Ultrasonic-induced delamination of photovoltaic modules:
thermo-mechanical validation and harmonic analysis of a
multilayer model

Mateus Dias Zanelli*, Marc Budinger, Boubakr Rahmani’

Institut Clement Ader, University of Toulouse, INSA, ISAE-SUPAERO, MINES ALBI, UPS,
CNRS, 31055 Toulouse, France

mat zanelli br

brahmani@insa-toulouse.fr

Keywords: Photovoltaic recycling; EVA encapsulant; Delamination; Viscoelasticity;
Three-point bending; Thermo-mechanical modelling.

Abstract. The recycling of crystalline-silicon photovoltaic modules is limited by the strong adhesion
between encapsulant layers [1], particularly at the EVA-silicon interface, which requires
energy-intensive thermal or chemical treatments for separation [2]. This work investigates a
delamination approach based on high-frequency mechanical excitation to promote controlled
debonding while minimizing silicon damage [4]. The proposed methodology combines analytical
pre-calculations, numerical modeling, and experimental validation.

A multilayer model of a photovoltaic laminate is developed, including glass, EVA
encapsulant, and silicon cell. The viscoelastic behavior of EVA is incorporated to account for
temperature-dependent mechanical properties [3]. Static bending simulations are performed at —40
°C, 22 °C, and 80 °C to evaluate the thermal influence and mechanical response of the laminate.
Three-point bending experiments are conducted at the same temperatures to validate the numerical
model and ensure accurate representation of stiffness and interfacial stress distribution.*
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Figure 01 - Temperature-dependent strain energy evolution at the EVA—silicon interface obtained
from three-point bending simulations.

After validation, modal and harmonic analyses are carried out to identify vibration modes
that maximize strain energy concentration at the EVA-—silicon interface. Piezoelectric excitation in the
ultrasonic frequency range is considered to evaluate interfacial stresses and the potential for crack
initiation according to fracture mechanics criteria. Preliminary results indicate that specific mode
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shapes promote localized energy concentration near the interface, suggesting the feasibility of
low-energy ultrasonic delamination. The proposed framework contributes to the development of
scalable and energy-efficient recycling technologies for photovoltaic modules.

References

[1] Nimesha, K. M. D., Robert, D. J., Giustozzi, F., Kandare, E., & Setunge, S. (2026). Encapsulant
removal and recovery in crystalline silicon solar modules: A critical review and LCA-based case
study. Solar Energy Materials and Solar Cells, 299, 114191.
https://doi.org/10.1016/j.s0lmat.2026.114191

[2] J. Tracy, N. Bosco, and R. Dauskardt. “Encapsulant Adhesion to Surface Metallization on
Photovoltaic Cells”. In: IEEE Journal of Photovoltaics 7.6 (2017), pp. 1635-1639. doi:
10.1109/JPHOTOV.2017.2746572.

[3] Meslier, V. (2024). Influence of different ageing conditions on the delamination behaviour of
photovoltaic modules [Doctoral dissertation, Université Paris Sciences et Lettres]. HAL Open
Science. https://pastel.hal.science/tel-05027404v1

[4] Valérie Pommier-Budinger, Marc Budinger, Pierrick Rouset, Fabien Dezitter, Florent Huet, et al..
Electro-mechanical Resonant Ice Protection Systems: Initiation of Fractures with Piezoelectric
Actuators. AIAA Journal, 2018, 5



