surface; see Figure 2 [42].
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Figure 2. Reference setup for the parametric numerical analysis (side view).

Figure 3. Assembly of the typical numerical model (ABAQUS) for the glass–glass BIPV module with
four linearly restrained edges (4L configuration).

Through the numerical investigation, a multi-step thermo-mechanical analysis was
carried out for each examined configuration, by highlighting a combination of features.
According to Table 1, the study was carried out by considering possible variations in
the following:

(i) Thickness of the glass covers.
(ii) Glass type (AN: annealed; HS: heat-strengthened; FT: fully tempered).
(iii) Features of the mechanical restraints (with four (4L) or two (2L) linearly restrained

edges, or four-point fixings (4P), see Figure 4). In this last case, it is important to recall
that an ideally rigid bond was used at the interface between the glass covers and the
metal components.
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Table 1. List of examined features for the present investigation. * Reference BIPV configuration for
the numerical study.

Glass Type Glass Thickness [mm] Encapsulant Mechanical Restraints Thermal Exposure

AN
or HS
or FT *

h1 = h2 = 3.2 *
or 6

PVB *
he = 1.52 mm *

Linear on four edges (4L) *
or two edges (2L),

or four-point fixings (4P)

Uniform distribution;
time-varying ISO 834

function (Figure 2)

 

(a) 2L restraint configuration (b) 4P restraint configuration 

Figure 4. Example of numerical models for the analysis of glass–glass BIPV systems under different
mechanical boundaries: (a) two linearly restrained edges (2L configuration) or (b) four-point fixings
(4P configuration) (ABAQUS).

In this regard, it is important to note that the performance of AN and HS glass solutions
was taken into account (for the 4L configuration) in a preliminary stage of the study, to
emphasize the different responses of several glass types to the imposed thermal scenario.
The majority of the simulations were subsequently carried out for the tempered glass
samples only (FT). In parallel, the reference FE model of Figure 3 was adapted to reproduce
different boundary details and exposed/unexposed surfaces (Table 1).

3.2. Solving Approach

The numerical study was based on a combination of different types of analyses that
were carried out for each selected configuration of Table 1, namely the following:

1. Thermal, transient “heat transfer” analysis for the BIPV system subjected to the
uniformly distributed, time-varying temperature function on the exposed surface of
glass (i.e., Figure 2);

2. Static simulation (with input nodal temperatures varying over time, based on step 1);
3. Frequency analysis (carried out on the BIPV system subjected to predefined thermal

scenarios, based on the nodal temperature input from step 1).

A major support was taken from past experiences on BIPV modelling and characteri-
zation [21,22], as well as from thermo-mechanical analyses on glass laminates subjected to
elevated temperatures [17–20].

The presently adopted thermal interactions, in particular, are described in detail
in [17–22]. For the heat transfer analysis (step 1), thermal interactions were in fact consid-
ered on the front and back covers of the BIPVs, while adiabatic boundaries were used at
the edges. For the exposed surface of the front glass cover and for the unexposed glass one,
the convective heat transfer coefficient was separately calculated based on [43,44].

hconv = 5.7 + 3.8u when u < 5 m/s (1a)
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hconv = 6.47 + u0.78 when u ≥ 5 m/s (1b)

The standard ISO time-varying temperature curve schematized in Figure 2 was re-
produced to introduce the thermal load on the front glass cover. This assumption was
supported by the so-defined “surface radiation” and “surface film condition” features of
ABAQUS library [17–22]. Unlike past studies, the attention of simulations was specifically
focused on the first ≈150–250 s of exposure (i.e., pre-cracked stage).

In terms of mechanical analysis of the explored BIPVs (step 2 and step 3), the out-
of-plane bending response and sensitivity to increasing temperatures was studied in step
2 by importing the desired thermal distribution over time from step 1, for all the model
nodes. Similarly, the frequency analysis in step 3 was performed for a selection of imported
thermo-mechanical configurations (i.e., BIPV composition, type of mechanical restraint,
exposure time), in order to predict the fundamental vibration frequency and shape of each
BIPV module, whilst taking into account the effects of increasing temperatures.

3.3. Elements, Boundaries, and Constraints

Depending on the type of analysis (i.e., thermal or mechanical), each constituent layer
and BIPV component was numerically reproduced in ABAQUS by means of eight-node heat
transfer (DC3D8) and linear brick (C3D8R) elements, respectively, as an independent part.
The reference FE assembly included the glass covers, the encapsulant layer, the embedded
solar cells, and the metal restraints (i.e., Figures 3 and 4). All the adjacent layers were ideally
bonded by surface-to-surface rigid “tie” constraints. Further electrical components were
disregarded, and their possible critical role in contributing to the temperature spread should
be separately investigated. A refined mesh pattern was taken into account. According to
preliminary sensitivity considerations, the resulting pattern included four elements in the
thickness of each glass layer and eight elements in the thickness of the encapsulant/cells
(Figure 5). The final model consisted of ≈105,000 elements and ≈138,000 DOFs.

 

Figure 5. Detail of the adopted mesh pattern for the reference glass–glass BIPV module (ABAQUS).

3.4. Material Properties

The input properties for all the relevant materials (glass, PVB for the encapsulant,
solar cells, and aluminum for metal restraints) were obtained from the literature (Figure 6).
A key role in the present simulations was assigned to the temperature-dependency of
material properties.
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(a) (b) 

 

(c) 

Figure 6. Input material properties for the numerical analysis: (a) modulus of elasticity; (b) thermal
conductivity; (c) specific heat.

Glass was described as in [22], in the form of a temperature-dependent, linear elastic
material. This means that the possible material degradation and state modification with
the increasing temperature was numerically reproduced by a reduction in the modulus
of elasticity, see Figure 6a. For the purpose of the present investigation (i.e., first stage
of thermal exposure, until glass failure) any other failure mechanism for glass was disre-
garded. Accordingly, the analysis of stress evolution and peak values in the glass covers
was continuously monitored (at each time instance of the analysis), to avoid unrealistic
numerical predictions for AN, HS, or FT glass types.

Regarding the PVB encapsulant (temperature-dependent, linear elastic law), the input
parameters were assumed from [17]. It should be noted that—for comparative purposes
only—the EVA properties are also shown in Figure 6, where the modulus of elasticity was
derived from [45], while the thermal conductivity was estimated based on [46].

In the description of the solar cells (temperature-dependent, elastic–plastic law), in-
put from the literature was taken into account, using the studies [47,48]. In particular,
the mechanical characterization of solar cells was initially based on [49–51], in terms of
modulus of elasticity and failure stress. Following the four-point bending experiments
and simulations based on the beam theory reported in [50], the modulus of elasticity was
set to Esil = 166 GPa for the solar cells at room temperature. Its reduction with higher
temperatures was considered based on the experimental trend reported in [49]. The cor-
responding failure stress was initially set as σu,sil = 106 MPa, to account for the possible
cracking of cells in bending [50,51]. The so-calibrated parameters were also assessed based
on original experiments (see Section 4.3). Finally, for the supporting metal components, a
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temperature-dependent elastic–plastic constitutive model was considered to describe the
aluminum components, with input properties derived from [52,53].

4. Strategy for the Thermo-Mechanical Numerical Study
4.1. Preliminary Numerical Validation

The preliminary validation step was focused on the thermal analysis in normal opera-
tional conditions and was carried out on a full-size commercial single-glass PV module
with a PET backsheet [41]. The PV specimen consisted of a 1.15 m × 1.75 m module, with
single-glass section (h1 = 3.2 mm thick, FT cover) and a continuous aluminum frame. The
EVA encapsulant (he = 1 mm in thickness) was used to embed 0.2 mm thick monocrystalline
solar cells (18 × 6 = 108 in total), with 1 mm thick PVF/Tedlar backsheet (Figure 7a).

 

(a) 

 

(b) 

Figure 7. Nodal temperature distribution (NT11) of a single-glass PV module in normal conditions,
for modelling validation (ABAQUS): (a) assembly [41] and (b) temperature (legend values in ◦C).

The thermal heat transfer analysis was carried out with T = 20 ◦C and G = 800 W/m2.
The expected temperature in the cells was 42 ◦C. From the present modelling strategy,
a temperature distribution like in Figure 7b was numerically obtained. The maximum
temperature in the solar cells was predicted to be 43.93 ◦C (4.5% scatter), which correlates
strongly with many examples from the literature (3–5% the average temperature scatter).

To further verify the validity of modelling assumptions for BIPVs subjected to elevated
temperatures, the present strategy was implemented in accordance with [21,22]. Figure 8a,
in particular, shows the temperature evolution in the front and back glass covers of the
small-scale single-glass PV specimen investigated in [21]. In Figure 8b, the temperature
evolution in the front glass cover and in the metal frame are reported for the full-scale
glass–glass BIPV specimen presented in [22], which was tested in a conventional furnace
setup. Even considering the background complexity and uncertainty of similar simulations,
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in both cases it is possible to see a rather close agreement between the numerical and the
experimental estimates, which suggests a certain robustness for the model calibration.

  

(a) (b) 

Figure 8. Temperature evolution for BIPV components under elevated temperatures and fire, for
modelling validation (ABAQUS): (a) single-glass PV sample (figure reproduced from [21] under the
terms and conditions of a CC-BY license agreement) and (b) glass–glass BIPV sample in a furnace
setup (figure reproduced from [22] under the terms and conditions of a CC-BY licence agreement).

4.2. Selected Performance Indicators

The analysis of numerical results was carried out by focusing the attention—in the pre-
cracked stage—on some key performance indicators of primary interest for the assessment
of the mechanical performance of BIPVs, namely the following:

1. The initial geometrical imperfection (i.e., shape and amplitude) of each BIPV module,
due to the imposed thermal scenarios;

2. The analysis of the evolution over time of the temperature peak and gradient on the
exposed glass cover;

3. The evolution of the tensile stress peaks in the exposed glass cover, as a function of
the thermal exposure;

4. The trend over time of the out-of-plane deflection at the center of each BIPV module,
and the corresponding reaction forces at the mechanical restraints;

5. The amplitude of the stress and strain peaks in the solar cells;
6. The fundamental vibration frequency of the BIPV system when exposed to different

thermal configurations.

4.3. Failure Detection Under Elevated Temperatures

The first step of the procedure was represented by the detection of the limit condition
corresponding to first crack initiation in the glass covers, which was verified according
to some consolidated parameters and approaches from the literature. The thermal failure
detection of glass due to progressive heating, in particular, was based on [54,55], such as
the following:

• “Temperature approach”: the measured thermal gradient between the exposed and
coldest regions of the glass cover subjected to progressive heating was compared to
the reference limit values reported in Table 2;
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• “Stress approach”: the resulting stress peaks in tension in the exposed glass cover (due
to thermal and possible superimposed mechanical effects) were monitored during
each analysis and compared with the nominal allowable thermal stress values reported
in Table 2.

Table 2. Allowable thermal gradients (∆Tallowable) for glass and corresponding stresses (σt,allowable).

Edges

Glass Type As-Cut or Arrissed Smooth Ground Polished

Allowable thermal
gradient [◦C]

Float (<12 mm) 35 40 45
Heat-strengthened 100

Tempered 200

Allowable thermal
stress [MPa]

Float (<12 mm) 20.34 23.24 26.15
Heat-strengthened 58.10

Tempered 116.20

When considering the results presented in Table 2—which refers to the thermal failure
of different glass types—it is important to recall that the characteristic tensile strength of
FT glass under mechanical loads (at room temperature) is equal to 120 MPa. Even lower
values can be expected at the edges or near the holes [55]. The present study includes,
however, both thermal and mechanical loads in the glass covers. As such, the more con-
servative value from Table 2 (116.20 MPa) was preliminarily taken into account for the
“stress approach” and compared with the simulated stress peaks in glass. This assumption
suggests that the superimposed mechanical loads (i.e., self-weight, wind, etc.) should be
verified with careful consideration, as they could be particularly critical for some configura-
tions (i.e., different mechanical restraints, aspect ratio, etc.) that are not considered in the
present study.

In addition to glass covers, the attention was also focused on the stress and strain evo-
lution in the solar cells. In this latter case, due to the lack of more specific experimental data
for failure detection under thermal exposure, the ultimate stress value was initially derived
from experiments from the literature (i.e., σu,sil = 106 MPa, as specified in Section 3.4).

For further confirmation of literature failure parameters, a set of original three-point
bending experiments were indeed carried out in laboratory conditions, on small-scale
samples of solar cells. These samples were obtained by cutting some strips from PERC
5BB solar cells (156.75 × 156.75 mm their original size), and each strip measured 30 mm
in width.

In the adopted three-point bending setup, the distance of supports was set at 60 mm,
while a quasi-static, monotonic vertical load was imposed at the mid-span section of each
specimen (with 2 mm/min the strain rate) and gradually increased until failure (Figure 9a).
At room temperature, the stress–strain response of these samples was found to agree with
Figure 9b. In further detail, the average failure stress was calculated as σu,sil = 118.38 MPa
(±6.63 MPa), which agrees rather well with data from the literature (Section 3.4). The
corresponding failure strain was quantified as 0.1186% (±0.0065%). In general, a sudden
brittle failure mechanism was observed for all the tested strips, as can be seen in Figure 9b
from the abrupt drop in the reported stress–strain curves. The so-calculated average failure
strain was thus taken into account for the present investigation (Section 5).
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(a) (b) 

Figure 9. Three-point bending experiments on solar cell samples at room temperature: (a) test setup
and (b) typical stress–strain results.

5. Numerical Results
5.1. Temperature Evolution

Attention was first given to the distribution and evolution of temperatures in the BIPV
components, given that they represent a first useful tool to predict any possible thermal
shock and first breakage of glass (i.e., Table 2), but they also possibly affect the mechanical
and thermo-physical properties of the constituent materials (i.e., Figure 6).

To this end, a set of control points was considered, as in Figure 10 (where the example
shows the 3.2 + 3.2 mm BIPV module with four edges restrained—4L).

 

 

(a) (b) 
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Figure 10. Thermal analysis (4L configuration): (a) example of temperature distribution at the
beginning of thermal exposure (nodal temperature N11 in ◦C) and (b) temperature trend over time,
as measured at the center of the exposed glass cover and in terms of thermal gradient ∆T (ABAQUS).

Following Table 2 and Figure 10, the thermal shock is expected in about ≈220 s of
exposure for the BIPV system composed of FT glass panes, ≈110 s for HT glass layers,
and ≈55 s in the case of AN glass. This simplified approach for failure detection in the glass
covers—whilst approximate—can offer useful preliminary estimates about the initiation
of the expected fracture mechanisms [55]. The same conventional approach was in fact
used in [22] for a full-scale BIPV sample under fire (with 6 + 6 mm FT glass covers bonded
by 1 mm thick EVA encapsulant, 1.046 m × 1.719 m in size (width × height), and with
a 4L restraint configuration). In that case, the numerically estimated crack initiation in
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the exposed glass cover was found to have a less than 30 s scatter (in terms of exposure
time) compared to the full-scale experiment. The temperature evolution with the exposure
time was also well-simulated (Figure 8b). As reported in Table 3, however, the size and
aspect ratio (i.e., squared or rectangular) of BIPV systems certainly represents additional
influencing parameters that should be further explored.

Table 3. Predicted failure time for the exposed glass cover, based on the more conservative condition
based on Table 2 (i.e., thermal gradient (∆T)), for BIPVs in the 4L restraint configuration.

Glass Thickness [mm] Size [m2] Expected Failure Time [s]

h1 = h2 = 6
(FT glass) 1.046 × 1.719

347 numerical (ABAQUS)
375 experimental (furnace test)

(data from [22])

h1 = h2 = 6 0.4 × 0.4 220 (FT glass)—present numerical study
110 (HS glass)—present numerical study
55 (AN glass)—present numerical study

In the present study (0.4 m × 0.4 m samples), such a relatively short time interval from
Table 3—whilst associated with still elastic, pre-cracked glass covers—is characterized by
some important variations in the key performance indicators of the BIPV section. For this
reason, major attention was paid to the post-processing of parametric numerical results.

The presence of different mechanical boundaries and cross-section composition, for
example, was found to have important effects in the thermal analysis of the examined
BIPVs (Figure 11), and consequently on the associated mechanical parameters.

 

(a) 

  

(b) (c) 

Figure 11. Effect of mechanical restraints for thermal analysis: (a) predicted thermal gradient and
(b,c) example of temperature distribution (nodal temperature N11 in ◦C) at the first stage of thermal
exposure, for 2L and 4P configurations (ABAQUS).
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Considering the BIPV system composed of FT glass layers, for example, it was numer-
ically observed that an increase in the glass thickness (from 3.2 mm to 6 mm) can ideally
give a +15% increase in the corresponding failure time (due to thermal gradient) for the
reference 4L configuration. This outcome suggests that even when doubling the thickness
of the glass in the BIPV cross-section, such an increase does not provide proportional
mechanical benefits for the BIPV system as a whole.

Reducing the mechanical restraints (from 4L to 2L or 4P conditions, respectively)
indeed reduces the expected failure time by about −8% and −10% compared to the 4L
setup. This effect can be noted in the red curves proposed in Figure 11a. Minor effects were
observed for the 6 + 6 mm section, compared to the 3.2 + 3.2 mm system. When modifying
the mechanical boundaries, the temperature distribution was indeed partly affected in the
region of the mechanical restraints (see Figure 11b,c). The predicted local temperature
variations as in the point-fixed (4P) configuration of Figure 11c were found to have a huge
impact on the possible initiation of fracture mechanisms in the glass, and to reduce the
global redundancy of the BIPV system.

5.2. Thermal Exposure and Associated Mechanisms

The non-uniform temperature increase in the resisting section of a BIPV module is
commonly associated with thermal expansion effects, and with thermal stress peaks that
increase according to the temperature spread. This aspect is particularly relevant because
these phenomena are superimposed to possible mechanical loads that the glass covers
are required to accommodate. The numerical analysis showed that even rather moderate
temperature peaks and gradients in the BIPV section can be associated with a large increase
in the associated global imperfections, and corresponding bending stress peaks.

In this regard, Figure 12a shows the deformed shape at a given time instance of thermal
exposure for the BIPV module with a 4L configuration. As shown, the reported out-of-plane
displacements correspond to the fundamental deformed shape of a linearly supported plate,
which induces initial bending stresses in the layers. However, this amplitude progressively
increases with the temperature spread and is also combined with the thermal degradation
of materials (Figure 6).

To this end, a more detailed analysis of global deformation effects can be drawn by
considering the maximum amplitude, u0,T, and its correlation with the observed tempera-
ture scenarios. Figure 12b shows the normalized imperfection amplitude measured in P1
(i.e., u0,T as a function of the BIPV size L), and its trend with two temperature parameters:
the measured temperature gradient ∆T (on the left Y axis) and (on the right Y axis) the tem-
perature peak in the center of the glass cover T(P1). It is possible to see a typical non-linear
increase in the thermally induced imperfection, as a function of the corresponding thermal
gradient/peak.

Considering that the rigidity of materials also decreases with the temperature increase
(i.e., Figure 6), it is clear that this effect is not only associated with a bending stress increase
in the glass covers (and in the other components), but also with a progressive transition
of the tensile stress peaks (especially for the exposed glass layer) towards the coldest
regions of the covers (i.e., the edges and the corners). This last phenomenon is summarized
in Figure 12c, in terms of principal stress distribution in the exposed (front glass cover),
intermediate (encapsulant and solar cells), and unexposed (back glass cover) BIPV layers.

Finally, possible modifications in the features and layout of the mechanical restraints
can further modify the expected thermal effects. Amongst the selected configurations, the
maximum effects were achieved for the 2L configuration, which was typically associated
with a beam-like cylindrical deformed shape for the examined BIPV systems, as well as with
more pronounced imperfection amplitudes. This last aspect is summarized in Figure 13,
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where the normalized imperfection amplitude is plotted as a function of the exposure time
(Figure 13a) and the associated deformed shapes are qualitatively shown in Figure 13b for
the 4L (on the left) and 2L (on the right) configurations, respectively. From Figure 13a, in
particular, it can be seen that the normalized imperfection amplitude is typically very small
after a few seconds of thermal exposure (i.e., ≈ L/1200 = 0.33 mm for the 6 + 6 mm system
with 4L) but drastically increases with the exposure time (and thus with the temperature),
up to ≈ L/1200 = 2 mm after 140 s. Different trends and imperfection amplitudes can be
seen for the other configurations: the thinner the glass covers, the larger the imperfection
amplitude. Moreover, the largest deformations are associated with the 2L configurations,
compared to the 4L, due to the partial removal of mechanical restraints and the increased
flexibility of the BIPV system.

 

 

(a) (b) 
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(c) 

Figure 12. Thermal effects (4L configuration): (a) example of initial expansion and global geometrical
imperfection due to heating (out-of-plane displacement U3 in meters) and (b) maximum amplitude
trend due to temperature effects, with (c) maximum principal stress distribution in each BIPV layer
(legend in Pa), (ABAQUS).

In conclusion, another important effect was found in terms of the evolution of max-
imum stress and strain in the embedded solar cells, which may possibly affected by
premature brittle failure, even when the glass panes are still intact. The weak shear bonding
offered by the temperature-dependent encapsulant (i.e., Figure 6) is in fact associated with
a rather flexible and “uncoupled” bending response of the BIPV section.

An example of strain distribution in the BIPV components is presented in Figure 14,
after ≈70 s of thermal exposure, for the 6 + 6 mm system (2L configuration). The selected
time instance corresponds to ≈60 ◦C of thermal gradient ∆T for the exposed glass cover,
with a global beam-like geometrical imperfection, which was measured in up to ≈L/400
in the center of the glass. Whilst a relatively small stress amplitude was predicted for the



Energies 2025, 18, 6037 16 of 23

encapsulant layer, the stress and strain peaks were measured in the solar cells, which are
typically affected (and are required to accommodate) by the global bending deflection of
the BIPV system.

 

  

(a) (b) 

Figure 13. Thermal effects on global imperfection: (a) normalized global imperfection amplitude as a
function of the exposure time (4L and 2L configurations) and (b) corresponding (amplified) deformed
shapes (ABAQUS).

 

Figure 14. Thermal effects (2L configuration): example of strain distribution (principal component of
logarithmic strain LE) due to thermal exposure (ABAQUS).

As shown in Figure 14, the predicted strain amplitude was in fact higher in the solar
cells than in the glass panes. This suggests that the stiffer the composite BIPV section, the
higher the risk of premature brittle failure for the solar cells, even for glass covers that
remain elastic and relatively small–medium thermal gradients. Moreover, in this case,
different mechanical boundaries can further anticipate any premature failure mechanism.
A more in-depth investigation on fracture mechanisms for solar cells would, however,
require the use of debonding models (i.e., at the interface with the encapsulant layers), as
well as the description of additional BIPV components (i.e., interconnects and electrical
components) that are known to induce additional major local effects in similar systems.

Structurally speaking, the presented numerical results (shown in Figure 14) confirm in
any case that the detailing of the mechanical restraints can induce important modifications
in the global and even local response of BIPV systems.
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5.3. Thermal Exposure and Global Bending Stiffness

For the global analysis of thermal exposure effects in terms of out-of-plane bending
for the examined BIPV systems, we finally considered their vibration frequency f 1, which
was selected as a robust performance indicator to implicitly track the bending stiffness Deff.

The “effective” composite flexural stiffness of a typical BIPV section is in fact com-
monly affected by several basic geometric parameters and restraints, and by the mechanical
features of the constituent layers [41]:

De f f ≈ f (glass, encapsulant, size, boundaries, . . .) (2)

Moreover, from a theoretical point of view, the following is expected:

Dabs ≤ De f f ≤ D f ull (3)

A key role for estimating Deff between the bound limits Dabs and Dfull, which denote,
respectively, the bending stiffness of the BIPV section under weak/null shear bonding
offered by the encapsulant (“abs”, layered limit) or with ideally rigid connection in shear
(“full”, monolithic limit), can be found in the effect of elevated temperatures and fire
exposure, given that progressive heating reduces the mechanical stiffness of the used
materials (Figure 6).

Whilst the mechanical contribution of the solar cells can be disregarded for vibration
frequency considerations, this is not the case for the other mechanical BIPV components.
Also, the weakest bonding configuration can theoretically be associated with the bending
stiffness contribution of the uncoupled front and back glass covers alone:

Di =
Eih3

i
12

(
1 − ν2

i
) (4)

with i = 1, 2, and
Dabs = ∑ Di (5)

D f ull = Dabs +
12D1D2

D1h2
2 + D2h2

1
H2 (6)

where
H = he +

hi
2

(7)

and he is the encapsulant thickness.
The associated vibration frequency f 1 of the BIPV module can consequently be esti-

mated (depending on the features of mechanical restraints) based on classical analytical
models in the literature. Assuming that the frame along the edges is ideally rigid, as in
Figure 3, for example, the associated vibration frequency can be calculated as follows:

f1 =
λ2

1
2πL2

√
De f f

m
(8)

with m = ρ(h1 + h2) and L = 400 mm as the BIPV dimensions, and λ2
1 = 7.12 (for a

square shape, as in the present study). Practical considerations and parametric experimen-
tal/numerical studies in terms of vibration frequency for the commercial single-glass PV
module of Figure 7 have been, for example, reported in [41], under normal operational
conditions, to assess the consequences of the encapsulant degradation.

For the present study, according to Equation (8), once f 1 is known and the geometrical
parameters of the BIPV system are fixed, the corresponding Deff value can be directly
extrapolated to obtain a quantitative estimate of its global out-of-plane bending stiffness.
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As such, any variation of f 1 due to thermal exposure can be implicitly used to quantify the
bending stiffness sensitivity to the temperature increase.

Compared to earlier evidence from the literature, the present numerical study includes
the critical role of progressive heating, which is typical of many ordinary or accidental
scenarios for BIPV systems. Typical numerical results can be found in Figure 15, where the
fundamental frequency variation is calculated as follows:

∆ f 1 = 100
( f1,∆T − f1,amb)

f1,amb
(9)
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Figure 15. Vibration frequency variation for the examined BIPV system (4L, 2L, and 4P configurations),
as a function of the measured thermal gradient ∆T (ABAQUS).

The fundamental frequency variation is calculated at a given time instance of thermal
exposure and is reported as a function of the corresponding thermal gradient ∆T. Also,
f 1,∆T is the associated vibration frequency prediction and f 1,amb is the vibration frequency
of the same BIPV module, but at ambient temperature.

In further detail, Figure 15 highlights a rapid decrease in the fundamental frequency of
the system, for moderate thermal gradients. As long as the temperature gradient increases,
the frequency reduction increases further.

Such a phenomenon can be implicitly associated with the severe mechanical degra-
dation of the constituent materials, particularly the encapsulant, due to the progressive
non-uniform heating of the resisting cross-section. According to Figure 6, the reduction in
the modulus of elasticity has an implicit role in these observations, especially considering
that the encapsulant governs the coupled mechanical response of the glass covers. Whilst
the examined range of temperatures in Figure 15 (and throughout the present investigation)
has negligible effects on the modulus of elasticity of glass (see Figure 6), this is not the
case of the encapsulant, and there are therefore consequences on the effective bending
stiffness Deff.

Also, it is important to recall that the thermal stress peaks corresponding to the thermal
gradients of Figure 15 are still associated with a fully linear elastic response for the front
and back glass covers of the BIPV system, which is considered to be composed of FT glass
(Table 2). Accordingly, the stress analysis in the glass would result in a positive/elastic
outcome, whilst it is clear from Figure 15 that the mechanical performances of the BIPV
systems still require important modifications.
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A more detailed analysis of Figure 15 shows that, apparently, the 6 + 6 mm system
is less affected than the 3.2 + 3.2 mm system by elevated temperatures. However, it
still highlights a frequency decrease of more than 40% for a thermal gradient of about
≈120 ◦C, which corresponds to a rather null residual shear stiffness for the encapsulant
(Figure 6). Additional interconnected phenomena should be explored for different geomet-
rical configurations (i.e., small-scale or full-scale BIPVs).

In terms of mechanical boundaries for the selected glass–glass BIPVs, it is also possible
to see in Figure 15 that the selected restraints further affect the predicted loss of bending
stiffness, which is also in line with the progressive reduction in the imposed constraints
at the edges of the BIPV modules. As such, all these aspects and influencing parameters
should be properly assessed and verified from a multidisciplinary point of view.

Finally, considering the parametric results in terms of exposure time to elevated
temperatures, the numerical estimates can be used to directly quantify the reduction in
out-of-plane bending stiffness for the examined BIPV systems. The examples reported
in Figure 16 refer to the 4L boundary configuration, and the effects when changing the
cross-section details. The Deff value is calculated at different periods of exposure time
and compared with the initial stiffness value at ambient conditions, Deff,amb. Notably, the
stiffness ratio reflects the high sensitivity of thin glass covers (3.2 + 3.2 mm) to any possible
temperature increase, which indeed is less pronounced for the 6 + 6 mm system.
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0

0.2

0.4

0.6

0.8

1

Glass thickness h1=h2  [mm]

3.2 (4L) 6 (4L)

Ambient conditions

Figure 16. Bending stiffness ratio as a function of the exposure time (ABAQUS).

Accordingly, whilst the measured thermal gradients are still not associated with any
possible expected thermal shock for the tempered glass layers (i.e., see Figure 11a and
Table 2), an important modification to and degradation of the load-bearing capacity for
the examined BIPV systems can be observed from the presented results. In this sense,
the reported outcomes confirm the possible vulnerability of BIPV systems to elevated
temperatures but also show a major sensitivity to many geometrical and mechanical
parameters, and thus emphasize the need of a robust multidisciplinary study to assess their
safety and optimal use as integrated building components.

6. Conclusions and Future Studies
A numerical study was presented in this paper to assess the mechanical performance

and load-bearing capacity of glass–glass photovoltaic (PV) modules for building integrated
(BIPV) applications when exposed to elevated temperatures and even fire. One particular



Energies 2025, 18, 6037 20 of 23

focus was the expected mechanical and thermo-mechanical phenomena that could impact
critical mechanisms in the resisting cross-section, even with still-intact glass panels, in the
initial stage of heating (i.e., before glass cracking).

To this end, possible variations in the cross-section geometry (i.e., glass thickness)
and mechanical restraints were taken into account, considering a given PV system with
four linearly supported edges (4L), two linearly supported edges (2L), and even four-point
fixing restraints (4P).

Even when limited to few configurations, the numerical analysis provided evidence
of some important effects that could negatively affect the load-bearing capacity of these
integrated components. According to the adopted modelling strategy, which was ear-
lier validated in experiments in the literature, the present numerical results pointed out
the following:

• Changing the glass thickness (from 3.2 + 3.2 mm to 6 + 6 mm in the present
study) can minimally reduce the vulnerability and mechanical loss of capacity for
similar systems.

• In particular, due to combined thermo-mechanical phenomena, the increase in glass
thickness has no proportional benefits in terms of mechanical response and residual
capacity under elevated temperature scenarios.

• Due to the progressive temperature spread in the size and thickness of the resisting
cross-section, the associated material degradation primarily affects the encapsulant
layers and has major consequences on the corresponding mechanical capacity of the
system. Important stiffness reductions were numerically observed for still-moderate
temperature gradients.

• The presence of different mechanical restraints (4L, 2L, or 4P, in the present study) is
generally associated with minimal effects in terms of temperature spread and increase
in the resisting section.

• The maximum effect of different mechanical restraints—for BIPV systems un-
der increasing temperatures—is exploited in terms of a major degradation of the
global/effective out-of-plane bending stiffness.

The numerical analysis also pointed out the important modification of typical stress
fields that is derived from the temperature spread (and typical material degradation) in the
resisting BIPV components. In this sense, the stress peaks in glass tend to migrate towards
the mechanical restraints and the coldest regions. Purely from a verification and assessment
point of view, such a finding confirms the need for refined and sophisticated calculation
tools for glass–glass BIPVs, in which the actual boundary conditions should be effectively
taken into account.

Certainly, many more influencing parameters should be taken into account to draw
general conclusions and suggestions for BIPV optimization. For example, different ma-
terials and cross-section compositions could be associated with similar but not identical
observations. Moreover, the aspect ratio of BIPV samples is another key parameter that
should be considered, in combination with different “non-ideal” mechanical restraints and
layout details that are typical of real applications in buildings.

In this regard, the present study provides an important basis, and additional inves-
tigations will be carried out, both experimentally and numerically, to verify the possible
consequences of additional parameters of primary interest for the optimal and safe use of
BIPVs in constructions (such as aspect ratio and size, as well as composition of the resisting
cross-section and type/feature of mechanical restraints).
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