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Abstract

The rapid growth of photovoltaic energy generation has increased the need for efficient
end-of-life solutions for crystalline silicon photovoltaic modules. Although current recycling
processes recover a large portion of the total mass, high-value recycling remains limited by the
strong adhesion between laminated layers, particularly at the EVA—silicon interface.

This work proposes the development and validation of a finite element model of a
commercial photovoltaic module to support future studies on vibration-induced delamination. A
simplified multilayer CAD model was implemented in ANSYS considering glass, EVA, and
silicon layers. The viscoelastic behavior of EVA was represented using two generalized Maxwell
models obtained from the literature.

Validation was carried out through three-point bending simulations and corresponding
experimental tests at —20 °C and 25 °C. The results demonstrated a strong influence of
temperature on laminate stiffness and interfacial strain energy. Among the evaluated constitutive
models, one showed better agreement with the experimental response, particularly at lower
temperatures. Preliminary harmonic simulations identified frequency ranges capable of
amplifying interfacial stresses. At 31.8 kHz, the calculated energy release rate exceeded the
adopted adhesion energy, indicating the possibility of interfacial delamination according to the
Griffith criterion. However, stresses in the glass and silicon layers also exceeded their fracture
strength, indicating the need for further refinement to achieve controlled delamination without
catastrophic failure.

Introduction

In recent decades, photovoltaic solar energy has experienced rapid global growth,
establishing itself as one of the key technologies for the energy transition and the decarbonization
of the electricity sector. However, this expansion brings with it the challenge of managing
end-of-life photovoltaic modules. Recent studies project photovoltaic waste streams reaching tens
of millions of tonnes by mid-century. In France, this trend is already evident: SOREN reported
the collection of 9,477 tonnes of modules in 2024, representing an increase of approximately 80%
compared to the 5,207 tonnes recorded in 2023.

Although current recycling chains achieve high mass recovery rates, this performance is
largely driven by glass and aluminium. In contrast, higher value-added materials, such as silicon
and silver, remain difficult to recover due to the laminated architecture of photovoltaic modules.



In particular, the ethylene-vinyl acetate (EVA) encapsulant, used in approximately 70% of
commercial modules, provides strong adhesion between the glass, cells, and backsheet, hindering
the selective separation of internal components [1].

Despite growing interest in thermal, chemical, and mechanical delamination routes, there
remains a lack of validated numerical models capable of accurately representing real commercial
modules and predicting favorable conditions for interfacial debonding. In this context, the present
work proposes the development and experimental validation of a finite element model of a
commercial photovoltaic module, using three-point bending simulations and corresponding
experimental tests, as a foundation for future studies on vibration-induced delamination.

Methodology

A commercial crystalline silicon photovoltaic module was characterized and modeled in
order to reproduce its thermo-mechanical behavior. The laminated structure
(glass/EVA/cell/EVA/glass) was analyzed by optical microscopy to accurately determine the
thickness of each layer. The measurements revealed deviations from manufacturer specifications,
with the front glass exhibiting a thickness of approximately 1.8 mm instead of the nominal 2 mm.
The specimen was modeled as a rectangular plate with dimensions of 30 X 95 mm. To assess the
influence of this geometric variation, simulations were performed considering both glass
thicknesses (2.0 mm and 1.8 mm), allowing the evaluation of their impact on global stiffness and
interfacial stress distribution.

The three-dimensional finite element model was developed in ANSYS. The glass was
modeled as a linear isotropic material (E = 73 GPa, v = 0, 23), with a constant coefficient of
thermal expansion (oo = 8x107° °C™). The silicon cell was represented as an orthotropic material,
with distinct elastic moduli along the crystallographic directions (Ex = Ey = 130 GPa,

EZ = 168 GPa) and a temperature-dependent coefficient of thermal expansion [2]. The EVA

encapsulant was modeled as a viscoelastic material using two generalized Maxwell models, one
with 26 branches and another with 50, both obtained from the literature [2][3]. One of these
models incorporates two WLF shift functions to better capture the material behavior over
different temperature ranges.

The mesh was generated using second-order hexahedral elements through the sweep method,
ensuring at least 7 elements through the thickness of each layer. All interfaces were assumed to be
perfectly bonded. In the three-point bending setup, the lower supports were modeled as fixed,
with frictionless contact with the plate, while the upper actuator was considered bonded, with an
imposed displacement of 0.8 mm applied only in the vertical direction.

Experimental validation was carried out through three-point bending tests using a 3R testing
machine equipped with a 500 N load cell, applying a displacement rate of 1, 2 mm/min. The
numerical results were compared with experimental data and analytical estimates.

Figure 01 — Static structural simulation setup in ANSY'S



Additionally, a preliminary harmonic analysis was conducted considering a cantilever
boundary condition, representative of the piezoelectric excitation system, with 0,40 um of
amplitude. The delamination potential was estimated using a Griffith-type energy criterion,
adopting GC = 2270 J/m? [2] and an initial defect size of a a, = 0, 5 mm. The available mode II

2
energy release rate was calculated as G” = TEMO , where T is the maximum interfacial shear

eq

stress and E eq is the equivalent modulus of the interface, taken as the lower elastic modulus of the

materials forming the interface. Delamination was considered feasible when G = GC.

Numerical Results

The numerical and experimental results demonstrated the capability of the proposed finite
element model to reproduce the thermo-mechanical response of the photovoltaic laminate under
three-point bending conditions. At 25 °C, the experimental average stiffness was 144.18 N/mm,
while the numerical models predicted 244 N/mm and 248 N/mm for EVA Models 1 and 2,
respectively. At —20 °C, the experimental stiffness increased to 322.33 N/mm, whereas the
numerical models predicted 384 N/mm and 285 N/mm, respectively (Figure 02) Although
discrepancies remain between numerical and experimental values, the second EVA model showed
better agreement at lower temperatures.
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Figure 02 — Force—displacement curves from experimental tests and numerical simulations at
—20, 25°C

The results also revealed a strong influence of temperature on the strain energy
accumulated at the EVA-Si interface, with higher values observed at intermediate temperatures
due to the viscoelastic behavior of EVA. Subsequently, a preliminary harmonic analysis identified
a peak interfacial shear stress of approximately 7 MPa at 31.8 kHz (Figure 3). The corresponding
energy release rate exceeded the adopted adhesion energy for the EVA-Si interface, indicating the
possibility of interfacial delamination according to the Griffith criterion. However, the stresses
generated in the glass and silicon layers also exceeded their fracture strength, indicating that
catastrophic failure may occur before controlled delamination is achieved.
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Figure 03 — Frequency response after apply excitation in the plate at 25°C
Overall, the results demonstrate the potential of vibration-assisted delamination while
highlighting the need for further refinement of the numerical model and excitation strategy.

Conclusions

A thermo-mechanical finite element model of a commercial photovoltaic module was
developed and experimentally validated through three-point bending tests. The results
demonstrated the strong influence of temperature on laminate stiffness and interfacial strain
energy due to the viscoelastic behavior of EVA. Among the evaluated constitutive models, the
second Maxwell model showed better agreement with experimental results, particularly at lower
temperatures. Preliminary harmonic simulations identified a critical frequency near 31.8 kHz
capable of generating interfacial stresses associated with delamination according to the Griffith
criterion. However, stresses exceeding the fracture strength of glass and silicon were also
observed, indicating the need for further optimization to achieve selective delamination without
catastrophic failure.
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