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ABSTRACT: In this paper we investigate new approaches to enhance recovery of valuable materials during the 
recycling of crystalline Si (cSi) PV modules. The recycling of out-of-specs, damaged or end-of-life cSi PV modules 
will gradually become more important for PV suppliers and recyclers. Also recycling can help to further reduce 
carbon and environmental footprint of cSi PV. We tested two approaches to enhance recyclability of frame, glass, and 
silicon. The research was based on ECN’s conductive back-contact module technology. First, alternative edge 
sealants, easy to release from the module, were tested on their protection against air and moisture ingress into the 
module. Several alternatives were established which show comparable protection as the state-of-the-art silicone-based 
or double-sided adhesive tape edge sealants, but are much more easy to remove. Second, thermoplastic encapsulant 
was investigated as a method to improve recyclability of PV modules. The thermoplastic encapsulant used in this 
study results in PV modules with improved resistance to damp heat (DH) conditions, compared to EVA-based 
modules. The separation of the components (cells, glass, backsheet) in PV laminates with this thermoplastic 
encapsulant, using a wire saw device at temperatures around 200 degrees C, was demonstrated. This method may 
allow recovering of intact solar cells out of end-of-life, out-of-specs or damaged PV modules.  
Keywords: PV modules, crystalline silicon, Recycling, Thermoplastics, Encapsulant, Edge sealant 
 

 
1 INTRODUCTION 
 

The current H-pattern crystalline Si (cSi) PV modules 
have a guaranteed technical lifetime of 20-25 years and 
their installation started in the mid 80’s. The number of 
end-of-life modules and modules damaged due to 
extreme weather conditions has increased significantly 
[1]. Since 13 August 2012, the recast WEEE (Waste 
Electrical and Electronic Equipment) Directive 
2012/19/EU provides a legislative framework for 
extended producer responsibility of PV modules at 
European scale. As from 14 February 2014, the 
collection, transport and treatment (recycling) of 
photovoltaic panels is regulated in the European Union 
(EU) countries [2,3].  

The current state-of-the-art recycling process aims at 
recycling of more than 80% of the PV module by weight 
[3]. The process flow begins with removal of the 
aluminum frame and junction box. Because the size, 
profile and fastening of frames varies between 
manufacturers, the frame is often removed manually. The 
frameless PV laminate consists of the active silicon cell 
embedded in a layer of Ethylene Vinyl Acetate (EVA) 
polymer, which bonds the tough polymer back sheet and 
the glass front sheet. Under the hammer mill, the 
laminate is shredded to fragments of glass, back sheet, 
wiring and silicon solar cells (wafer with small amounts 
of metal) still embedded in EVA. The main resulting 
fractions are separated and classified as products such as 
clean glass used in the packaging industry, contaminated 
glass with EVA and solar cell fragments used as isolation 
glass. Also the tin plated copper tabs are recovered. The 
remaining fraction of “fluff”, consisting of smaller 
particles, dust, fibers, and polymers, is not subjected to a 
further separation procedure but is stored in big bags or 
dumped as landfill. 

The target of the research described in this paper is 
reducing the environmental footprint [4] and looking for 
ways to increase profit from recycling. The first approach 
to reduce environmental footprint can be reduction of 
materials use, especially of scarce (silver) or harmful 
(lead) materials, or materials with high energy footprint 
(silicon). The second approach is then to maximize 

(within economic constraints) the recovery of the most 
important materials. ECN back contact technology 
already reduces consumption of silver (it allows short 
metallization “fingers” on the cell), silicon (it allows very 
thin wafers) and lead (it doesn’t employ solder). In this 
work we investigate ways to optimize recycling of these 
modules.  

The preferred recycling method would be a cheap, 
cost effective process resulting in a maximum amount of 
separated high-value materials that could be re-used in 
production of new PV modules or in other industrial 
applications. This would reduce the amount of scarce and 
expensive materials and also reduce the carbon footprint 
of PV modules.  

The previously investigated methods for recycling 
aiming for more materials recovery (in particular, of 
silicon) from the standard EVA-based PV modules 
include pyrolysis, fluidized bed reactor or dissolution in 
organic solvents or strong acids [5,6]. Especially for the 
methods in which elevated temperatures are required, 
high energy consumption is needed, and the risk is that 
low-quality separated PV module components result. The 
business case for these separation techniques are still 
weak, partly caused by relatively low volume of collected 
end-of-life PV modules, partly due to the high process 
cost and a low value of the separated components.  

In the research reported here, we aim to improve the 
recyclability of PV modules by replacing EVA with a 
more recycling-friendly thermoplastic encapsulant, e.g., a 
Thermoplastic PolyOlefin (TPO). The application of 
thermoplastics in PV modules can ease a proper 
separation of the module components, with possibility of 
recovering entire cells. The separation method and first 
preliminary results will be described in this paper. 
Importantly, replacement of encapsulant should not 
impair the module performance and lifetime. The 
reliability of TPO incorporated in PV modules is 
therefore investigated in this paper by testing PV 
modules under damp heat (DH) and thermal cycle (TC) 
conditions according to IEC61215.  

The traditional module edge sealants, e.g, silicone-
based edge sealants from Dow Corning (PV804) or a 
double-sided adhesive tape (Duplomont 918), result in 
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